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Abstract

Key Message Anatomical evidences suggest that differences in rooting ability among Acca sellowiana materials are
explained by earlier phase change in difficult to root genotypes.

Abstract Successful development of adventitious roots (AR) in cuttings imposes an important limitation to the propaga-
tion of woody plants and in some species, the ability to form AR is strongly affected by genotype. However, we lack an
understanding of the differences among genotypes underlying such different responses in various species. We examined
the anatomical and biochemical effects of exogenous indol-3-butyric acid and type of cutting in rooting experiments of two
Acca sellowiana genotypes with contrasting rooting ability. New meristems developed outside the cambial ring, without
callus formation by day fourteen and new adventitious roots grew through the cortex emerging by day 28. Both anatomically
in vivo and biochemically in vitro, cuttings from the different genotypes behaved differently. We found anatomical differ-
ences between the genotypes that might explain the differences in rooting ability. An earlier development of a periderm was
present in the difficult-to-root genotype. This secondary dermal tissue could be used as a reliable phase-change marker to
distinguish juvenile from mature plant parts which have lost rooting capacity.

Keywords Indol-3-butyric acid (IBA) - Phase change - Rooting - Stem-cutting anatomy - Vegetative propagation

Introduction

Propagation by stem cuttings, which relies on adventitious
roots (AR) formed in response to wounding is the most
widely used method of vegetative propagation around the
world and plays a central role in asexual propagation of
forest and fruit crops (Steffens and Rasmussen 2016). The
success of breeding programmes of woody plants depends
on the availability of a cost effective method for vegetative
propagation. However, the ability to form AR is variable
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among genotypes and in some cases it remains the most
important limitation for the commercial propagation of elite
genotypes. For this reason, a better understanding of the
AR differentiation process is needed to explain the great
variability found amongst genotypes and to design a strat-
egy to overcome it. This is the case of Acca sellowiana, a
fruit species native to Uruguay and Brazil with outstanding
organoleptic traits (Fischer 2003; Thorp and Bieleski 2005)
but little background information available.

In wild plants of A. sellowiana, the ability to induce
adventitious roots is strongly affected by genotype (Fischer
2003; Cabrera et al. 2010; Ross et al. 2017). Adventitious
roots emerge from groups of cells named root initials (Evert
2006). These cells can be found in different tissues of the
stem depending on the species (Geiss et al. 2009) includ-
ing phloem, parenchyma, or other cell types (Tarrago et al.
2005; Riov et al. 2013). The process is triggered by numer-
ous factors both endogenous and exogenous, and different
genotypes vary in their requisites and needs along the pro-
cess of re-establishing a root system (Di Battista et al. 2019).
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Three successive phases are usually recognized in the
physiological pathway leading to AR, each with specific
requirements: induction, initiation and expression (Pacurar
et al. 2014). The induction phase comprises a period of time
with no visible histological events during which biochemi-
cal changes occur prior to the first cell divisions. During
this phase, several events take place at the base of the cut-
ting including a local increase in auxin levels, the establish-
ment of a sink for carbohydrates and transient changes in
the activity of several enzymes (de Klerk et al. 1999; Arena
et al. 2003; Porfirio et al. 2016a). Consequently, although
no visible histological events can be observed, biochemical
markers can be used to characterize this period in a particu-
lar species or genotype and establish its onset and duration.

In difficult to root genotypes, AR initiation may be trig-
gered by the application of exogenous auxins. Biochemi-
cal studies indicate that exogenous IBA induces changes
in the metabolism of enzymes, carbohydrates and proteins
(Elmongy et al. 2018; de Almeida et al. 2020). Increased
levels of total soluble carbohydrates in the rooting zone of
stem cuttings after exogenous application of auxin have been
reported (Agullo-Antén et al. 2014; Elmongy et al. 2018;
Goel et al. 2018). Particularly in A. sellowiana, IBA has
been found to promote in vitro rooting (Guerra et al. 2012;
Ross et al. 2017). During the initiation phase, cell divisions
leading to the formation of a new root meristem can be
observed. A higher number of proteins has been identified
in Eucalyptus during this phase that reflect these important
cellular changes (de Almeida et al. 2020). Protein content
increases significantly along the rooting process in response
to exogenous IBA, and the maximum levels have generally
been related to increased synthesis of enzymatic proteins
during the initiation of the root regeneration process (Husen
and Pal 2007; Elmongy et al. 2018). The expression phase
involves the growth of AR through the cortex and out of
the epidermis, and the establishment of vascular connec-
tions of the new root with the stem cutting (da Costa et al.
2013). According to Zhang (2009), poor rooting ability of
A. sellowiana cuttings is associated with the presence of
phloem fibres, which prevent growth of the newly formed
meristem. Poor rooting has been related to the presence of
sclerenchyma or periphloematic fibres in a variety of spe-
cies including Quercus macrocarpa (Amissah et al. 2008),
Juglans nigra (Stevens and Pijut 2017) and several species
of Eucalyptus (Goulart et al. 2014; Bryant and Trueman
2015). On the other hand, the development of tissues that
may potentially represent physical barriers, may be associ-
ated to phase change, and therefore loss of cell competence
to form a new AR meristem altogether. In many plant spe-
cies, both Angiosperms and Gymnosperms the ability to
form AR is strongly affected by juvenile to mature phase
change; stem anatomy differs markedly in woody plants at
different maturational stages (Husen and Pal 2006; Wendling
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et al. 2014). Phase changes may be observed anatomically
by the presence of tissues such as phellem to the inner side
of the phloem fibres (Beakbane 1961).

To understand the causes of poor rooting in wild A. sell-
owiana genotypes, we studied temporal changes in carbo-
hydrate and protein levels in response to IBA during AR
formation in cuttings and microcuttings of two genotypes
with contrasting rooting ability. We examined the stem anat-
omy at the base of the cuttings in both easy-to-root (R) and
difficult-to-root (NR) genotypes using microscopic methods,
throughout the AR process and in cuttings with different
numbers of nodes to relate rooting ability with maturational
stage.

Materials and methods
Plant material

Trials were performed using selected wild genotypes of A.
sellowiana with contrasting rooting ability, previously iden-
tified as R (easy-to-root) and NR (difficult-to-root) (Ross
et al. 2017). Four-year-old mother plants were cultured in
the greenhouse, under natural light conditions, without heat-
ing. Average temperature and humidity during the growing
season were 28 °C and 60%, respectively, obtained from
data registered with RHT10 datalogger (EXTECH Instru-
ments). Fungicide (Benlate®, 0.2%) and Phostrogen®
[NPK(MgO3-S03): 14-10-27 (2.5-7.5)] were applied peri-
odically to promote pathogen-free vigorous sprout growth.
Because all observations were destructive, separate experi-
ments were established to analyze the response to IBA, ana-
tomical evolution in multinodal cuttings and biochemical
characterizations.

In vitro culture

An experiment was established to evaluate biochemi-
cal differences between R and NR genotypes and their
response to exogenous IBA. To facilitate the analysis
and obtain the amount of plant material required, this
experiment was carried out in vitro. Apical microshoots
without leaves were established in vitro on semi-solid
Woody Plant basal medium (WPM) (Lloyd and McCown
1980), supplemented with MS vitamins (Murashige and
Skoog 1962), 0.44 uM BAP (6-benzylaminopurine;
Sigma B3408, Sigma-Aldrich, St. Louis MO, USA)
and 0.054 uM NAA (1-naphtalenacetic acid; Sigma
N0640, Sigma-Aldrich, St. Louis MO, USA), as previ-
ously reported (Ross and Grasso 2010). Multiplication
medium was supplemented with 9.8 uM 2iP (6-vy,y-
Dimethylallylamino purine; Sigma D7674, Sigma-
Aldrich, St. Louis MO, USA). Two rooting conditions
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were compared: IBA 9.8 uM (Sigma 15386, Sigma-
Aldrich, St. Louis MO, USA) added to the rooting induc-
tion media and media without IBA; explants from both
conditions were subcultured on auxin-free media after 7
days. Conditions in the growth chamber were 25 +2 °C,
30 umol photons m~2 s~! and 16-h photoperiod. The
in vitro rooting experiment was a 2 X 2 factorial design
with five replicates, where the factors were two geno-
types (R and NR) and two IBA levels (0 and 9.8 uM).

Biochemical tests

Soluble carbohydrates were determined colorimetrically
using the anthrone method (Yemm and Willis 1954).
Fresh samples (0.10 g) were collected weekly from the
basal portion of microcuttings after transfer to auxin-free
medium, ground with mortar and pestle and extracted with
1 mL ethanol (80% v/v). After centrifugation for 10 min at
5000g, 500 uL of the ethanolic supernatant was diluted in
2.5 mL anthrone (Sigma319899, Sigma-Aldrich, St. Louis
MO, USA) and incubated at 100 °C for 10 min. After cool-
ing, 50 uL of sample was diluted in 950 puL anthrone and
absorbance was read at 625 nm in a Shimadzu spectro-
photometer using as blank ethanol diluted in anthrone
at the same concentration. The calibration curve was
obtained from dilutions prepared from a glucose solution
(0.24 mM). Analyses were carried out in triplicate, with
five cuttings per biological replicate, and values expressed
as mean =+ standard error.

Protein determination was carried out in samples col-
lected weekly after transfer to auxin-free medium from the
basal portion (1 cm) of microshoots, and ground with mor-
tar and pestle in liquid nitrogen. Extraction was done with
buffer containing 50 mM sodium acetate (Sigma302406,
Sigma-Aldrich), 2.0 mM ethylendiamine-tetra-acetic acid
(EDTA) (SigmaEDS, Sigma-Aldrich), 1.0 mM mangne-
sium chloride (SigmaM8266, Sigma-Aldrich) and 1.0 mM
phenylmethylsulfonyl fluoride (PMSF) (SigmaP7626,
Sigma-Aldrich) at pH 5.5. After centrifugation (20 min
at 10,000g and 4 °C), the supernatant was used as crude
extract for quantification of total protein. Analyses were
carried out in triplicate, with five cuttings per biological
replicate, and values expressed as mean + standard error.

Protein concentration was determined according to the
method by Bradford (1976), using bovine serum albu-
min (BSA) (SigmaA2153, Sigma-Aldrich) as a standard.
Homogenate (20 pL) was thoroughly mixed with 1 mL
Coomassie Brilliant Blue stain reactant and absorbance
was read at 595 nm using a Shimadzu spectrophotome-
ter. To obtain the standard curve, absorbance at 595 nm
was plotted versus known protein concentration of BSA
solution.

Anatomical analysis and response to exogenous IBA

Two different experiments were carried out using semi-hard-
wood cuttings of the two genotypes under evaluation R and
NR. In experiment 1, we emphasized the evaluation of root-
ing response and the basic anatomical differences between
the R and NR genotypes and in response to exogenous IBA
application. In experiment 2, we emphasized the evaluation
of the anatomical differences between the genotypes along
more mature nodes and its response to exogenous IBA. Cut-
tings for both experiments were collected from the basal
branches of greenhouse-grown mother plants once the cur-
rent season’s growth had stopped (February—March, south-
ern hemisphere) following Thorp and Bieleski (2005). Aver-
age temperature in the greenhouse at the time of harvest was
28.05 °C and relative humidity 58.97%. To reduce water loss
through transpiration, all but the top two leaves half-trimmed
were removed (Fig. 1). Cuttings were placed on a propaga-
tion bed with bottom heating and overhead mist (Aphos SRL
manufacturers), using perlite as rooting substrate, under nat-
ural light conditions. Substrate temperature was maintained
at 27+ 1 °C and air relative humidity at 90 +5% using an
intermittent mist system throughout the rooting experiment.

In experiment 1, only apical uninodal cuttings were
used (Fig. 1a) in a 2 X2 factorial design with three repli-
cates, where the factors were two genotypes (R and NR)
and two IBA levels (0 and 12.3 mM). IBA was applied
by dipping the base of the each cutting for 5 s in 20 ml
of a non-sterile solution of 12.3 mM IBA (Sigma 15386,
Sigma-Aldrich) to induce rooting. Ten cuttings were used
for each biological replicate. Rooting (%), number of roots
per explant and length (cm) of roots were recorded weekly
for 5 weeks. Samples for stem anatomy observations were
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Fig.1 Type of apical cuttings of Acca sellowiana used for in vivo
rooting experiments. a Uninodal cutting; b two-nodes cutting; ¢
three-nodes cutting. Nodes are indicated as N1, N2 and N3. Scale bar
in centimetres
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collected weekly for 4 weeks, trimming the basal portion
(0.5 cm length) of three cuttings per factor combination
(genotype X IBA level). Samples were fixed in a forma-
lin-acetic acid—ethanol 70% (FAA, 5:5:90) solution, dehy-
drated through a series of graded ethanol baths and then
infiltrated and embedded in paraffin blocks (D’Ambrogio
de Argiieso 1986). Serial sections 10—12 pum thick were
cut using a rotary microtome (Slee Medical, Cut 4062),
dried, stained with safranin—fast green (Johansen 1940)
and finally mounted on microscope slides with Canada
balsam mounting medium (Sigma C1795, Sigma-Aldrich).
To establish the boundary between the cortex and the stele,
we used stem hand sections (12 um-thick) and employed
two different approaches: localization of the starch sheath
using Lugol reagent (D’Ambrogio de Argiieso 1986) and
detection of callose to identify the phloem, mounting the
hand sections in a drop of high-pH solution of aniline blue
(Sigma95290, Sigma-Aldrich) (Zarlavsky 2014).

In experiment 2, samples were harvested from cuttings
with different sizes: the apical meristem plus one, two or
three nodes (Fig. la—c) arranged in a 2 X 2 X 3 factorial
design with three replicates, where the factors were two
genotypes (R and NR), two IBA levels (0 and 12.3 mM)
and three sizes of cuttings named N1, N2 and N3 (one,
two or three nodes below the apex, respectively). Three
cuttings were used for each biological replicate. IBA was
applied as in experiment 1.

Samples were collected weekly for stem anatomy obser-
vations at each node level and processed in the same way
as described above. An exploratory analysis was done in
branches of both genotypes, R and NR up to node six.
For detection of lignified tissues, histochemical staining
of lignin with phloroglucinol/HCI (SigmaP3502, Sigma-
Aldrich) was performed on hand sections, 12 pm-thick
(D’Ambrogio de Argiieso 1986). Number, width and con-
tinuity of periphloematic lignified rings were recorded in
photographs of transversal section (Electronic supplemen-
tary material 1). The gap distance between fibre strands
was used to calculate the percentage gap, later correlated
with the percentage of rooting (Amissah et al. 2008),
according to the equation:

Length of fibre free gaps

%Gap = 100

Length of the circumferential arc

A Nikon E100 light microscope was used for obser-
vation of the samples. Selected cross-sections were pho-
tographed with Dino Eye 2.0 digital camera and Dino
Capture 1.5.27.A (Electronic Corp.) software. Samples
mounted in aniline blue were observed in an epifluores-
ence microscope (Labotec, exciting 330-380, dichroism
400 and cut-off 420) and photographs were taken using
Scopelmage 9.0 sofware.
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Statistical analysis

Data were analysed statistically by analysis of variance
(ANOVA) and means were compared by Tukey’s test, with
a confidence level of p <0.05, using Infostat® statistical
software. Arcsine transformation was applied to response
data before analysis.

Results
Response to IBA

The results of ANOVA from experiment 1 showed a sig-
nificant effect of exogenous IBA, genotype and interaction
genotype X treatment (p *0.0001) (Electronic supplementary
material 1). Exogenous IBA (12.3 mM) improved rooting
of uninodal cuttings from experiment 1 in both genotypes
(R and NR) but the effect was stronger in the NR genotype
(Tukey, p<0.05) (Fig. 2). Rooting of R genotype increased
from 58.8% (without IBA) to 68.3% (with IBA). When IBA
was added to the NR genotype, rooting increased from 1.67
to 56.2%. This value is not different from that of the R geno-
type without IBA (Tukey, p <0.05) (Fig. 2a). The NR geno-
type had fewer roots per rooted explant (Fig. 2b), but neither
root number nor root length was significantly affected by
IBA within each genotype (Fig. 2b, c). Root emergence was
not observed earlier than 28 days regardless of genotype,
and neither of them formed callus at the base of the cuttings.

Biochemical markers of AR

For biochemichal analysis, materials were multiplied
in vitro. Rooting of R and NR genotypes in response to IBA
in vitro was not different from uninodal cuttings (Tukey,
p <0.05). Rooting of NR genotype increased from less than
5-63% when IBA was added to the rooting medium while R
genotype rooting was 71% and 63%, with and without IBA,
respectively (Table 1).

We found a significant effect of exogenous IBA on both
carbohydrate and protein levels (p < 0.0001) but there was no
significant effect of genotype and the interaction genotype
X treatment was significant only for protein levels (Elec-
tronic supplementary material 2). Carbohydrate (CHO)
levels increased from day O to day 7 in both genotypes and
treatments, and decreased gradually from day 7 onwards.
Auxin treatment significantly increased carbohydrate levels
in both genotypes but no significant differences were found
between R and NR genotypes (Tukey, p <0.05) (Fig. 3a).
The maximum level of protein was detected at day 14 in
both genotypes and treatments. From day 14 onwards pro-
tein content at the base of the cuttings decreased gradually.
The NR genotype without IBA had the maximum content of
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Fig.2 Effect of IBA (12.3 mM) on: a rooting percentage; b root
number per rooted explant; ¢ root length; of two genotypes of Acca
sellowiana uninodal cuttings with contrasting rooting ability, experi-
ment 1. R (easy-to-root); NR (difficult-to-root). Data are presented as
mean + SE. Different letters indicate significant differences between
genotype/treatment combinations (Tukey, p <0.05)

protein and was the only condition (combination genotype X
treatment) that differed significantly (Tukey, p <0.05). The
addition of exogenous IBA induced a significant decrease in
protein content, which reached levels similar to the R geno-
type. On the other hand, protein content in the R genotype

Table 1 In vitro rooting of two genotypes of Acca sellowiana with
contrasting rooting ability in response to 9.8 uM IBA

Genotype IBA (uM) Rooting (%)
R 0 63.05+3.10
9.8 71.00£3.50
NR 0 3.65+2.85
9.8 62.66+3.86

Data are presented as mean +sd
R easy-to-root, NR difficult-to-root

120,0

o
o
o
=)

80,0

60,0

40,0

Carbohydrates (mg.g'' DW)

20,0

0,0

Time (days)

7,00 b

6,00
5,00

4,00

Protein (mg/ml)

0 7 14 21 28 35
Time (days)

—4—R+IBA —9—RControl --A-NR+IBA --A- NR Control

Fig.3 a Soluble carbohydrate content; b protein content; through-
out adventitious root development in uninodal cuttings of Acca sell-
owiana genotypes (R: easy-to-root and NR: difficult-to-root) with
or without IBA (9.8 mM). Asterisks indicate where significant dif-
ferences between genotypes and treatments were found (Tukey,
p<0.05). Data are presented as mean +SE

was not affected by the presence of exogenous IBA in rela-
tion to the control (Fig. 3b).

Anatomical studies of stem cuttings

In the uninodal cuttings, a uniseriate epidermis covers the
stem surface of both genotypes and a cortical parenchyma
is found below it (Fig. 4a, b). An internal cortical starch
sheath, detected by the presence of amyloplasts inside the
cells with Lugol staining, surrounds the stele ring (Fig. 4c).
Vascular secondary growth is already present at this level of
the cuttings. Xylem is continuous with intraxylary phloem
and surrounds the central parenchymous pith (Fig. 4a).
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Fig.4 Micrographs showing
stem anatomy at the base of
Acca sellowiana uninodal stem
cuttings (cross sections) from
experiment 1 of the R (easy-to-
root) genotype on day 0. a Pan-
oramic view with safranin-fast
green staining; b detail of tissue
location showing phloem fibres
with safranin-fast green stain-
ing (black arrowhead); ¢ detail
showing starch-sheath (black
arrows) with lugol staining; d
micrograph showing epifluores-
cence of callose staining with
aniline blue, black arrowhead
points at phloem fibres. cp corti-
cal parenchyma, ep epidermis,
iph internal phloem, ph phloem,
pi pith, ve vascular cambium,

x xylem. Scale bars in panel a
100 pm; in panels b—d 50 um

The internal and external phloem was evidenced by callose
detection using aniline blue fluorescence of phloem cellu-
lar elements (Fig. 4d). An external discontinuous ring of
phloem fibres is present in both materials adjacent to the
cortical starch sheath (Fig. 4a, b). No evidence of preformed
root primordium was detected and uninodal cuttings of both
genotypes had a similar anatomical structure at their bases.

For the first 2 weeks of rooting experiment 1, we found
no evidence of anatomical modifications. Although safranin-
fast green staining did not show a clear contrast, mitotic
figures were first observed in groups of cells within the outer
secondary phloem by day 14 (Fig. 5a). Root primordia grew
through the cortex (Fig. 5b) and emerged through the epider-
mis 28 days after cutting establishment (Fig. 5c). AR forma-
tion was direct, without callus formation in both genotypes.

Anatomical differences between genotypes were observed
in multinodal cuttings below the second node. All cross-
sections showed the same basic anatomical structure and
rooting behaviour described above, and both genotypes
had a discontinuous ring of phloem fibres (Fig. 6a, b). AR
initials were also observed as in the previous experiment
only in nodes 1 and 2. In the NR genotype, we observed the
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differentiation of a multistratified tissue with initially thin-
walled cells arising by the second node below the apical
meristem of the cutting (Fig. 6b, d, white arrowheads). This
tissue differentiated from a cell layer located immediately
below the phloem fibres. The cells of this layer presented
slightly thicker walls than the other phloematic cells and
were bigger in the NR genotype than in the R genotype
(Fig. 6d). The multistratified tissue formed varied from one
to six continuous layers of tangentially flattened cells with-
out intercellular spaces throughout the cross-section. The
number of layers increased towards the third node (Fig. 6d,
f) and the outermost layers showed thickened cell walls. To
explore the progress of this ring towards more basal nodes,
we analysed cross-sections at nodes 4-6 (Fig. 6g, h), and
found evidence that this multiseriate tissue forms a periderm
(internal ring of lignified tissue) which was always present
in the NR genotype but seldom appeared in the R genotype.

To compare the position and development of these tissues
between R and NR genotypes, we used stem cross sections
stained with phloroglucinol/HCI for a better visualization of
lignified tissues (Electronic supplementary material 3). Sta-
tistical analysis of the data obtained after image processing
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Fig.5 Light micrographs show-
ing stem anatomy at the base

of Acca sellowiana uninodal
stem cuttings (cross sections)
of the R genotype (easy-to-
root), at different stages during
adventitious root differentia-
tion from experiment 1. a Day
14, neoformation of a root
meristem outside the cambial
ring; b day 21, root primordium
elongating through the cortex
(black arrowheads point at the
phloem fibres); ¢ day 28, AR
emerging. cp cortical paren-
chyma, ph phloem, r root, rp
root primordium, ve vascular
cambium, x xylem. Scale bars in
panel a 50 pm; in panels b and
¢ 100 um

showed that the principal effect of genotype was significant
on the number of rings of lignified tissues and width of the
internal ring (p * 0.0001); exogenous IBA affected the width
of the internal ring and the proportion of fibre-free gaps of
the external ring; width of internal ring was also affected by
node. The interaction genotype X node was significant for
the three variables. (Electronic supplementary material 4).
Depending on the node, the different genotypes (R and NR)
had significantly different number of rings with lignified
cells (Fig. 7a) and width of the internal ring (Fig. 7b), but
no differences were detected on the proportion of fibre-free
gaps of the external ring (Fig. 7c). Addition of exogenous
IBA affected the internal ring width (Fig. 7b) and the pro-
portion of fibre-free gaps of the external ring in the first two
nodes of the R genotype (Fig. 7c) (Tukey, p <0.05). These
differences were first detected 2 weeks after IBA treatment.

Discussion

Our results show that the R and NR genotypes of A. sell-
owiana show anatomical differences in vivo and different
biochemical responses to IBA in vitro, possibly related to
their different rooting ability. In spite of these differences,
exogenous IBA was effective to improve the performance of
difficult-to-root genotypes which reached levels similar to
those of the R genotype without exogenous IBA. Although
separate experiments were established to record different
characteristics, the differential response to exogenous IBA
of R and NR genotypes was maintained both in vitro and

in vivo. We had previously obtained a very similar root-
ing response to IBA for the same R and NR genotypes in a
similar in vitro experiment (Ross et al. 2017). The duration
of the whole differentiation process did not differ between
R and NR genotypes, and no roots were visible in either
genotype earlier than 28 days in vivo similar to our previous
results in vitro. Zhang et al. (2009) observed new meristem
formation by day 20 and reported that it took 30 days for A.
sellowiana roots to emerge from cuttings. Similar durations
of the whole process of AR formation has been reported in
several species of Eucalytpus (Baltierra et al. 2004; Bry-
ant and Trueman 2015). In E. grandis, Abu-Abied (2012)
achieved maximum rooting 35 days after IBA treatment.

In response to wounding, a new sink for CHOs is estab-
lished, providing the structural elements as well as the
energy resources needed for development (Kozlowski 1992;
Druege et al. 2016). However, the demands for energy and
carbon skeletons to support rooting vary between species
and depend on the type of cutting (Haissig 1986) and it has
been suggested that rooting can be related to individual CHO
pools rather than total content in cuttings (Druege 2009). In
our experiments, the content of CHOs of both genotypes
in vitro evolved and responded similarly to exogenous IBA
and reached its maximum levels 7 days after cutting estab-
lishment. This increase in CHO levels in A. sellowiana cut-
tings was the first evidence of metabolic changes following
wounding that we detected. Exogenous auxin treatments
have been found to increase total soluble sugar levels in
several species (Steffens and Rasmussen 2016) which in
turn modulate gene expression (Rolland et al. 2002; Gibson
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«Fig.6 Representative light micrographs of stem-cutting cross-sec-
tions on day O and at different nodes below the apical bud, of two
genotypes of Acca sellowiana with contrasting rooting ability from
experiment 2: R (easy-to-root) and NR (difficult-to-root). a R geno-
type, Node 1; b NR genotype, Node 1; ¢ R genotype, Node 2; d NR
genotype, Node 2; e R genotype, Node 3; f NR genotype, Node 3; g
R genotype, Node 6; h NR genotype, Node 6. Black arrowheads point
at the ring of phloem fibres. White arrowheads point at the initial
development of the periderm. ¢p cortical parenchyma, ep epidermis,
pe periderm, ph phloem, vc vascular cambium, x xylem. Scale bars
50 um

2005; Geiss et al. 2009; Ruedell et al. 2013; De Almeida
et al. 2017; Wojtania et al. 2019). In our experiments, cut-
tings exposed to exogenous IBA showed the highest levels
of CHOs, irrespective of genotype. However, the specific
role of CHOs in AR formation is controversial and their
specific role in the process is not completely clear (Druege
2009). Indeed, even CHO depletion induced by darkness
may cause an increase in soluble nitrogen metabolites that
can accelerate AR formation (Zerche et al. 2019). Therefore,
the content of CHOs per se, cannot explain the different abil-
ity to form adventitious roots of the R and NR genotypes.
In E. globulus cuttings, excised from donor plants before
and after they had lost rooting capacity, the concentration of
soluble CHOs did not show significant differences (Aumond
et al. 2017). Therefore, it is more likely that the increase in
CHOs that we observed is a consequence of wounding and
physical isolation from the mother plant after excision of
the cuttings which leads to the accumulation of substances
otherwise transported downwards.

Protein contents showed a very different response sug-
gesting that the nature of the changes induced by IBA were
different on both genotypes. The increase in the levels of
proteins by day 14 most likely reflects metabolic changes
that occur in reponse to wounding which are generally
related to the induction phase of AR formation (da Costa
et al. 2013). This increase was similar in all the material that
was expected to form AR, i.e., cuttings of the R genotype
and the NR genotype with IBA. After cutting excision, pro-
teins belonging to several different biological pathways are
up or down regulated. In Eucalyptus, most of the proteins
identified were related to oxidation-reduction processes
followed by proteins involved in energy metabolism (de
Almeida et al. 2020). Protein content in the NR genotype,
on the other hand, was higher to that of the R genotype dur-
ing the second and third weeks; however, it decreased to
levels similar to those in the R genotype with IBA treatment.
We did not investigate the identity of the proteins accumu-
lated in each type of cutting in vitro and we cannot confirm
whether the same or different genes were responsible for
protein accumulation in the R and NR cuttings. However,
our results show that internal factors in the untreated cut-
tings of the NR genotype are responsible for their different

biochemical response, and that this further increase in pro-
teins synthesized in response to wounding is then not related
to processes associated to rooting at least in vitro.

Cuttings of A. sellowiana of the two genotypes with con-
trasting rooting ability and taken from the same position
from mother plants with the same chronological age, differed
anatomically. A multistratified tissue that developed between
the phloem and the discontinuous ring of phloem fibres was
observed in uninodal cuttings of the NR genotype but not in
the R genotype. This tissue presented one to several inner
continuous layers of thin-walled prismatic cells and sev-
eral outer thick-walled prismatic cells compactly arranged,
lacking intercellular spaces. This pattern corresponds with
periderm development during secondary stem growth of
several woody species, which may form near the epidermis
or deeper into the cortex up to the outer secondary phloem
(Metcalfe and Chalk 1950; Evert 2006). A pericycle gener-
ally including a sub-continuous ring of fibres is a diagnostic
feature of the Myrtaceae stem (Metcalfe and Chalk 1950)
and it is coincident with the origin of the periderm found in
our anatomical study. Recent investigations in other species
of the Myrtaceae family have shown similar results relating
reduced rooting capacity and vigour of cuttings with stem
anatomy (Abu-Abied et al. 2012; Goulart et al. 2014; Bryant
and Trueman 2015; Wendling et al. 2015).

For A. sellowiana, poor AR formation has been attributed
to the presence of fibre cells in the phloem of stem cuttings
that affect the metabolic activity of the new root meristem
and mechanically prevent growth of the root primordia
(Zhang et al. 2009). Coincidently, we could not find any
indication of root meristem formation in any of the cuttings
where this periderm was present (data not shown). How-
ever, the proportion of fibre-free gaps of the external ring
in uninodal cuttings of both genotypes was not significantly
different. The main difference was the earlier development of
a periderm in the NR genotype and how its width increased
from the apex towards the lower nodes and in response to
exogenous IBA. Except for this earlier presence of a peri-
derm, both types of cuttings were anatomically similar.
According to these results, it is unlikely that this tissue rep-
resents a physical barrier to AR development. The lack of
AR in this genotype seems to be the absence of meristem
formation itself, as observed for several recalcitrant fruit
species (Altamura 1996). The development of this tissue by
the second node, accompanied by loss of rooting capacity
may indicate that the NR genotype actually undergoes an
earlier phase change, from juvenile to mature.

The developmental programme of AR differentiation has
been inversely linked to the xylogenesis programme in sev-
eral forest species such as pine (Abarca et al. 2014), peach
palm tree (de Almeida et al. 2012) and chestnut (Vielba et al.
2016). It is a consequence of an alteration in auxin homeo-
stasis associated with phase change that negatively affects

@ Springer



1230

Trees (2021) 35:1221-1232

= = » »
= o (=} o
S S S S

Rings of lignified tissue (N°)
o
o
o

0,00

OR Control BR+IBA ®NR Control @NR+IBA

Fig. 7 Characteristics of lignified tissue after 28 days of incubation,
at different nodes (1, 2 and 3 from the apex), in two genotypes of
Acca sellowiana cuttings with contrasting rooting ability: R (easy-
to-root) and NR (difficutl-to-root), with or without exogenous IBA
(12.3 mM) from experiment 2. a Mean number of rings; b width
of internal ring; c fibre-free gaps of external ring. Thirty-six stem
cross-sections, corresponding to 12 cuttings, were examined for each
combination of genotype-treatment-node. Variables are presented as
mean+ SE

AR (Rasmussen et al. 2014). Consequently, high doses of
IBA may inhibit rooting of cuttings by promoting lignifica-
tion and secondary growth (Wendling et al. 2015). In A.
sellowiana, cuttings of the NR genotype with only one node
responded to exogenous IBA improving AR differentiation
from less than 10% to more than 50%. However, from the
second node downwards AR meristems failed to form, and
instead the appearance and width of a periderm tissue was
promoted by IBA. In Eucalyptus, the difference in rooting
capacity among species was related to differences in the
metabolism of auxins (Fett-Neto et al. 2001). This appar-
ently contradictory effect of IBA can be understood as a
change in sensitivity and response to IBA associated with

@ Springer

phase change. Also associated with phase change is the pat-
tern of protein synthesis. Major changes in protein expres-
sion accompany phase-change in E. grandis; the expression
of about 600 up and down regulated genes was significantly
different in juvenile and mature cuttings and multiple tran-
scripts related to different regulatory processes, had different
expression between juvenile and mature cuttings in response
to exogenous auxin (Abu-Abied et al. 2012, 2014). The dif-
ference in the pattern of protein expression observed in vitro
and lack of AR formation of the untreated NR genotype both
in vivo and in vitro is then probably due to its earlier phase
change which can be partially reverted by exogenous IBA in
the first node when tissues are still responsive.

Conclusions

In our study, we found no evidence of preformed root
meristems in A. sellowiana cuttings of the wild genotypes
used. Instead, AR meristems developed de novo outside
the cambial ring. Exogenous application of IBA was effec-
tive in promoting rooting rates compatible with commer-
cial propagation in uninodal cuttings. Anatomy of stem
cuttings differed between genotypes. However, we found
these differences to be more likely a consequence of phase
change, from juvenile to mature, and loss of rooting ability
of the NR genotype, associated with an earlier develop-
ment of the periderm.

Author contribution statement Conceptualization, SR and
PS; data curation, MS, NA and FP; formal analysis, SR;
funding acquisition, SR and PS; investigation, SR; project
administration, SR; supervision, PS; visualization, SR, MS,
GS and AMG; writing—original draft, SR; writing—review
and editing, SR, GS, MS, AMG and PS.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00468-021-02110-1.

Acknowledgements Mother plants from the breeding program of
Acca sellowiana used in this study were kindly provided by Ing. Agr.
(M.Sc.) Danilo Cabrera (Instituto Nacional de Investigacién Agropec-
uaria, Canelones, Uruguay) and Ing. Agr. Beatriz Vignale (Facultad
de Agronomia, Salto, Uruguay).

Funding This research was funded by AGENCIA NACIONAL
DE INVESTIGACION E INNOVACION; Grant number
FMV-2-2011-1-6320.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.


https://doi.org/10.1007/s00468-021-02110-1

Trees (2021) 35:1221-1232

1231

References

Abarca D, Pizarro A, Hernandez I et al (2014) The GRAS gene family
in pine: transcript expression patterns associated with the matu-
ration-related decline of competence to form adventitious roots.
BMC Plant Biol. https://doi.org/10.1186/s12870-014-0354-8

Abu-Abied M, Szwerdszarf D, Mordehaev I et al (2014) Gene expres-
sion profiling in juvenile and mature cuttings of Eucalyptus gran-
dis reveals the importance of microtubule remodeling during
adventitious root formation. BMC Genomics 15:826. https://doi.
org/10.1186/1471-2164-15-826

Abu-Abied M, Szwerdszarf D, Mordehaev I et al (2012) Microarray
analysis revealed upregulation of nitrate reductase in juvenile
cuttings of Eucalyptus grandis, which correlated with increased
nitric oxide production and adventitious root formation. Plant J
71:787-799. https://doi.org/10.1111/j.1365-313X.2012.05032.x

Agullé-Antén MA, Ferrandez-Ayela A, Fernandez-Garcia N et al
(2014) Early steps of adventitious rooting: Morphology, hormo-
nal profiling and carbohydrate turnover in carnation stem cuttings.
Physiol Plant 150:446-462. https://doi.org/10.1111/ppl.12114

Altamura M (1996) Root histogenesis in herbaceous and woody
explants cultured in vitro: a critical review. Agronomie 16:589—
602. https://doi.org/10.1051/agro:19961001

Amissah JN, Paolillo DJ, Bassuk N (2008) Adventitious root forma-
tion in stem cuttings of Quercus bicolor and Quercus macro-
carpa and its relationship to stem anatomy. ] Am Soc Hortic Sci
133:479-486

Arena ME, Pastur GM, Benavides P et al (2003) Peroxidase and
polyamine activity variation during the in vitro rooting of
Berberis buxifolia. New Zeal J Bot 41:475-485. https://doi.
org/10.1080/0028825X.2003.9512864

Aumond ML, de Araujo AT, de Oliveira Junkes CF et al (2017) Events
associated with early age-related decline in adventitious rooting
competence of Eucalyptus globulus Labill. Front Plant Sci 8:1-10.
https://doi.org/10.3389/fpls.2017.01734

Baltierra XC, Montenegro G, Garcia E (2004) Ontogeny of in vitro
rooting processes in Eucalyptus globulus. Vitr Cell Dev Biol Plant
40:499-503. https://doi.org/10.1079/1VP2004559

Beakbane AB (1961) Structure of the plant stem in relation to adventi-
tious rooting. Nature 192:954-955. https://doi.org/10.1038/19295
4a0

Bellini C, Pacurar DI, Perrone I (2014) Adventitious roots and lateral
roots: similarities and differences. Annu Rev Plant Biol 65:639—
666. https://doi.org/10.1146/annurev-arplant-050213-035645

Beyl CA, Trigiano RN (2015) Plant propagation concepts and labora-
tory exercises. CRC Press

Bradford MM (1976) A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal Biochem 72:248-254. https://doi.
org/10.1016/0003-2697(76)90527-3

Bryant PH, Trueman SJ (2015) Stem anatomy and adventitious root
formation in cuttings of Angophora, Corymbia and Eucalyptus.
Forests 6:1227-1238. https://doi.org/10.3390/f6041227

Cabrera D, Rodriguez P, Vignale B, Mara V (2010) 5° Encuentro
Nacional sobre Frutos Nativos - Salto INIA - FAGRO - Direc-
cion General Forestal MGAP. In: Encuentro Nacional sobre
frutos nativos, 5., 2010, Regional Norte de la Universidad de la
Republica, Salto, Uruguay. (INIA Serie Actividades de Difusion ;
602). Instituto Nacional de Investigacién Agropecuaria, pp 43-47

D’Ambrogio de Argiieso A (1986) Manual de técnicas en histologia
vegetal. Hemisferio Sur, Buenos Aires

da Costa C, de Almeida M, Ruedell C et al (2013) When stress and
development go hand in hand: main hormonal controls of adven-
titious rooting in cuttings. Front Plant Sci 4:133. https://doi.
org/10.3389/fpls.2013.00133

de Almeida M, de Almeida CV, Graner EM et al (2012) Pre-procambial
cells are niches for pluripotent and totipotent stem-like cells for
organogenesis and somatic embryogenesis in the peach palm:
a histological study. Plant Cell Rep 31:1495-1515. https://doi.
org/10.1007/s00299-012-1264-6

De Almeida MR, Aumond M, Da Costa CT et al (2017) Environmental
control of adventitious rooting in Eucalyptus and Populus cuttings.
Trees Struct Funct 31:1377-1390. https://doi.org/10.1007/s0046
8-017-1550-6

de Almeida MR, Schwambach J, Silveira V et al (2020) Proteomic
profiles during adventitious rooting of Eucalyptus species rel-
evant to the cellulose industry. New For 51:213-241. https://doi.
org/10.1007/s11056-019-09728-7

de Klerk G-J, van der Krieken W, de Jong JC (1999) The forma-
tion of adventitious roots: new concepts, new possibilities. Vitr
Cell Dev Biol Plant 35:189-199. https://doi.org/10.1007/s1162
7-999-0076-z

De Klerk G (1996) Markers of adventitious root formation. Agronomie
16:609-616. https://doi.org/10.1051/agro:19961003

Di Battista F, Maccario D, Beruto M et al (2019) Metabolic changes
associated to the unblocking of adventitious root formation in
aged, rooting-recalcitrant cuttings of Eucalyptus gunnii Hook.
f. (Myrtaceae). Plant Growth Regul 89:73-82. https://doi.
org/10.1007/s10725-019-00515-0

Druege U (2009) Involvement of carbohydrates in survival and adventi-
tious root formation of cuttings within the scope of global horti-
culture. In: Niemi K, Scagel C (eds) Adventitious root formation
of forest trees and horticultural plants - from genes to applications.
Research Signpost, Kerala, India, pp 187-208

Druege U, Franken P, Hajirezaei MR (2016) Plant hormone homeo-
stasis, signaling, and function during adventitious root forma-
tion in cuttings. Front Plant Sci 7:381. https://doi.org/10.3389/
pls.2016.00381

Elmongy MS, Cao Y, Zhou H, Xia Y (2018) Root development
enhanced by using indole-3-butyric acid and naphthalene acetic
acid and associated biochemical changes of in vitro azalea micro-
shoots. J Plant Growth Regul 37:1-13. https://doi.org/10.1007/
s00344-017-9776-5

Evert RF (2006) Esau’s plant anatomy. Wiley, Hoboken, NJ, USA

Fett-Neto a G, Fett JP, Veira Goulart LW, et al (2001) Distinct effects
of auxin and light on adventitious root development in Eucalyptus
saligna and Eucalyptus globulus. Tree Physiol 21:457-464. https
://doi.org/10.1093/treephys/21.7.457

Fischer G (2003) Ecofisiologia, crecimiento y desarrollo de la feijoa.
In: Fischer G, Miranda D, Cayén G, Mazorra M (eds) Cultivo,
poscosecha y exprotacion de la Feijoa, Primera ed. Universidad
Nacional de Colombia, p 152

Gaspar T, Kevers C, Hausman J et al (1992) Practical uses of per-
oxidase activity as a predictive marker of rooting performance
of micropropagated shoots. Agronomie 12:757-765. https://doi.
org/10.1051/agro:19921003

Geiss G, Gutierrez L, Bellini C (2009) Adventitious root formation:
new insights and perspectives. Annu Plant Rev 37:127-156. https
://doi.org/10.1002/9781444310023.ch5

Gibson SI (2005) Control of plant development and gene expression
by sugar signaling. Curr Opin Plant Biol 8:93-102. https://doi.
org/10.1016/j.pbi.2004.11.003

Goel A, Kaur A, Kumar A (2018) Biochemical and histological
changes during in vitro rooting of microcuttings of Bacopa
monnieri (L.) Wettst. Acta Physiol Plant 40:1-12. https://doi.
org/10.1007/s11738-018-2641-8

Goulart PB, Xavier A, Iarema L, Otoni WC (2014) Morfoanatomia da
rizogé€nese adventicia em miniestacas de Eucalyptus grandis x
Eucalyptus urophylla. Cienc Florest 24:521-532

Guerra MP, Cangahuala-Inocente GC, Vesco LLD et al (2012) Micro-
propagation Systems of Feijoa (Acca sellowiana (O. Berg)

@ Springer


https://doi.org/10.1186/s12870-014-0354-8
https://doi.org/10.1186/1471-2164-15-826
https://doi.org/10.1186/1471-2164-15-826
https://doi.org/10.1111/j.1365-313X.2012.05032.x
https://doi.org/10.1111/ppl.12114
https://doi.org/10.1051/agro:19961001
https://doi.org/10.1080/0028825X.2003.9512864
https://doi.org/10.1080/0028825X.2003.9512864
https://doi.org/10.3389/fpls.2017.01734
https://doi.org/10.1079/IVP2004559
https://doi.org/10.1038/192954a0
https://doi.org/10.1038/192954a0
https://doi.org/10.1146/annurev-arplant-050213-035645
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.3390/f6041227
https://doi.org/10.3389/fpls.2013.00133
https://doi.org/10.3389/fpls.2013.00133
https://doi.org/10.1007/s00299-012-1264-6
https://doi.org/10.1007/s00299-012-1264-6
https://doi.org/10.1007/s00468-017-1550-6
https://doi.org/10.1007/s00468-017-1550-6
https://doi.org/10.1007/s11056-019-09728-7
https://doi.org/10.1007/s11056-019-09728-7
https://doi.org/10.1007/s11627-999-0076-z
https://doi.org/10.1007/s11627-999-0076-z
https://doi.org/10.1051/agro:19961003
https://doi.org/10.1007/s10725-019-00515-0
https://doi.org/10.1007/s10725-019-00515-0
https://doi.org/10.3389/fpls.2016.00381
https://doi.org/10.3389/fpls.2016.00381
https://doi.org/10.1007/s00344-017-9776-5
https://doi.org/10.1007/s00344-017-9776-5
https://doi.org/10.1093/treephys/21.7.457
https://doi.org/10.1093/treephys/21.7.457
https://doi.org/10.1051/agro:19921003
https://doi.org/10.1051/agro:19921003
https://doi.org/10.1002/9781444310023.ch5
https://doi.org/10.1002/9781444310023.ch5
https://doi.org/10.1016/j.pbi.2004.11.003
https://doi.org/10.1016/j.pbi.2004.11.003
https://doi.org/10.1007/s11738-018-2641-8
https://doi.org/10.1007/s11738-018-2641-8

1232

Trees (2021) 35:1221-1232

Burret). In: Lambardi M, Ozudogru EA, Jain MS (eds) Protocols
for micropropagation of selected economically-important horti-
cultural plants. Humana Press, Totowa, NJ, pp 45-62

Haissig BE (1986) Metabolic processes in adventitious root-
ing of cuttings. New Root Form Plants Cuttings. https://doi.
org/10.1007/978-94-009-4358-2_5

Husen A, Pal M (2007) Metabolic changes during adventitious root
primordium development in Tectona grandis Linn. f. (teak) cut-
tings as affected by age of donor plants and auxin (IBA and NAA)
treatment. New For 33:309-323. https://doi.org/10.1007/s1105
6-006-9030-7

Husen A, Pal M (2006) Variation in shoot anatomy and rooting behav-
iour of stem cuttings in relation to age of donor plants in teak (7ec-
tona grandis Linn. f.). New For 31:57-73. https://doi.org/10.1007/
s11056-004-6794-5

Johansen D (1940) Plant microtechnique. McGraw-Hill, New York

Kevers C, Hausman JF, Faivre-Rampant O et al (1997) Hormonal con-
trol of adventitious rooting: progress and questions. Angew Bot
71:71-79

Kozlowski T (1992) Carbohydrate sources and sinks in woody plants.
Source Bot Rev 58:107-222

Lloyd G, McCown B (1980) Commercially-feasible micropropagation
of Mountain Laurel, Kalmia latifolia, by use of shoot-tip culture.
In: Proc. Int. Plant Propagator’s Soc. http://www.pubhort.org/
ipps/30/99.htm. Accessed 28 Dec 2015

Metcalfe CR, Chalk L (1950) Anatomy of the dicotyledons. Oxford
University Press, Oxford, UK

Murashige T, Skoog F (1962) A revised medium for rapid growth and
bio assays with tobacco tissue cultures. Physiol Plant 15:473—497.
https://doi.org/10.1111/§.1399-3054.1962.tb08052.x

Pacurar DI, Perrone I, Bellini C (2014) Auxin is a central player in
the hormone cross-talks that control adventitious rooting. Physiol
Plant 151:83-96. https://doi.org/10.1111/ppl.12171

Pijut PM, Woeste KE, Michler CH (2011) Promotion of adventitious
root promotion of difficult-to-root hardwood tree species. Horti-
cult Rev 38:213-251

Pizarro A, Diaz-Sala C (2019) Cellular dynamics during maturation-
related decline of adventitious root formation in forest tree spe-
cies. Physiol Plant 165:73-80. https://doi.org/10.1111/ppl.12768

Porfirio S, Calado ML, Noceda C et al (2016a) Tracking biochemi-
cal changes during adventitious root formation in olive (Olea
europaea L.). Sci Hortic (Amsterdam) 204:41-53. https://doi.
org/10.1016/j.scienta.2016.03.029

Porfirio S, da Silva M, Cabrita MJ et al (2016b) Reviewing current
knowledge on olive (Olea europea L.) adventitious root formation.
Sci Hortic (Amsterdam) 198:207-226

Rasmussen A, Hosseini SA, Hajirezaei MR et al (2014) Adventitious
rooting declines with the vegetative to reproductive switch and
involves a changed auxin homeostasis. ] Exp Bot 66:1437-1452.
https://doi.org/10.1093/jxb/eru499

Riov J, Szwerdszarf D, Abu-Abied M, Sadot E (2013) Molecular
mechanisms inovolved in adventitious root formation. In: Eshel
A, Beeckman T (eds) Plant roots. The Hidden Half. CRC Press

Rolland F, Moore B, Sheen J (2002) Sugar sensing and signaling in
plants. Plant Cell 14:185-205

Ross S, Grasso R (2010) In vitro propagation of ‘Guayabo del
pais’(Acca sellowiana (Berg.) Burret). Fruit Veg Cereal Sci Bio-
tech 4:83-87

@ Springer

Ross S, Pechi E, Speroni G et al (2017) In vitro rooting of Acca sellowi-
ana microshoots. Acta Hortic 537-542. https://doi.org/10.17660/
ActaHortic.2017.1155.79

Ruedell CM, de Almeida MR, Schwambach J et al (2013) Pre and post-
severance effects of light quality on carbohydrate dynamics and
microcutting adventitious rooting of two Eucalyptus species of
contrasting recalcitrance. Plant Growth Regul 69:235-245. https
://doi.org/10.1007/s10725-012-9766-3

Sauter M, Steffens B (2014) Biogenesis of adventitious roots and their
involvement in the adaptation to oxygen limitations. In: van Don-
gen JT, Licausi F (eds) Low-oxygen stress in plants, pp 299-312

Steffens B, Rasmussen A (2016) The physiology of adventitious roots.
Plant Physiol 170:603-617. https://doi.org/10.1104/pp.15.01360

Stevens ME, Pijut PM (2017) Origin of adventitious roots in black
walnut (Juglans nigra) softwood cuttings rooted under optimized
conditions in a fog chamber. New For 48:685-697. https://doi.
org/10.1007/s11056-017-9592-6

Stuepp CA, Wendling I, Trueman SJ et al (2017) The use of auxin
quantification for understanding clonal tree propagation. Forests
8:14-18. https://doi.org/10.3390/8010027

Tarrago J, Sansberro P, Filip R et al (2005) Eftect of leaf retention
and flavonoids on rooting of cuttings. Sci Hortic (Amsterdam)
103:479-488. https://doi.org/10.1016/j.scienta.2004.07.004

Thorp G, Bieleski R (2005) Feijoas: origins, cultivation and uses. First
Edit, HortResearch

Vielba JM, Varas E, Rico S et al (2016) Auxin-mediated expression of
a GH3 gene in relation to ontogenic state in Chestnut. Trees Struct
Funct 30:2237-2252. https://doi.org/10.1007/s00468-016-1449-7

Wendling I, Brooks PR, Trueman SJ (2015) Topophysis in Corymbia
torelliana x C. citriodora seedlings: adventitious rooting capac-
ity, stem anatomy and auxin and abscisic acid concentrations.
46:107-120. https://doi.org/10.1007/s11056-014-9451-7

Wendling I, Trueman SJ, Xavier A (2014) Maturation and related
aspects in clonal forestry-Part I: Concepts, regulation and con-
sequences of phase change. New For 45:449-471. https://doi.
org/10.1007/s11056-014-9421-0

Wojtania A, Skrzypek E, Marasek-Ciolakowska A (2019) Soluble
sugar, starch and phenolic status during rooting of easy- and
difficult-to-root magnolia cultivars. Plant Cell Tissue Organ Cult
136:499-510. https://doi.org/10.1007/s11240-018-01532-z

Yemm EW, Willis AJ (1954) The estimation of carbohydrates in
plant extracts by anthrone. Biochem J 57:508-514. https://doi.
org/10.1042/bj0570508

Zarlavsky GE (2014) Histologia Vegetal. Técnicas simples y comple-
jas, Buenos Aires

Zerche S, Lohr D, Meinken E, Druege U (2019) Metabolic nitrogen and
carbohydrate pools as potential quality indicators of supply chains
for ornamental young plants. Sci Hortic (Amsterdam) 247:449—
462. https://doi.org/10.1016/j.scienta.2018.12.029

Zhang M, Tang H-R, Wang D et al (2009) A study of rooting character-
istics and anatomical structure of Feijoa cuttings. Agric J 4:86-90

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/978-94-009-4358-2_5
https://doi.org/10.1007/978-94-009-4358-2_5
https://doi.org/10.1007/s11056-006-9030-7
https://doi.org/10.1007/s11056-006-9030-7
https://doi.org/10.1007/s11056-004-6794-5
https://doi.org/10.1007/s11056-004-6794-5
http://www.pubhort.org/ipps/30/99.htm
http://www.pubhort.org/ipps/30/99.htm
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1111/ppl.12171
https://doi.org/10.1111/ppl.12768
https://doi.org/10.1016/j.scienta.2016.03.029
https://doi.org/10.1016/j.scienta.2016.03.029
https://doi.org/10.1093/jxb/eru499
https://doi.org/10.17660/ActaHortic.2017.1155.79
https://doi.org/10.17660/ActaHortic.2017.1155.79
https://doi.org/10.1007/s10725-012-9766-3
https://doi.org/10.1007/s10725-012-9766-3
https://doi.org/10.1104/pp.15.01360
https://doi.org/10.1007/s11056-017-9592-6
https://doi.org/10.1007/s11056-017-9592-6
https://doi.org/10.3390/f8010027
https://doi.org/10.1016/j.scienta.2004.07.004
https://doi.org/10.1007/s00468-016-1449-7
https://doi.org/10.1007/s11056-014-9451-7
https://doi.org/10.1007/s11056-014-9421-0
https://doi.org/10.1007/s11056-014-9421-0
https://doi.org/10.1007/s11240-018-01532-z
https://doi.org/10.1042/bj0570508
https://doi.org/10.1042/bj0570508
https://doi.org/10.1016/j.scienta.2018.12.029

	Stem-cutting anatomy and biochemical responses associated with competence for adventitious root differentiation in Acca sellowiana (Myrtaceae)
	Abstract
	Key Message 
	Abstract 

	Introduction
	Materials and methods
	Plant material
	In vitro culture
	Biochemical tests
	Anatomical analysis and response to exogenous IBA
	Statistical analysis

	Results
	Response to IBA
	Biochemical markers of AR
	Anatomical studies of stem cuttings

	Discussion
	Conclusions
	Acknowledgements 
	References




