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Abstract In vitro rooting protocols were previ-
ously performed on Nothofagus nervosa to optimise 
the culture medium and environmental conditions. 
A qualitative and quantitative tissue differentiation 
study during adventitious rooting in N. nervosa un-
der different light/dark conditions was carried out to 
increase knowledge of the rhizogenesis process in 

shoots. The histological events through the rooting 
period were consistent with the proposed biochemi-
cal markers (peroxidases, tissue nutrient contents, 
polyamines, flavonoids). Development of parenchy-
matic tissues, shown by the staining pattern of the 
cell contents, and cambium activity were the best 
tissues to define the rooting phases. Knowledge of 
the histological changes could be used to optimise 
a protocol for micro-propagation improving timing, 
quantity, and quality of roots, which would posi-
tively affect the survival rate during hardening.
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INTRODUCTION

Micropropagation rooting protocols have been de-
veloped in the past by testing different culture media 
and environmental conditions (Chalupa 1983). How-
ever, most of these trials were not done in parallel 
with biochemical or histological studies, which are 
a more adequate approach to better understanding 
of tissue differentiation underlying rhizogenesis in 
microshoots in woody species. A micropropagation 
protocol has been developed for Nothofagus nervosa 
(Phil.) Dim. et Mil. (raulí) (Martínez Pastur & Arena 
1996), and the rhizogenesis process has been studied 
through biochemical markers (Calderón et al. 1998; 
Martínez Pastur et al. 2000, 2001, 2003). Consider-
ation of the occurrence of rooting phases (induction 
and expression) (Gaspar 1981) is necessary when 
trying to improve the rooting media. These phases 
have already been established for N. nervosa based 
on the variation of peroxidase activity of in vitro 
shoots (Calderón et al. 1998).
 It is also known that physical and chemical fac-
tors affect peroxidase activity during rooting phases 
(Druart et al. 1982; Berthon et al. 1993) affecting 
both the quantity and quality of differentiated roots. 
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Thus, histological and histochemical studies will 
allow an understanding of the tissue changes un-
derlying rhizogenesis, and can be used to visualise 
the performance of the new roots (Filiti et al. 1987; 
Moreira et al. 2000). Other histological studies of in 
vitro rooting carried out in clones of woody species 
with different rhizogenesis performance (Ranjit et 
al. 1988; Zhou et al. 1992) or development phases 
of the tissues (Ballester et al. 1999) have increased 
the knowledge of the process. The aim of this study 
was to describe the histological events during the 
adventitious rooting of N. nervosa growing in the 
light (16:8, light:dark) or in the dark (0:24, light:
dark). Evaluation of tissue differentiation during 
rhizogenesis included: (1) identification of the in 
vitro shoot base tissues before rooting, and observing 
the possible presence of preformed roots; (2) histo-
logical changes during the rooting process, from the 
induction stage and radicle primordium formation 
to root emergence; (3) quantification of histological 
changes during the rooting process; and (4) differ-
ences between the photoperiod conditions and their 
correlation with the morphogenetic processes.

MATERIALS AND METHODS

In vitro plant material
One clone of in vitro cultivated N. nervosa was 
selected for the healthy appearance of its shoots, 
low stem callus production, growth homogeneity, 
and its multiplication performance. Shoots were 
subcultured every 21 days to fresh BTM (Chalupa 
1983) and divided every 63 days. The multiplication 
ratio, defined as the number of microshoots obtained 
from each original one, was 5:1 to 10:1, in agreement 
with previously reported ratios (Martínez Pastur & 
Arena 1996).

Rooting explants, culture conditions and 
sampling
For rooting trials, 2.5 cm long shoots with 2–4 leaves 
and 4–6 buds were used. BTM including the modifi-
cations proposed by Martínez Pastur & Arena (1996) 
(half strength of macronutrient salts) was used. Fifty 
ml of medium were placed in 350 ml flasks and then 
sterilised for 20 min at 0.1 MPa and 121°C. Six 
shoots were placed in each flask and cultures were 
incubated at 24 ± 2°C. Two light conditions were 
used: light/dark treatment (16 h photoperiod: L) and 
dark treatment (total dark: D). Light was supplied 
with standard 20-watt cool white fluorescent tubes 
at 57 μmol m–2 s–1 PPD.

Microscopy studies
Six entire shoots with roots were collected at Days 
1, 2, 3, 5, 7, 9, 11, 13, 15, and 20. Half of them were 
fixed in the fixative solution of Ruzin (1999) for 7 
days and then maintained in 70% alcohol (method 
A); and the other half were fixed in 5% (m/v) glu-
taraldehyde in 0.1 M phosphate buffer (pH 7.0) 
(method B). Ten cross sections 100 µm thick, taken 
from the microshoot bases, were fixed by method 
A. They were dehydrated in a graded ethanol series 
for 24 h in each one, then stained with Safranin-Fast 
Green and mounted for light microscope observation 
(Ruzin 1999). Shoots fixed by method B and embed-
ded in Spurr epoxy resin (Spurr 1969) were used to 
obtain cross and longitudinal sections (5–40 µm) 
using crystal knives and an ultramicrotome. Sections 
fixed to the slide by heat were stained in toluidine 
blue for 5 min.
 The stained sections were photographed using 
white light with a blue filter, polarised light, or 
ultraviolet light using a Nikon Labophot-2 light 
microscope. Photographs were digitised (12.2 pixels 
per mm2) and analysed with the software Scion Im-
age v1.0 (http://www.scioncorp.com). Stained cell 
contents, cell diameter, and density of tissues (pith, 
xylem, medullar rays, cambium, phloem, paren-
chyma, and cortex) were analysed comparing the 
rooting days and light conditions.
 Fresh material was cut by hand to determine 
tissues exhibiting peroxidase activity. Shoots from 
Day 0 and Day 3 grown in light/dark treatment (L) 
conditions were tested. Ten 1.0 mm thick cross 
sections at the microshoot base were obtained. The 
sections were immediately submerged in 5 ml of 
0.1 M acetate buffer, pH 4.6, and 1 ml of a mixture 
of guaiacol (8 mM) and hydrogen peroxide (8 mM) 
were added. After 1 minute of reaction, the sections 
were washed with distilled water, air dried, and 
photographed with the microscope as above.

Statistical analysis
The results were evaluated by an analysis of the vari-
ance using the Fisher test, and media separation was 
done using the Tukey test. All tests were performed 
at a 5% significance level.

RESULTS AND DISCUSSION

Identification of the shoot tissues at Day 0
As in Pyrus (Baraldi et al. 1995), a secondary vas-
cular structure with no differentiation of preformed 
roots was observed in the in vitro microshoots at Day 
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0 (the beginning of the rooting period). In contrast, 
several species such as Populus, Salix, Ribes nigrum, 
and Fagus sylvatica (Haissig 1972; Fink 1982) have 
been shown to have preformed root primordia in the 
microshoots. These preformed roots could develop 
or not into roots depending on culture conditions 
(Lovell & White 1986; Altamura 1996).
 At early stages of differentiation, cells of the 
microshoot, mainly in the pith, were large, with a 
conspicuous nucleus and small vacuoles. The pith 
occupied 20–40% of the transverse section and was 

consisted of parenchymatic lax cells with a low 
vacuole content. Nearly 16% of cell contents were 
stained and cells were large (20–30 µm diam.) (Fig. 
1A). Around the pith were xylem strands, formed by 
isodiametric cells with thick walls, which gradually 
increased their size from the pith toward the cam-
bium. The xylem occupied a variable area, 10% to 
40% of the section, with many small cells (8 µm).
 The xylem was regularly crossed by strands of 
1–2 parenchyma cells which formed the medullary 
rays, leaving 5–10 intermediate rows of xylem cells. 

Fig. 1 Transverse sections of de-
velopment of a root in N. nervosa. 
A, Tissue of the microshoot at Day 
1 (L treatment) (bar = 180 µm); B, 
radicle nodule at Day 9 (L treat-
ment) (bar = 55 µm); C, root at Day 
5 (D treatment) with its vascular 
connection (bar = 130 µm); D, root 
before the emergence at Day 7 (D 
treatment) (bar = 155 µm).

A B

C D
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The parenchyma of the rays was formed by small 
cells (9–10 µm) without stained contents (just 10% 
of the cells had small stained portions). Medullary 
rays presented a radial distribution, but in some 
slices the rays converged at one point, as is the case 
for many conifers (Esau 1965), although this feature 
could be due to the proximal bud. Around these tis-
sues, the highly stained cambium with its large cells 
(13–15 µm) was observed. The cambium formed a 
more or less regular ring 2–3 cells thick, occupy-
ing 2–5% of the total section. Phloem appeared in 
variable groups of 6–12 small (8–9 µm) thickened 
cells. These tissues were better viewed with ultra-
violet or polarised light and occupied 3–6% of the 
sections. Between phloem and cortex there was a 
parenchymatic tissue formed by cells 18–20 µm 
diameter of lax appearance with large spaces in the 
symplasm. None of the parenchymatic cells had 
stained contents. Loewe (1990) emphasised this 
particular root tissue condition (auriferous tissue) as 
favourable for root initiation in Juglans regia. The 
primary cortex was in the peripheral zone, formed 
by 4–5 layers of cells which were intensely stained. 
Also, green glands and red-stained modified cells 
(hairs) were observed. The overall density of the 
cells varied between 4000 and 8000 cells mm–2, with 
a lower density (1000–1300 cells mm–2) in the pith 
and higher density (14 000–15 000 cells mm–2) in 
the xylem and the phloem.

Recognition of rooting phases through the 
histological changes
The rooting phases proposed by Gaspar (1981) in-
clude an induction stage in which morphological 
changes are not observed in the tissue, and an expres-
sion stage in which the root formation process can 
be observed. In this study, the first signs appeared as 
a change in the directions of cellular division in the 
medullary rays, which was observed in longitudinal 
ultra-thin sections. As stated by Filiti et al. (1987), 
these cells had a more isodiametric shape than that 
of their neighboring cells. From this point, differ-
ent stages could be observed during root primordia 
formation (Fig. 1B–D). A change in the cell division 
pattern gave rise to small cell nodules with prominent 
nuclei which became intensely stained, evidence of 
high mitotic activity (Loewe 1990). Their location 
was variable, i.e., very close to the cambium in the 
xylem rays, or isolated in the parenchyma between 
the phloem groups (Fig. 1B). These results are in 
good agreement with others in the literature, where 
the parenchyma surrounding the phloem (Eucalyp-
tus ficifolia, Gorst et al. 1983; Prunus sp., Filiti et 

al. 1987) or the xylem parenchyma (Juglans regia, 
Loewe 1990) are the most frequent initiation places. 
However, initiation of rooting can also appear in 
other tissues (Esau 1965; Lovell & White 1986; 
Apter et al. 1993; Ballester et al. 1999). Although 
root differentiation was observed to be concentrated 
in time at the beginning of the expression phase 
(Martínez Pastur et al. 2003), some root nodules 
appeared throughout the duration of the phase.
 The formed nodules displaced the surrounding 
parenchymatic tissue, forming a ring between the 
xylem and the cortex which differentiated from the 
remaining tissues, originating a root primordium 
(Fig. 1C). This primordium had high cellular activ-
ity in the borders, where the enzymes digested the 
cells of the parenchyma between the primordium 
and the primary cortex (Lowell & White 1986). 
Subsequently the vascular tissues were differenti-
ated, establishing a vascular connection with the 
xylem cells (Fig. 1D). By this time differentiated 
roots were well formed and ready to emerge.
 It must be emphasised that during root formation 
no callus growth was detected. The absence of callus 
represented a clear advantage, since this undifferen-
tiated tissue could interfere with the normal vascular 
connection in the formed roots or with the cicatricial 
tissues formed in the explant wound (Filiti et al. 
1987; Loewe 1990; Pretová et al. 1993; Moreira et 
al. 2000). Moreover, no external abnormality was 
observed, e.g., swelling or presence of callus in the 
base of the explants, in the histological processes 
described above.
 A change in division pattern was observed in 
the L treatment at Day 5 when the induction stage 
ended. Nodules appeared at Day 7 in L treatment and 
at Day 5 in D treatment (Fig. 1C). Thus, these first 
nodules must have formed earlier in the D treatment 
than in L. Root emergence was observed on Day 9 
in the L treatment and on Day 7 in D. The timing of 
induction and expression of rooting stages for these 
morphogenetic events was coincident with those 
defined in N. nervosa by Calderón et al. (1998). 
These stages were defined using peroxidases as 
biochemical markers. The induction stage ended at 
Day 3 in D treatment and at Day 5 in L treatment, 
after which the expression stage began.
 Since tissue peroxidase enzyme activity may also 
reflect the level of free IAA in a particular tissue, 
which in turn may show the influence of this auxin 
in root growth elicitation (Kevers et al. 1997), an 
alternative way to track histologically the above 
morphological events is through histochemical stud-
ies localising the enzyme activity of the peroxidases. 
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When this was done, low peroxidase activity and an 
expected higher free IAA content were observed in 
all shoot tissues at both the beginning of the root-
ing period and at the preceding induction stage. 
However, a higher peroxidase enzyme activity, i.e., 
where the endogenous free IAA content (Gaspar 
et al. 1997) should be lower, was observed in the 
meristematic tissues such as the cambium and the 
cork cambium. In these meristems some spots of 
more stained cells were observed dispersed among 

the tissues, where the guaiacol reacted. During the 
induction stage peroxidase activity increased sig-
nificantly. The stained tissues no longer appeared 
as dispersed spots, and two well-marked rings could 
be seen in the meristems (Fig. 2D). In the first in-
ternal ring, the roots were initiated more frequently 
at the point where the cambium was observed and 
medullary rays ended. This higher peroxidase ac-
tivity is consistent with other findings which have 
allowed the definition of the rooting stages using 

Fig. 2 Transverse sections of 
the development of tissues in N. 
nervosa during the rooting process 
in the L treatment. A, Day 3 (bar = 
180 µm); B, Day 9 (bar = 170 µm); 
C, Day 13 (bar = 130 µm); D, total 
peroxidase activity at Day 3 (bar 
= 192 µm).

A B

C D
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other biochemical markers (tissue nutrient contents, 
polyamines, flavonoids) (Martínez Pastur et al. 2000, 
2003; Arena et al. 2003) and also with those defined 
in this study through the histological observations.

Quantification of the histological changes along 
the rooting process
All morphometric values of the explants varied 
during the rooting period (Fig. 1A, 2) under the 
influence of both photoperiods (Tables 1 and 2). 
As expected, the percentage of each tissue in the 
sections varied significantly. Some tissues showed 
important changes, since the explants grew vigor-
ously at the beginning of the rooting period and then 
compressed the tissues, e.g., the pith (from 45% to 
15% in L treatment).
 Cell diameters varied significantly depending on 
the tissue type and stage of development (Table 1). 
The pith cells reduced their average size in the L 
treatment compared with the following days, while 
in the D treatment the behaviour was the opposite. In 
the medullary rays formed in L, there was a progres-

sive increase of cell size during the rooting period, 
while in D only small changes were observed. The 
xylem cells in L increased their size until Day 11 and 
then diminished significantly, whereas no significant 
changes were observed in D. Cambium cells varied 
markedly in size during the rooting period. In L there 
was a significant maximum at Day 7 with a variable 
average size in the following days. The same was 
also observed in D at Day 7 but to a lesser extent. 
The phloem exhibited similar behaviour in L with a 
maximum at Day 7, but in D the maximum cell size 
occurred on Day 11. The parenchymatic cells around 
the phloem showed variable cell sizes with maxima 
at Day 3 and Day 9 in the L treatment, but there were 
no significant differences in the D treatment.
 Cell density (Table 2) varied significantly depend-
ing on the tissue type and stage of development, be-
ing inversely related to the quadratic cell diameter. 
The cell density of the pith in the L treatment was 
greatest at Days 3 and 11, while in D it decreased 
during the rooting process. In the medullary rays the 
density decreased to Day 7, then increased in L. In 

Table 1 Average cell diameter of tissues during rhizogenesis in microshoots of N. nervosa. F values and significance: 
Light/Dark treatment: Pith, 3.29(0.0016); Medullary rays, 3.91(0.0003); Xylem, 4.51(0.0001); Cambium, 8.75(0.0000); 
Phloem, 4.62(0.0001); Parenchyma, 9.74(0.0000). Dark treatment: Pith, 4.26(0.0001); Medullary rays, 2.31(0.0222); 
Xylem, 1.17(0.3229); Cambium, 3.79(0.0004); Phloem, 8.65(0.0000); Parenchyma, 2.51(0.0135). For each column 
and treatment, values with different letters are significantly different at P < 0.05. n = 30 cells (cuts from 3 microshoots) 
of each treatment.

Day
Pith
(µm)

Medullary rays
(µm)

Xylem
(µm)

Cambium
(µm)

Phloem
(µm)

Parenchyma
(µm)

Light/Dark treatment
1  28.2b  9.8 ab  8.0 ab  13.0 ab  8.2 ab  18.4 ab
2 25.5ab 12.7 abc 8.4 ab 15.2 ab 10.2 abc 19.8 abc
3 20.4ab 11.8 abc 10.5 ab 13.8 ab 9.0 abc 28.4 cd
5 24.7ab 11.2 ab 11.2 b 14.4 ab 9.4 abc 17.2 a
7 26.4ab 12.8 abc 10.3 ab 26.1 c 11.4 c 23.5 abc
9 25.8ab 10.8 ab 10.4 ab 18.0 b 10.4 bc 36.0 d

11 20.1a 14.6 bc 11.1 b 16.7 b 10.0 abc 26.1 bc
13 27.3ab 8.8 a 7.2 a 9.7 a 7.7 a 21.2 abc
15 21.5ab 13.6 abc 7.7 a 13.4 ab 9.4 abc 18.8 ab
20 19.9a 17.3 c 7.9 ab 19.4 bc 11.6 c 18.7 ab
Dark treatment
1 21.5 ab 9.4 ab 7.4 a 11.0 a 5.9 a 22.4 a
2 20.3 a 11.3 ab 8.3 a 10.9 a 7.9 abc 20.6 a
3 22.8 abc 11.3 ab 9.1 a 10.5 a 7.4 ab 20.0 a
5 22.9 abc 12.0 ab 8.8 a 11.7 a 9.2 abc 19.9 a
7 24.4 abc 12.1 ab 10.8 a 16.2 ab 10.0 bcd 26.1 a
9 23.0 abc 8.8 a 8.6 a 12.3 a 11.0 cd 26.6 a

11 29.5 bc 12.0 ab 8.2 a 14.4 ab 13.2 d 24.7 a
13 29.1 bc 11.9 ab 8.5 a 14.0 ab 11.3 cd 20.5 a
15 28.9 bc 12.9b 9.7 a 14.5 ab 11.3 cd 24.7 a
20 30.2 c 9.8 ab 10.2 a 19.4 b 8.4 abc 26.9 a
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Table 2 Average cell density of tissues during rhizogenesis in microshoots of N. nervosa. F values and signifi-
cance: Light/Dark treatment: Pith, 11.49(0.0000); Medullary rays, 5.71(0.0000); Xylem, 3.62(0.0007); Cambium, 
6.70(0.0000); Phloem, 8.95(0.0000); Parenchyma, 18.93(0.0000). Dark treatment: Pith, 11.67(0.0000); Medullary rays, 
22.78(0.0000); Xylem, 2.80(0.0061); Cambium, 41.67(0.0000); Phloem, 88.34(0.0000); Parenchyma, 36.33(0.0000). 
For each column and treatment, values with different letters are significantly different at P < 0.05. n = 30 sections 
(cuts from 3 microshoots) of each treatment.

Day
Pith (cell mm-2 

×10³)
Medullary rays

(cell mm-2 ×10³)
Xylem (cell 
mm-2 ×10³)

Cambium
(cell mm-2 ×10³)

Phloem
(cell mm-2 ×10³)

Parenchyma
(cell mm-2 ×10³)

Light/Dark treatment

1  1.35 a  13.82 cd  14.52 c  8.03 bc  14.94 d  3.63 b
2 2.46 bcd 9.66 abc 13.60 bc 6.21 ab 14.40 d 4.14 b
3 3.31 de 10.91 abcd 10.64 abc 6.11 ab 8.37 abc 2.11 a
5 2.52 bcd 11.16 abcd 12.46 abc 9.33 c 11.17 abcd 3.53 b
7 1.85 ab 7.60 a 10.32 abc 6.79 abc 11.62 bcd 1.81 a
9 1.82 ab 14.31 d 11.92 abc 4.35 a 7.49 abc 1.25 a

11 3.12 de 11.93 bcd 8.00 a 5.13 ab 7.28 ab 1.83 a
13 1.95 abc 13.04 cd 13.79 bc 7.79 bc 11.86 cd 3.46 b
15 2.89 cde 10.98 abcd 11.48 abc 6.00 ab 11.14 abcd 3.32 b
20 3.57 e 8.61 ab 9.28 ab 3.98 a 6.85 a 3.16 b

Dark treatment

1 3.26 d 16.47 e 11.96 ab 11.65 g 23.59 e 3.88 ef
2 3.45 d 12.97 de 9.62 ab 10.52 fg 9.56 cd 4.66 f
3 2.01 abc 13.74 de 13.53 b 9.44 ef 11.33 d 3.61 de
5 2.56 bcd 12.52 cd 13.48 b 7.54 d 10.07 cd 2.87 cd
7 2.70 cd 10.67 bcd 12.27 ab 5.51 bc 8.60 bc 2.26 bc
9 2.30 abc 9.02 bc 10.81 ab 7.76 de 9.65 cd 1.97 ab

11 1.75 ab 6.96 ab 10.79 ab 7.18 cd 5.91 a 1.34 a
13 1.65 ab 4.62 a 10.41 ab 4.64 ab 6.72 ab 2.26 bc

15 1.51 a 10.15 bcd 9.76 ab 6.77 cd 9.80 cd 2.00 ab
20 1.77 ab 5.07 a 8.73 a 3.28 a 9.51 cd 1.93 ab

D there was a delay in reduction of the medullary 
ray density, where the minimum only appeared at 
Day 13. The area occupied by the parenchyma of 
the medullary rays in D was lower than in the L 
treatment (2–8% and 7–15%, respectively). In L 
the microshoots could photosynthesise their organic 
compounds or obtain them from the culture medium, 
to be subsequently transported, utilised, or deposited 
in different tissues. The microshoots changed their 
morphogenesis, achieving higher efficiency of their 
development, trying to maximize the use of their 
own available resources (Salisbury & Ross 1992). It 
is possible that the higher number of parenchymatic 
cells in the medullary rays has been generated due 
to a huge requirement of photo-assimilates in the 
shoot.
 In the xylem, there was a continuous decrease 
in cell density in the L treatment. In D the density 
was highest between Days 3 and 5 then diminished 
until the end of the assay. The proportion of xylem 
in the shoots varied according to the treatment. 

Those that had been grown in the D treatment had 
a higher proportion than those grown in L, which 
had smaller xylem in terms of cellular density until 
the end of rhizogenesis. Although the development 
of this tissue was related to the number of formed 
cells, independently of the photoperiod, it probably 
affected the development of other tissues, modifying 
their final ratio.
 The cambium density increased to Day 5 in the 
L treatment, then diminished until the assays ended. 
In D the cambium density diminished through the 
experiments. The percentage of the area occupied 
by the cambium was higher in L than in D. In D, 
the area occupied by the cambium varied from 2% 
to 6% at Day 7 and then fell to less than 1%. In L it 
reached 8% at Day 7, and then decreased to 3%.
 The size of the cells and the proportion of cam-
bial tissue reflected the meristem activity during 
the rooting process. The density of the phloem fell 
from the beginning until Day 11 in both treatments, 
being most remarkable in D. The phloem was a 
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higher proportion of tissue in L than in D, as in the 
medullary rays (average of 3.7% in D and 5.4% in 
L). This could be explained by a higher requirement 
of organic compounds in the shoots grown under the 
light. Similarly, the parenchyma around the phloem 
was least in the L treatment between Days 7 and 11, 
and between Days 9 and 11 in D.
 Some of the vacuoles of the parenchymatic cells 
had stained cell contents at the beginning of the 
rooting period (16% of the cells of the pith, 8–20% 
of medullary rays, and no tinted contents in the pa-
renchyma around the phloem) (Fig. 1A), which were 
strongly related to the morphogenic activity of the 
explants. In the L treatment the stained content of the 
pith changed dramatically during the rooting period 
(Fig. 2A–C) (Table 3). The content of the vacuoles 
in the parenchymatic cells (source cells) could be 
related to the radicle primordium (sink cells). The 
changes described were more noticeable in the L 
treatment, since the microshoots have the facility 
to photosynthesise for themselves a percentage of 

the compounds needed, while the microshoots in D 
could only extract them from the culture medium. 
Loewe (1990) described variations of the reserve 
substances in the neighbouring cells, where the 
morphogenic processes develops.
 The main source of energy storage in N. nervosa 
is through the aleuronic granules, which can be seen 
using the xylol and safranine test. In other trees 
starch has been cited as the main storage substance 
(Juglans regia, Loewe 1990; Malus communis, Jasik 
& De Klerk 1997), but it could not be detected in N. 
nervosa tissues observed with polarised light.
 All the variations described in the tissues could be 
related to the changes observed in the micronutrient 
contents of the total tissues and in the peroxidase 
activity associated with the rooting morphogenic 
processes (Calderón et al. 1998; Martínez Pastur et 
al. 2000, 2003). During the induction stage, a maxi-
mum followed by a minimum is produced in the total 
peroxidase activity (Calderón et al. 1998), which is 
associated mainly with the action and degradation 

Table 3 Percentage of cells stained with stained cellular content of tissues 
during rhizogenesis in microshoots of N. nervosa. F values and significance: 
Light/Dark treatment: Pith, 17.53(0.0000); Medullary rays, 33.12(0.0000); Pa-
renchyma, 17.44(0.0000). Dark treatment: Pith, 7.30(0.0000); Medullary rays, 
33.04(0.0000); Parenchyma, 41.30(0.0000). For each column and treatment, 
values with different letters are significantly different at P < 0.05. n = 30 sections 
(cuts from 3 microshoots) of each treatment.

Day
Pith
(%)

Medullary rays
(%)

Parenchyma
(%)

Light/Dark treatment
1 16 ab  8 a  0 a
2 66 e 42 bc  6 a
3 47 cde 40 bc  2 a
5  4 a 20 abc 16 ab
7 43 cd 88 d  4 a
9 30 bc 96 d 46 cd

11 56 de 82 d 28 bc
13 28 bc 16 ab 8 ab
15 35 bc 45 c 27 bc
20 36 c 82 d 50 d
Dark treatment

1 16 ab 20 ab  0 a
2  6 a 28 ab  2 a
3 24 abc  6 a 16 ab
5 27 abc 36 b 14 ab
7 30 abc 64 c 12 ab
9 10 a 68 c 20 ab

11 40 bc 80 c 60 c
13 50 c 80 c 72 c
15 50 c 80 c 74 c
20 40 bc 70 c 24 b
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of the free IAA. In addition, some nutrients (calcium 
and boron) increased during the induction stage and 
decreased in the expression stage (Martínez Pastur 
et al. 2000), which was related to the root formation. 
Additional cofactors such as flavonoids have also 
shown changes associated with these phenomena 
(Martínez Pastur et al. 2003). These processes have 
been correlated with root emergence (macro obser-
vations), and with the quantity and quality of roots 
formed during the rooting process.
 The results of this work complement the pro-
cesses previously described and the timing of root-
ing phases (Calderón et al. 1998). The changes in 
the cambial activity and in the stained cell contents 
are related to increased meristematic activity in 
the formation of new radicle nodules. The increase 
in stained cells and in tissue activity precedes the 
massive formation of roots. The stained cells could 
act as source cells providing the energy requirements 
of the sink cells surrounding the radicle primordium, 
which could be acquired from the reserve cells. Also, 
stained cells are related to the formation, emergence, 
and differentiation of the roots during rooting. The 
changes detected in the tissues due to the photope-
riod are similar to those cited in the literature, where 
the events in the D treatment are early in time when 
maxima and minima are compared (Martínez Pastur 
& Arena 1996; Martínez Pastur et al. 2003).

CONCLUSIONS

The development of histological events in micro-
shoots of N. nervosa subjected to rooting conditions 
as previously described were concurrent with the 
formation and emergence of roots, and consistent 
with biochemical markers. The cambium activity 
and the staining pattern development of the paren-
chymatic tissues appeared as the best histological 
characteristics for the definition of the rooting stages. 
The tracking of histological changes provides infor-
mation together with the use of biochemical markers 
(peroxidases, tissue nutrient contents, polyamines, 
flavonoids), and are of great help in the development 
of new rooting successive media for N. nervosa and 
for other woody species. Moreover, this strategy of 
study may also be valuable when trying to detect 
the possible cause for the absence of root formation 
ability in some recalcitrant forest species. As here 
shown, histological studies may demonstrate the 
functional ability of the roots formed by showing the 
absence of tissue abnormalities such as callus and a 
true vascular connection. Additionally, knowledge 

of histological changes could be used to optimise a 
protocol for micro-propagation of N. nervosa, by 
improving the timing, quantity, and quality of roots, 
which would positively affect the survival rate dur-
ing hardening.
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