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The expression and subcellular localization of extracellular
signal-regulated kinase 1 or 2 (ERK1/2) homologues
(HLERK1/2) during the process of organogenic nodule
formation in Humulus lupulus var. Nugget was studied using
antibodies specific for ERK1 and ERK2, and for phosphor-
ylated mitogen-activated protein kinases (MAPKs). The
increase in HLERK levels, detected by Western blotting 12
hours after wounding suggests their involvement in response to
the wounding treatment applied for morphogenesis induction.
In dividing cambial cells, occurring in between 4 and 7 days
after morphogenesis induction, as well as in dividing prenod-
ular cells (15 days after induction) HLERK1 and/or 2 were
localized in the nucleus. However, as soon as nodular cells start
proliferating to form shoot meristems, HLERK1 and 2 were
detected in the cytoplasm and not in the nucleus. The data
reported account for a differential expression and activation of
HLERK1 and HLERK2 throughout the process of nodule
formation and plantlet regeneration. HLERK1 appears to be
expressed in the stages of nodule formation and plantlet
regeneration, playing a possible role in controlling cell pro-
liferation and differentiation. HLERK2 may be induced as a
response to reactive oxygen species (ROS) generated by
wounding of internodes as its expression is reduced in liquid
medium with less oxygen availability compared to solid
medium. However, addition of a ROS inhibitor to the liquid

medium does not result in a further decrease in the HLERK2
level.

Introduction

Signal transduction pathways are extremely diverse and have
different strategies, in spite of having in common the activation
of responses at the nuclear level by the modulation of gene
expression. Throughout evolution common signal transduction
pathways have been adopted, in particular phosphorylation/de-
phosphorylation reactions between proteins (Brunet, 1998).
The ERK pathway, a conserved MAPK (mitogen-activated
protein kinase) module along the eukaryote evolution (Stone
and Walker, 1995), constitutes an example of signal transduc-
tion in cascade. In animal and yeast cells, the last members of
this cascade, ERK1 (42 kDa) and ERK2 (44 kDa), have been
involved in diverse cellular processes including control of cell
growth, proliferation and differentiation (Marshall, 1995), cell
cycle regulation and cell survival (reviewed by Meskiene and
Hirt (2000)). TheseMAPKs are known to targetmany different
substrates in the cytoplasm, such as cytoskeletal proteins, other
kinases and phosphatases. When translocated to the nucleus
they activate transcription factors and other nuclear proteins
(Meskiene and Hirt, 2000; Schenk and Snaar-Jagalska, 1999).
Studies on the human ERK cascade enabled the definition of a
model for the involvement of theseMAPKs in cell proliferation
and differentiation. Depending on the duration of ERK
activation, both proliferation and differentiation processes
can be activated in the same cell (Marshall, 1995).
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Plant MAPKs show high homology with the ERK family of
animal MAPKs (Meskiene and Hirt, 2000) and therefore, they
are called plant extracellular regulated protein kinases (PERK)
(Ligterink, 2000). The involvement of MAPKs in cell division,
proliferation and differentiation in plants is not fully under-
stood. TheMMK3 in alfalfa and the Ntf6 in tobacco seem to be
involved in cell cycle regulation (Bˆgre et al., 1999; Calderini
et al., 1998). Their localization and activation duringmitosis are
similar to those reported for ERK1 and 2 in mammals
(Meskiene and Hirt, 2000; Shapiro et al., 1998), suggesting
that they play a similar role inmitosis. The ultrastructural in situ
localizationof a protein homologueofNtf6 and its transcripts in
onion cells and pollen grains, showed higher expression in
proliferating cells than in quiescent cells (Prestamo et al.,
1999).Recently, plantERK1/2 homologues have been reported
to increase in expression and to enter the nucleus during the
pollen developmental program (Coronado et al., 2002).
Plant regeneration from organogenic nodules has been

reported for some varieties of Humulus lupulus (Batista
et al., 1996, 2000; Fortes andPais, 2000), providing an important
tool for large-scale micropropagation. The organogenic nodule
formation from Humulus lupulus var. Nugget internodes is a
developmental process that involves cell proliferation and
differentiation, and seems to be induced by a wounding
treatment (Fortes and Pais, 2000). This morphogenic process
has been studied using several approaches, in order to better
understand the induction and plantlet regeneration from these
organogenic nodules. Wound-induced cellular events are
mediated, in part, by the production of reactive oxygen species
(ROS) (Leon et al., 2001) and involve the activation of
mitogen-activated protein kinases (Seo and Ohashi, 2000). In
hop, the production of ROS in wounded areas was reported.
Internodes cultured in liquid organogenesis-inducing medium
supplemented with N-acetyl-L-cysteine (NAC), a ROS inhibi-
tor, showed little ROS accumulation 12 hours after culture
initiation (Fortes et al., 2002a).
The expression and subcellular localization of ERK1/2

homologues and active phosphorylated MAPKs at different
stages of organogenic nodule formation and plantlet develop-
ment were studied, and their possible involvement in cell
proliferation and differentiation is discussed. The expression of
ERKs was also studied in the presence or absence of a ROS
inhibitor and a possible involvement of ROS in the ERK1/2
pathway is addressed.

Materials and methods

Plant material
Internodal explants of Humulus lupulus var. Nugget in vitro growing
plants were used to induce nodule formation as previously described by
Fortes and Pais (2000). Micropropagation medium consisted of the MS
macro- and micro-nutrients (Murashige and Skoog, 1962) with Adams
vitamins, supplemented with 5 mg/l ascorbic acid, 0.2 mg/l BAP, 1 mg/l
IBA, 20 g/l sucrose, and 7.8 g/l agar (Vaz Pereira, Lisbon, Portugal).
Inductionmediumconsistedof theMScompletemedium supplemented
with 30 mg/l cystein, 2 mg/l BAP, 0.05 mg/l IAA, 18 g/l sucrose, and 7.8 g/l
agar. The pHwas adjusted to 5.7 ± 5.8. Cultures weremaintained at 25�
2 �C under a 16 h photoperiod (35 �mol photons ¥m�2 ¥ s�1) provided by
cool-white Philips fluorescent tubes.

Antibodies
The polyclonal antibodies used were anti-ERK1/ERK2 and anti-
phospho MAPK, which recognises the phosphorylated TEY sequence
of the active MAPKs, (Cell Signaling, Beverly, MA).

Immunofluorescence assays and confocal
microscopy
Induced explants collected at 0, 7, 15, 28, and 45 days were fixed in 4%
(w/v) paraformaldehyde in phosphate-buffered saline (PBS: 137 mM
NaCl; 3 mM KCl; 8 mM Na2HPO4; 3 mM KH2PO4; pH 7.3), at 4 �C
overnight. After 3 washes for 5 min in PBS on ice, samples were
cryoprotected by immersion in increasing sucrose concentrations: 1
houron ice in 0.1 Msucrose inPBS, 3 hours at 4 �Cunder agitation in1 M
sucrose in PBS, and overnight at 4 �C under agitation in 2.3 M sucrose in
PBS, embedded in tissue freezing medium (Jung, Leica Instruments
GmbH) and frozen in carbonic ice (� 80 �C). Thirty �m sections were
obtained using a cryostat (Leica CM 1800) at � 23 �C, and then placed
onmultiwell slides (ICNBiomedicals Inc., Ohio,USA) pre-treatedwith
3-aminopropyltriethoxysilane (Sigma, St. Louis, MO, USA) (Rentrop
et al., 1986). Slides with sections were kept at � 20 �C until use.
Immunofluorescence assays were performed mainly as described by

Testillano et al. (1995) with slight modifications (Fortes et al., 2002b).
Frozen glass slides carrying the sections were thawed at room
temperature. After a wash with PBS, sections were permeabilized with
1% (w/v) cellulase (Onozuka R-10) in PBS for 40 min at room
temperature, followed by three washes in PBS. A 20-min incubation
with 0.5% (v/v) Triton X-100 in PBS, and three washes in PBS were
performed before the incubation in 5% (w/v) BSA (Bovine Serum
Albumin) in PBS for 5 min. The first antibody, being either anti-ERK1/
ERK2 or anti-PhosphoMAPK, was applied undiluted, for 3 hours at
37 �C. Controls were performed by replacing the first antibody by PBS.
After three washes in PBS, sections were incubated with the secondary
antibody diluted 5 :25 in 0.5% Evans Blue in PBS (Sigma), to remove
autofluorescence of cell walls, for 45 min at room temperature, in the
dark. Anti-rabbit-Alexa Fluor 488 (green fluorescence) (Molecular
Probes, Leiden, The Netherlands) was used to detect the anti-ERK1/
ERK2 as first antibody, and anti-rabbit Alexa Fluor 546 (red fluores-
cence) (Molecular Probes) was used when the first antibody was the
anti-PhosphoMAPK. Sections were washed in PBS, stained with DAPI
(4�-6-Diamidino-2-phenylindole), washed in bi-distilled water and
finally mounted in Mowiol.
Confocal optical sections were collected using a BIO-RAD (Hemel

Hempstead, UK) MRC-1024 confocal scanning head mounted on a
ZEISS Axiovert 135 microscope (Zeiss, Jena, Germany). Images from
sections with anti-ERK1/2 and DAPI were taken using an epifluores-
cence Zeiss Axioplan microscope with a CH250/A CCD photometry
camera.
For double immunofluorescence assays, the antibody anti-ERK1/

ERK2 was first used following the procedure previously described for
the immunofluorescence assays, up to the incubationwith the secondary
antibody. The subsequent procedurewas performed in darkness. After 3
washes in PBS, sections were incubated for 15 min in 1% (v/v)
glutaraldehyde in PBS, and again washed once in PBS. The primary
antibody anti-PhosphoMAPK was added after incubation with 50 mM
ammonium chloride in PBS, 2 times for 20 min each (to block aldehyde
groups as potential source of IgG unspecific binding), and 3 washes in
PBS. The sections were incubated for 3 hours at 37 �C, as described
earlier. After 3 washes in PBS, they were incubated for 45 min with the
secondary antibody anti-rabbit-Alexa Fluor 546 diluted 5 :25 in 0.5%
Evans Blue in PBS. Sections were washed in PBS, then incubated for
5 min with 1% (v/v) glutaraldehyde and washed 2 times in PBS, prior to
DAPI staining and final washes with double-distilled water. Confocal
optical sections were then collected as described above.

Histological analysis
Samples were fixed overnight at 4 �C in 4% (w/v) paraformaldehyde in
PBS, pH 7.3. After 3 washes (5 min each) in PBS, they were dehydrated
through a graded series of ethanol. Then, samples were infiltrated and
embedded overnight at room temperature in Historesin (Jung, Leica
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Instruments GmbH, Heidelberg, Germany). Semithin sections were
obtainedusing aLKBmicrotome (Leica,Vienna,Austria) andobserved
in a Zeiss Photomicroscope under phase contrast, for preliminary
histological analysis.

Treatment with N-acetyl-L-cysteine (NAC)
Tubes containingmicropropagated plants were filled with liquid nodule
induction medium supplemented with 0.4 mM NAC. After 30 min,
plants were transferred to Petri dishes containing the same medium.
Internodes approximately 9 mm long were submitted to several
incisions, while plants were kept immersed, and then transferred to
Erlenmeyer flasks with the same induction medium. Controls were
performed in both solid and liquid culture medium without inhibitor
(Fortes et al., 2002a). Internodeswere collected 12 h after induction and
were used for immunoblotting studies.

Preparation of protein extracts
Induced explants collected at 7, 15, 28, and 45 days, and after 12 hours in
inductionmediumwith andwithoutNAC,were frozen in liquid nitrogen
and ground in a mortar. Explants at time 0 were obtained by immersing
the entire plant in liquid nitrogen without touching it.
The extracts used for theWestern blot with the anti-ERK1/2 antibody

were prepared as describedbyTakabe et al. (1986).Briefly, 0.5 g of plant
material was added to 5 ml of extraction buffer (50 mM Tris-HCl,
pH 8.0, containing 0.2 M sucrose, 10 mM NaCl, 0.01% (w/v) sodium
azide, 0.15 mMEDTAand theprotease inhibitors 1 mMPMSF(Sigma),
1 �M leupeptin (Sigma) and 1 �M pepstatin A (Sigma)). After
centrifugation for 10 min at 10000 rpm, the supernatant was filtered
throughMiracloth and precipitated overnightwith 4 volumes of acetone
(Merck, Germany) at 4 �C. Then, after a 15-min centrifugation at
maximum speed, the pellet was vacuum dried and resuspended in an
appropriate volume of a mixture of 100 mM Tris-HCl (pH 8.0), 10%
(w/v) SDS and 5% (v/v) �-mercaptoethanol.
The extracts for the Western blot with the anti-phospho MAPK

antibody were prepared using an extraction buffer, containing 25 mM
HEPES, pH 7.5, 0.3 mMNaCl, 1.5 mMMgCl2, 0.2 mMEDTA, 0.5 mM
DTT, 0.1% (v/v) Triton X-100, 20 mM �-glycerophosphate, 0.1 mM
Na3VO4, and 1 mM PMSF. The tubes were vortexed and incubated at
4 �C for 10 min (Fabregat et al., 2000).After being centrifuged at 4 �C for
10 min, 13000 rpm, the supernatant was recovered.
The protein concentration in the extracts was quantified according to

Bradford (1976) using BSA as standard.

SDS-PAGE and immunoblot analysis
Protein extracts from different stages of nodule formation (40 �g for the
ERK1/2 immunoblot and 30 �g for the phospho-MAPK immunoblot)
were denatured at 95 �C for 5 min in 10% (v/v) glycerol and 0.03% (w/v)
bromophenol blue, and centrifuged for 15 min at maximum speed.
Denatured protein extracts were subjected to 12% SDS-polycrylamide
electrophoresis and thereafter transferred to Immobilon membranes
(Millipore Corporation, Bedford MA/USA) using the Trans-Blot
transfer cell (Bio-Rad). Prestained standard proteins (Bio-Rad, Her-
cules, CA, USA) were also loaded on the gel. Total proteins were then
stained with Ponceau S solution (0.5% (w/v) Ponceau S (Sigma) in 1%
(v/v) glacial acetic acid) to confirm the amount of protein transferred.
The membrane blotted with the anti-ERK1/ERK2 antibody was

blocked at 4 �C overnight in 2% (w/v) skimmed dried milk and 0.05%
(v/v) Tween-20 in PBS. Then it was incubated with anti-ERK1/ERK2
polyclonal antibody diluted 1:200 in blocking solution for 7 h at 4 �Cand
overnight at room temperature under agitation. Following three washes
in 0.2% (w/v) non-fat dried milk and 0.5% (v/v) Tween-20 in PBS, the
blot was incubated for two hours with alkaline phosphatase-conjugated
anti-rabbit antibody (Sigma) diluted 1 :1000 in blocking solution. The
complexes were revealed by treatment with a nitro blue tetrazolium
(NBT) and bromo-chloroindolyl-phosphate (BCIP) solution.
For the immunoblot with the anti-phospho MAPK antibody, the

membrane was blocked at 4 �C overnight in 1% (v/v) blocking solution
in TBS. The anti-phosphoMAPK polyclonal antibody was used diluted
1 :200 in 0.5% (v/v) blocking solution in TBS. Blots were incubated for

7 h at room temperature and overnight at 4 �C under agitation. Washes,
secondary antibody incubation and detection procedures were per-
formed using the BM Chemiluminescence Western Blotting Kit from
ROCHE following the manufacturer×s instructions. Each immunoblot
was performed three times from independent experiments.

Results

In vitro culture stages during organogenic
nodule formation
Four days after inoculation on morphogenesis-inducing me-
dium, cambial cells of wounded-internodes start to divide
(Fortes and Pais, 2000). These cambial cells kept dividing until
prenodules were formed. At day 7, an incipient callus was
formed at the wounded areas, and divisions can be observed in
both cambial and cortical cells (see Fig. 4b). After 15 ± 19 days
in culture, cambial cells, which kept dividing tangentially,
differentiated into vascular bundles. At this time, prenodular
structures can be observed (see Fig. 4g). The prenodular
structures kept increasing in size, giving rise to nodules 25 ± 28
days after induction (Fortes and Pais, 2000). In nodules, both
central vacuolated cells and peripheral meristematic cells can
benoticed, aswell as the vascular bundles (seeFig. 5a).Nodules
were described by McCown and co-workers (1988) as dense
independent cell clusters, which form a cohesive unit and
display a consistent internal cell/tissue differentiation pattern
and a high regenerative capacity. Nodules could undergo
organogenesis resulting in several regenerated shoot buds at
the periphery of nodular areas (see Fig. 5i).

Immunoblotting with antibodies to ERK1/2
The anti-ERK1/ERK2 is a polyclonal antibody that recognises
in animals two polypeptides of 42 and 44 kDa. In tobacco, this
antibody identified ERK1/2 homologues with 46 and 50 kDa
(Cazale et al., 1999; Lebrun-Garcia et al., 1998). Using the anti-
ERK1/2 antibody for immunoblots on Humulus lupulus
protein extracts from different stages of nodule formation
revealed two intense bands of approximately 46 and 50 kDa,
which is themolecular weight reported for ERK1 and ERK2 in
plants (Fig. 1). They were named HLERK1 and HLERK2.
During the process of nodule formation the amounts of

HLERK1 and HLERK2 were different. In plants at time 0, the
two HLERK proteins were detected at a very low level. At day
7, an increase of the HLERK2 isoform was observed and the
HLERK1maintained the basal level. At day 15, HLERK1 and
HLERK2maintained the levels from the previous stage.At the
28th and 45th days, an increase in the amount of HLERK1 was
observed. HLERK1 andHLERK2 were equally present at this
nodule developmental stage (Fig. 1). A third band visible in

Fig. 1. Immunoblot of total protein extracts from different stages of
the process of nodule induction and formation (time 0, 7, 15, 28 and 45
days) with anti-ERK1/2 antibody. Arrows indicate the 50- and 46-kDa
ERK1 and ERK2 homologues, HLERK1 and HLERK2.
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extracts at day 15 is probably unspecific, as it doesn×t have the
expected molecular weight described for MAPKs. In addition,
this band does not appear in the immunoblot with the anti-
phospho MAPK (see below).

Immunoblotting with antibodies to phospho-
MAPKs
An immunoblot with the anti-phospho MAPK antibody
revealed two bands corresponding to HLERK1 and HLERK2
(Fig. 2). During the process of nodule formation, differences
were observed in the levels of active HLERK1 and HLERK2.
ActiveHLERKproteins seem tobebelow thedetection limit at
time 0.At day 7, an increase of the activeHLERK2 isoformwas
observed, whereas the active HLERK1 was not present.
HLERK1 activity increased thereafter, from day 7 up to day
28. The HLERK2 isoform showed a further increase in the
activity at day 15, then decreasing from day 15 up to 45 days. At
45th day, HLERK1 appeared to be more active than the
HLERK2 isoform (Fig. 2).

Immunoblotting with ERK1/2 antibodies in
induced internodes cultured with and without
ROS inhibitor
Effects of NAC addition are better noticed in liquid medium,
since the explant is entirely immersed in the medium. ROS
inhibition at wounded areas was previously reported a few
hours after culture initiation in liquid induction medium
containing NAC (Fortes et al., 2002a). Therefore, the time
point of 12 hours in induction medium was chosen to perform
the immunoblotting with the anti-ERK1/2 antibody.
An immunoblot with the anti-ERK1/2 antibody on protein

extracts from both treated and control internodes 12 h after
induction, revealed the two expected polypeptides of 46 and
50 kDa, HLERK1 and 2 (Fig. 3). The internodes incubated on
solid medium for 12 h, present the ERK2 homologue
(HLERK2) more intense than the HLERK1. The third band
present for this time is probably unspecific, not appearing on
the other lanes. The control in liquid medium revealed low
expression levels of HLERK2 isoform in the internodes
whereas HLERK1 levels were similar to those from the
internodes cultured on solid medium. ROS inhibition in liquid
medium did not change the expression pattern of theHLERK1
and HLERK2 in the internodes, when compared to control
internodes in liquid medium without NAC (Fig. 3).

Immunolocalization of HLERK1/HLERK2
Immunolocalization with anti-ERK1/ERK2 antibody on sec-
tions of internodes showed aweak signal in cortical cells at time

zero (Fig. 4a).Autofluorescencewas observed at the cutin layer
surrounding epidermal cells and at vascular cells (Fig. 4a), both
in sections incubated with anti-ERK1/2 and control sections
with the buffer (data not shown).
At day 7, anti-ERK1/2 immunofluorescence signal was

observed in the cytoplasm and nucleus of dividing cortical
and cambial cells (Fig. 4d). Controls at day 7 without antibody
revealed autofluorescence at the peripheral cutin layer and
vascular cells (Fig. 4c).
Fifteen days after induction, prenodular cells showeda strong

signal of HLERK1/2 proteins in the cytoplasm (Fig. 4h, k).
ERK1/2 were also observed in the nucleus (Fig. 4h, k), as
confirmed by nuclei DAPI staining (Fig. 4j, compare with
Fig. 4k). At day 15, a control without antibody showed
autofluorescence in peripheral cells surrounding the prenodule
that accumulate cutin (Fortes et al., 2002b), and at the
sclerenchyma (Fig. 4i).
At 28 days, HLERK1/2 were localized in the nodule, a more

intense signal being observed in peripheral meristematic cells
(Fig. 5b). In highly vacuolated cells of central nodular areas,
HLERK1/2 appeared in the cytoplasm and nucleus (Fig. 5b�).
The presence in the nucleus is confirmed by the co-localization
of the signal with the DAPI staining (Fig. 5b��). In meristematic
cells, HLERK1/2 were located in the cytoplasm and not in the
nucleus (Fig. 5e, f). Sections of nodules treatedwithout primary

Fig. 2. Western blot of total protein extracts from different stages of
the process of nodule induction and formation (time 0, 7, 15, 28 and 45
days) with anti-phospho MAPK antibody. Arrows indicate the
activated HLERK1 and HLERK2.

Fig. 3. Influence of culture conditions and ROS inhibitors on expres-
sion of HLERKs. Immunoblot of total protein extracts with anti-
ERK1/ERK2 antibody. Internodes after 12 h on solid induction
medium (T12S); wounded internodes after 12 h in liquid induction
medium without (T12L) and with NAC (T12NAC).

�Fig. 4. Localization of HLERK1/2 (a, d ± f, h, k ±m) and activated
MAPKs (e, f, l, m) in internode sections at the time of wounding (a) and
after 7 (a ± f) and 15 days (g ±m) in culture. Semi-thin sections of an
internode region at day 7 (b) showing divisions at both cortical (thin
arrow) and cambial cells (thick arrow) and of a prenodule at day 15 (g).
Controls (omission of first antibody) are shown in (c) and (i). At time
zero the HLERK1/2 signal was very weak in cortical cells, and
autofluorescence was detected at epidermal cells, at vascular cells, and
chloroplasts of subepidermal cells (a). At day 7 the fluorescent signal
was observed in the cytoplasm and nucleus of dividing cortical and
cambial cells (d) and co-localization (arrow) with activated MAPKs
was observed (e, higher magnification in f). At day 15 the fluorescent
signal was also observed in the cytoplasm and nucleus of prenodular
cells (h, k) as revealed by magnification of a semi-thin section of a
prenodule showing the nuclei from dividing prenodule cells labelled
with DAPI (j; corresponding to k). Co-localization with activated
MAPKs was observed in the cytoplasm and nucleus of prenodular cells
(l, higher magnification in m), mostly in organising centers (arrows).
CB ± cambial cells; CT ± cortical cells; OC ± organizing center; PN ±
prenodule; S ± sclerenchyma; VC ± vascular cells. Bars in (a±e, g± i, l)�
100 �m; in (m)� 50 �m; in (f, j, k)� 25 �m.
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Fig. 5. Localization of HLERK1/2 (b, d, e, f, h) and activatedMAPKs
(c, d, h) in nodule sections at the time of 28 (a ± c) and 45 days (d ± i) in
culture. Semi-thin sections of a nodule at day 28 (a) showing
meristematic cells at the periphery, vacuolated cells in the inner
regions of the nodule, and vascular bundles, and of a nodule at day 45 (i)
showing a meristem (thick arrows) and leaf primordia. Highly
vacuolated cells are indicated with thin arrows. A control (omission
of first antibody) is shown in (g). At day 28 an intense fluorescent signal
is observed in meristematic regions (b), appearing also in the cytoplasm
and nucleus of vacuolated cells (b�; corresponding DAPI-stained cells
shown in b��). An intense fluorescent signal with anti-phosphoMAPK is
observed in meristematic cells, which decreases towards the nodule
centre (c). At day 45 anti-ERK1/2 and anti-phosphoMAPK signals are

observed in the cytoplasm and in the nucleus of peripheral cells and
also in nodular organizing centers (arrows) in a section close to the
nodule periphery (d). In a shoot bud the anti-ERK1/2 signal is observed
in the cytoplasm of meristematic cells and not in the nucleus (e, higher
magnification in f). In highly vacuolated cells of a peripheral nodule
with meristematic areas and leaf primordia, activeMAPKs co-localized
with HLERKs in the cytoplasm and the nucleus (h, thin arrows). In
meristematic cells, co-localization was only observed in the cytoplasm,
and no signal was detected in the nucleus (thick arrows, and higher
magnification shown in h�). N ± nodule; VB ± vascular bundles; SB ±
shoot bud. Bars in (a, d, e, h, i)� 100 �m; in (b, c, g)� 200 �; in
(b�, b��)� 50 �m; in (h�)� 25 �m.
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antibody (control) showed autofluorescence only at the pe-
ripheral cutin layer (Fig. 5g).

Localization of activated HLERK1/2
The double immunolocalization with anti-phosphoMAPK and
anti-ERK1/2 antibody enabled the detection of activated
HLERK1/2 in the internodes and nodules. Immunolocalization
with anti-phosphoMAPKantibody on sections of internodes at
time zero showed a very week signal in cortical and cambial
cells (data not shown).
At day 7, HLERK1/2 co-localized with the active phos-

phorylatedMAPKs in the cytoplasmand thenucleus of cambial
cells (Fig. 4e, f). The cambial cells are actively proliferating at
this stage (Fortes and Pais, 2000). At day 15, HLERK1/2 and
activated MAPKs co-localize in prenodular centers, mostly in
the nucleus of prenodular cells (Fig. 4l, m). At day 28, activated
MAPKs are detected in peripheral cells of the nodule, and the
signal decreased from the periphery towards the nodule centre
(Fig. 5c). In highly vacuolated cells of the nodule, activated
MAPKs were observed in the nucleus and cytoplasm (Fig. 5d).
Activated MAPKs co-localized with HLERK1/2 at the nodule
periphery, in proliferating areas that will originate shoot
meristem, and at vascular bundles (Fig. 5d; see Fig. 5a for
histological identification). In shoot buds the anti-ERK1/2
signal is observed in the cytoplasmofmeristematic cells and not
in the nucleus (e, higher magnification in f). In highly
vacuolated cells of peripheral nodules with meristematic areas
and leaf primordia, active MAPKs co-localized with HLERKs
in the cytoplasm and the nucleus (h, thin arrows). In meriste-
matic cells, co-localization was only observed in the cytoplasm,
and no signal was detected in the nucleus (thick arrows, and
higher magnification shown in h�).

Discussion

Immunolocalization studies showed that organogenic nodule
formation in Humulus lupulus var. Nugget involves the
activation of MAPK homologues belonging to the ERK
cascade. These MAPKs have been associated to cell prolifera-
tion and differentiation in animal cells (Marshall, 1995), and
were also known to be activated by cytokines and oxidative
stress induced by hydrogen peroxide (Buder-Hoffmann et al.,
2001).
In hop cells, immunofluorescence studies carried out on

sections of explants at time zero showed very low levels of
HLERK1/2, as confirmed by Western blotting. The wound
applied to internodes to induce nodule formation activates the
production of reactive oxygen species (ROS) around wounded
areas, which are still present in prenodules and nearly absent in
nodules (Fortes and Pais, 1999). N-acetyl-L-cysteine (NAC), a
precursor of glutathione, has been shown to inhibit ROS, by
scavenging several types of free radicals. According to Fortes
et al. (2002a) a concentration of 0.4 mM NAC is the maximal
concentration that enables internodes to survive. Concentra-
tions above this value led to cell death, andbelow0.4 mMdidn×t
promote complete ROS inhibition. ROS accumulation was
detected using nitroblue tetrazolium (NBT) and 3,3�-diamino-
benzidine (DAB) (Fortes et al., 2002a). Both ERK isoform
homologues were recognised by the antibody in internodes
cultured for 12 h on solidmediumwithout inhibitor.Adecrease
inHLERK2 isoformwas observed in the internodes cultured in

liquid medium either in presence or absence of ROS inhibitor.
This result suggests that the lower availability of oxygen in
liquid medium and thus, lower production of ROS, is sufficient
to inhibitHLERK2expression.Thisway, it is not surprising that
levels of HLERK2 are lower in explants cultured in liquid
medium both in the presence or absence of ROS inhibitor.
Inhibition of ROS resulted in a decrease of HLERK2 level,
suggesting that this protein is induced by the production ofROS
as a result of the wounding applied to the internodes. On the
contrary, HLERK1 seems to be independent of ROS produc-
tion. The fact that HLERK2 decreases in explants cultured in
liquid medium, and since organogenic nodule formation was
never achieved from induced internodes cultured in liquid
medium, seems to indicate that HLERK2 synthesis may be
activated by ROS formed in the sequence of wounding,
accounting for a crucial role of this protein on organogenic
nodule induction. However, additional studies are required to
address ROS involvement in the hop ERK1/2 pathway. In
animals, the levels of active forms of both ERK1 and ERK2
increase by exposing hippocampus to ROS donors, this activa-
tion being inhibited by pretreatment with NAC (Kanterewicz
et al., 1998).
During the first stages (4 ± 7 days after induction) cambial

and cortical cells perceive the stimulus and start dividing, and
after 15 ± 19 days give rise to the prenodule (Fortes and Pais,
2000). At these stages, HLERK2was detected in the cytoplasm
of cortical and cambial cells, co-localizing with activated
MAPKs. Immunofluorescence studies in animal (Brunet
et al., 1999; Chen et al., 1992; Sanghera et al., 1992) and plant
cells (Coronado et al., 2002; Prestamo et al., 1999) revealed the
presence ofMAPKs in the cytoplasm and nucleus. In hop, these
proteins were localized in the nucleus since day 7 after
induction until nodule and meristem formation. During cell
differentiation in prenodules active HLERKs were localized,
mostly in the nucleus of dividing cells and organizing centers,
suggesting that these active MAPKs are translocated to the
nucleus where they probably activate nuclear targets. In
animals, the regulation of the MAPK accessibility to the
nucleus is a key signalling event by which cells may control the
intensity and temporal activation of genes during cell growth
and differentiation (Brunet et al., 1999). The presence of
HLERKs in the nucleus of prenodular cells may be related to
the initiation of cell differentiation into nodules. Nuclear
presence of plant ERK1/2 homologues during pollen matura-
tion (a differentiation process) has been recently reported
(Coronado et al., 2002). HLERKs are highly present in
meristematic dividing cells at the periphery of nodules, mostly
in the cytoplasm. At early pollen embryogenesis, when the cell
cycle is activated and cells start proliferating, ERK1/2 homo-
logues have been immunolocalized both in the cytoplasm and
the nucleus (Coronado et al., 2002). The results reported in the
present paper suggest that in dividing cells of the hop
organogenic nodules, HLERKs are localized either in the
nucleus or in the cytoplasm at different morphogenic stages.
Similar results havebeen reported for differentmammalian cell
types entering differentiation and proliferation processes
(Marshall, 1995). In mammalian PC12 cells (a tumour cell
line derived from the rat adrenal medulla), sustained activation
and subsequent nuclear localization of ERK leads to differ-
entiation, whereas in fibroblasts, sustained activation and
nuclear localization is associated with proliferation (Marshall,
1995). The cytoplasmic localization of HLERKs found in
dividing nodular cells provides evidence that different plant cell
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types and processes could lead to different localization
patterns, as also found in mammals (Marshall, 1995), and also
determine the activation of these proteins. Although present to
a less extent in vacuolated non-dividing cells, HLERKs are
found in the cytoplasm and nucleus.ActivatedHLERKs can be
also observed in the nucleus of nodular cells that are differ-
entiating into shoots. This duration and/or magnitude of ERK
activation is critical for cell signalling, as reported for animals
(Marshall, 1995), being in part responsible for different
signalling responses through the same kinase. Cells enter
proliferation or differentiation by using either transient or
sustained activation of ERKs, this being related to its entrance
or not in the nucleus (Cowley et al., 1994; Mansour et al., 1994;
Marshall, 1995).
Our results suggest that along the process of nodule forma-

tion, HLERK1 and HLERK2 could respond to diverse stimuli
activating different intracellular responses, either cell prolif-
eration or cell differentiation. In hop, HLERK2 seems to act
throughout the organogenic process,whereasHLERK1maybe
involved in stages when daughter nodules and meristem
formation occur (28 and 45 days after induction).
Although morphogenic processes such as somatic embryo-

genesis and organogenic nodule formation play pivotal roles in
plant biotechnology, little is known about the signals involved
in their induction and development. Studies on involvement of
ERK1/2 and active MAPK signaling in proliferation and
differentiation have already been performed in animals (Cow-
ley et al., 1994; Mansour et al., 1994; Marshall, 1995). In plants
this pathway has been reported to be involved in different
proliferation and developmental processes (Bˆgre et al., 2000;
Coronado et al., 2002; Hirt, 2000; Huang et al., 2002; Prestamo
et al., 1999). Up to our knowledge, this is the first report
mentioning the differential expression and activation of two
ERK isoform homologues throughout a plant morphogenic
process.
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