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Introduction

Polyamines are ubiquitous low molecular weight aliphatic amines 
that occur in living organisms either as free cations or conjugates 
bound to phenolic acids and polyanionic macromolecules such as 
proteins and nucleic acids.1 They have been implicated in a wide 
range of biological processes, including cell growth and division, 
stabilization of nucleic acids and membranes, protein synthesis and 
chromatin function, and biotic and abiotic stresses responses.2-5

The most common PAs are spermidine and spermine, together 
with their diamine precursor putrescine. The biosynthesis of PAs 
is controlled in plants primarily by three enzymes: arginine decar-
boxylase (ADC; EC 4.1.1.19) and ornithine decarboxylase (ODC; 

Hop (Humulus lupulus L.) is an economically important plant species used in beer production and as a health-promoting 
medicine. Hop internodes develop upon stress treatments organogenic nodules which can be used for genetic 
transformation and micropropagation.

Polyamines are involved in plant development and stress responses. Arginine decarboxylase (ADC; EC 4·1.1·19) is a key 
enzyme involved in the biosynthesis of putrescine in plants. Here we show that ADC protein was increasingly expressed 
at early stages of hop internode culture (12 h). Protein continued accumulating until organogenic nodule formation after 
28 days, decreasing thereafter. The same profile was observed for ADC transcript suggesting transcriptional regulation of 
ADC gene expression during morphogenesis. The highest transcript and protein levels observed after 28 days of culture 
were accompanied by a peak in putrescine levels. Reactive oxygen species accumulate in nodular tissues probably due 
to stress inherent to in vitro conditions and enhanced polyamine catabolism. Conjugated polyamines increased dur-
ing plantlet regeneration from nodules suggesting their involvement in plantlet formation and/or in the control of free 
polyamine levels.

Immunogold labeling revealed that ADC is located in plastids, nucleus and cytoplasm of nodular cells. In vacuolated 
cells, ADC immunolabelling in plastids doubled the signal of proplastids in meristematic cells. Location of ADC in differ-
ent subcellular compartments may indicate its role in metabolic pathways taking place in these compartments.

Altogether these data suggest that polyamines play an important role in organogenic nodule formation and repre-
sent a progress towards understanding the role played by these growth regulators in plant morphogenesis.
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EC 4.1.1.17), which are responsible for the production of putres-
cine and S-adenosyl-L-methionine decarboxylase (SAMDC; 
EC 4.1.1.50), which is necessary for the synthesis of spermidine 
and spermine. The enzymes spermidine and spermine synthases 
(SPDS; EC: EC 2.5.1.16; SPMS; EC 2.5.1.16) are also involved 
in the synthesis of the triamine and tetraamine, respectively. 
The intracellular free PA pool is affected both by PA synthesis 
and degradation, and by mechanisms of cellular influx, efflux 
and conjugation.1 Polyamines are catabolized mostly by diamine 
and polyamine oxidases.6 Diamine oxidase (DAO, EC 1.4.3.6) 
catabolizes putrescine to form pyrroline, hydrogen peroxide and 
ammonia, whereas polyamine oxidase (PAO, EC 1.5.3.3) oxidizes 
spermidine or spermine forming pyrroline, diamine propane and 
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of nodules.20 Organogenic nodule formation and the involvement 
of wounding in their induction have been previously described in 
hop (Humulus lupulus L.).21,22

Recent studies carried out during morphogenesis in hop 
showed increased transcription in prenodules and nodules of 
genes coding for SAM synthetase, SAMDC and a cobalamine-
independent methionine synthase suggesting increased SAM, 
spermidine and spermine synthesis.23 Stress related compounds 
such as GABA, glutamine and glutathione accumulated through-
out hop culture in particular during nodule formation whereas 
arginine presented an opposite trend.23

In this study, we aim at complementing the information 
already gathered related to involvement of oxidative stress and 
growth regulators in organogenic nodule formation. The present 
data suggests a link between ADC expression, PAs biosynthesis 
and organogenic nodule formation.

Results

ADC accumulation throughout organogenic nodule forma-
tion. Protein gel blot analysis was carried out to evaluate ADC 
expression and accumulation during induction and formation 
of organogenic nodules. At the time of internodes inoculation 
two bands with a molecular mass of approximately 24 kD and 
54 kD corresponding to ADC protein were detected. The 54 
kD band kept approximately constant throughout the different 
morphogenic stages, except for the stage of prenodule when a 
considerable increase in its levels was noticed. During the first 
week, when divisions are occurring in cambial and cortical cells 
of internodes,20 ADC protein level constantly increased mainly 
due to an increase in the 24 kD protein polypeptide. In nod-
ules which appear 28 days upon internode inoculation, this 
ADC polypeptide reached its highest level, then dropping to 
non detectable levels at about 45 days of culture (Fig. 1), dur-
ing which plantlet regeneration occurs from nodules. The 54 kD 
band also decreased at this morphogenic stage, though to a lower 
extent than the 24 kD band (Fig. 1).

Subcellular localization of ADC in plastids, cytoplasm and 
nucleus. The subcellular localization of the ADC protein in dif-
ferent cell types was analyzed by immunogold labeling at three 
time points during organogenic nodule formation: 7 days of cul-
ture (Fig. 2), 28 days of culture corresponding to nodules for-
mation (Figs. 3 and 4) and 45 days of culture corresponding to 
plantlet regeneration (data not shown). Seven days upon wound-
ing cell divisions are occurring in cambial and cortical cells (Fig. 
2A and B). Cortical cells were surrounded by degenerating cells, 
probably undergoing cell death (Fig. 2B arrow). Gold particles 
appeared over the nucleus, cytoplasm and plastids of cortical 
cells but not in vacuoles and Golgi stacks (Fig. 2C). Immunogold 
labeling also appeared in the nucleus and cytoplasm of both 
meristematic (Fig. 3A–C) and differentiated nodular cells (Fig. 
4A–C). Gold particles appeared dispersed throughout the cyto-
plasm as well as in plastids (Figs. 3C and 4A and B). In the 
nucleus, signal was found dispersed at the interchromatin region 
and sometimes at the borders of condensed chromatin masses 
(Fig. 4A). As long as the ultrastructure of plastid membranes 

hydrogen peroxide or diazabicyclononane, diamine propane and 
hydrogen peroxide, respectively.6 Plant amine oxidases regulate 
cellular levels of PAs and contribute to important physiological 
processes through their reaction products.6 In particular, 4-ami-
nobutanal can be further metabolized to γ-aminobutyric acid 
(GABA), a non-protein amino acid that can be also produced by 
cytosolic glutamate decarboxylase.6

The relative proportions of free and conjugated PAs varied 
from species to species. Compared to the intensive attention 
which has been focused on changes in free PAs in response to 
stress, alteration of the conjugated form has been less well charac-
terized although stress-induced accumulation of conjugated PAs 
has been reported in reference 7 and 8. Large levels of conjugated 
putrescine at an early stage of salt stress accumulate in apple.7

Mammalian and fungal cells utilize mainly ODC to syn-
thesize putrescine. It has been postulated that plants have 
acquired the ability to produce putrescine via ADC to meet spe-
cific requirements during normal development and also during 
adaptation to environment9 such as in response to stress and in 
wound or hormone response. Putrescine is generally known to 
increase under many stress conditions.9,10 The involvement of 
PAs in stress response is well established for several plant spe-
cies, although their precise role is still unclear.2 Spermidine and 
spermine present anti-senescent properties,11 and yet, they may 
inhibit growth and induce oxidative stress; these PAs increased 
nitric oxide release in Arabidopsis thaliana seedlings.12 Polyamines 
have been related to apoptosis and programmed cell death.13 
Recently, PA catabolism resulting in hydrogen peroxide accu-
mulation was shown to preinduce tolerance of tobacco against 
pathogens and PA homeostasis was maintained by induction 
of the arginine decarboxylase pathway.14 The manipulation of 
the PA biosynthetic pathway, through overexpression of various 
genes involved in PA biosynthesis confers increased tolerance to 
several abiotic stresses.2 Exposure of plant cells to stress is associ-
ated with oxidative damage at cellular level. The reactive oxygen 
species (ROS), including H

2
O

2
, are responsible for the oxidative 

stress. It is known that PAs are capable of protecting membranes 
against ROS-induced lipid peroxidation.15 Moreover, PAs inhibit 
NADPH oxidase-mediated superoxides generation.16

Somatic embryogenesis and organogenic nodule formation 
are important morphogenic processes. Nodular structures have 
been studied in several plant species and were found to be an 
additional morphogenic pathway useful for regeneration strate-
gies, automated micropropagation and genetic transformation 
for desirable characteristics.17 The lack of efficient regeneration 
protocols for some agricultural plants and trees is a major limita-
tion for their improvement through genetic engineering. Hop, 
besides being an important ingredient in beer, has very promising 
health-promoting and medicinal properties given mainly by spe-
cific polyphenols.18,19 In spite of its economical importance, hop 
is extremely sensitive to several pathogens. Therefore, it is impor-
tant to continue research towards understanding factors involved 
on in vitro plant regeneration. Organogenic nodule formation is 
a morphogenic process that shares features with somatic embryo-
genesis though in the former no shoot/root pole is established and 
plantlet regeneration can occur from different peripheral regions 



260	 Plant Signaling & Behavior	 Volume 6 Issue 2

all three PAs (putrescine, spermidine and spermine) showed a 
similar trend in the different fractions being the TCA-insoluble 
conjugates detected only in small amounts comparing to both 
free and soluble conjugated PAs (Fig. 7C). Changes in the ratio 
between free and conjugated forms during organogenic nodule 
formation are shown in Figure 8. At day 15 the level of free PAs 
was 1.55‑fold higher comparing to the conjugated forms. From 
day 28 onwards there was a marked enhancement in the level 
of conjugated PAs, with a shift on the ratio between conjugated 
and free forms from 0.7 at day 1.5 to 1.62 at day 28 and 1.92 at 
day 45. This shift was mainly due to soluble and insoluble conju-
gated forms of spermidine (Fig. 7B and C). Interestingly, though 
the amounts of soluble conjugates of spermidine are much higher 
than insoluble conjugates of spermidine after 28 days (960.99 
nmolmgprotein-1 and 118.02 nmolmgprotein-1, respectively), the 
insoluble conjugates showed an higher increase in between days 
15 and 28 (27.0‑fold comparing to 18.2‑fold). During the period 
of 15 and 28 days total free PAs increased 5.2‑fold whereas total 
soluble and insoluble conjugates increased 9.3‑ and 10.7‑fold, 
respectively.

In situ staining of reactive oxygen species. Immediately after 
excision of internodes from the parental plant, ROS production 
could be observed scattered throughout the internode (Fig. 9A). 
Twenty-four hours after internodes inoculation, increase in ROS 
was detected mainly in areas previously submitted to wounding 
as shown by NBT treatment (Fig. 9B arrow). The in situ detec-
tion of hydrogen peroxide, as early as 12 h after culture initiation, 
showed a strong DAB staining restricted to the wounded areas 
(not shown). After 7 days in solid medium, the explants started 
forming calli in the previously wounded regions.20 These struc-
tures appeared dark purple after NBT treatment (Fig. 9C arrow). 
After 15 days in culture, NBT staining was observed mainly 
in calli cells and in prenodular structures (Fig. 9D and  E). 
Additionally, diaminobenzidine staining showed that hydrogen 
peroxide accumulation intensified from the inner to the outer lay-
ers of prenodules (Fig. 9F). During nodule development ROS 
production could be observed in regions of future nodule sepa-
ration (Fig. 9G black arrow) and in calli tissues formed due to 
proliferation of explant cells and that surround nodular clusters 

can be discerned in Lowicryl-embedded 
samples, gold particles were never found on 
grana, labeling being restricted to the stroma 
(Fig. 4B). Signal was rarely or not found over 
other cytoplasmic organelles as vacuoles or 
cell wall (Fig.  4A  and B). Controls exclud-
ing the anti-ADC antibody or substituting 
it by preimmune serum did not show sig-
nificant labelling over any subcellular region 
(Fig. 4C).

In order to obtain detailed information 
regarding the different subcellular distribu-
tion of ADC in proliferative versus highly 
vacuolated nodular cells (Figs. 3 and 4), 
immunogold labeling was quantified in both 
cell types. Unspecific background signal was 
also quantified over the cell walls, vacuoles, 
starch deposits and resin present in the micrographs. Data showed 
that it never exceeded 5% of the estimated signal. For both pro-
liferating and differentiated cells (Fig. 5), immunogold particles 
were twice more abundant in cytoplasm than in nucleus, being 
the mean labeling density not statistically different (α ≤ 0.05) 
between both cell types (0.7 ± 0.30 particles/cytoplasmic μm2 
and 0.3 ± 0.24 particles/nuclear μm2 in proliferating cells and 
0.8 ± 0.38 particles/cytoplasmic μm2 and 0.4 ± 0.21 particles/
nuclear μm2 in vacuolated cells). However, the mean labeling 
density was significantly different in the case of plastids, where 
almost twice the mean labeling density was found in plastids of 
vacuolated cells versus those of proliferating cells (1.2 ± 0.65 and 
0.7 ± 0.28 particles/μm2, respectively), suggesting that in differ-
entiated cells ADC accumulates in plastids.

ADC transcript accumulation during morphogenic stages. 
To test whether the observed ADC protein accumulation was 
due to increased ADC mRNA, a cDNA fragment of 1,663 bp 
was cloned presenting 80% identity to Cucumis sativus arginine 
decarboxylase (ADC) (GenBank Acc. AY274822) at the protein 
level. Expression of hop ADC (GenBank Acc. Q981435) was ana-
lyzed for most informative time points (T0, T15d, T28d, T45d) 
using qRT-PCR. During morphogenesis in particular during 
prenodule and nodule formation (T28d) a significant increase in 
ADC mRNA accumulation was found followed by a decrease at 
T45d (Fig. 6).

Increase in polyamines during nodule formation. During 
organogenic nodule induction, all three PAs were present both 
in free and conjugated forms (Fig. 7A–C). The most abundant 
PA throughout the process was putrescine either in free or conju-
gated forms. The exception was for the TCA-insoluble fraction 
(Fig. 7C) in which spermidine was found in an higher concen-
tration at days 28 and 45 (1.6‑ and 1.9‑fold higher, respectively). 
Spermine presented the lowest concentration in all three frac-
tions quantified (free, TCA-soluble and TCA-insoluble conju-
gated). In all three forms putrescine content started to increase 
from day 4, reaching the highest measured values at day 28 and 
declining at day 45. Spermidine and spermine showed a simi-
lar profile though the increase in these PAs was more moder-
ate up to day 15. The time-course analysis of the contents of 

Figure 1. Immunoblot analysis of ADC. Protein extracts corresponding to several culture 
stages are represented (0, 12 and 24 hours, and 7, 15, 28 and 45 days). 30 μg total protein 
extract was loaded per lane.
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transduction events leading to cell growth and differentiation. 
The differential expression, activation and localization of two 
extracellular signal regulated kinase isoforms has been reported 
for hop morphogenesis.22 One of these isoforms (ERK1) was 
specifically involved in stages when separation of nodules 
into daughter nodules and meristem formation occur (28 and 
45 days after induction). Polyamines have also been related 
to other morphogenic processes such as somatic and zygotic 
embryogenesis.3,28-30 In embryogenic regions of Camellia leaves, 
time course analysis of PAs content suggested that soluble and 
insoluble conjugated putrescine and soluble conjugated spermi-
dine are related to the formation and development of globular 
embryos.29 Polyamines were suggested to be involved in polar 
auxin transport, in the differentiation of vascular tissues and 
in the definition of vein positions.31 It may be that the huge 
amount of PAs detected in hop nodules 28 days after culture 
initiation are also related to differential auxin fluxes inside nod-
ules which may lead to organization of nodular vascular centers 
to which future regenerated plantlets will be connected to.19,20 
It is noteworthy in this context that hop nodules contain higher 
levels of IAA than internodes.32

In Scots pine, at the early developmental stages of zygotic 
embryogenesis there is typically an increasing trend in PA concen-
trations and a decreasing trend during late embryo development.3 
This is also observed during organogenic nodule formation. 
When shoot buds have been formed and plantlet regeneration 
starts there is a significant drop in PAs content which may be 

(Fig. 9G white arrow). Nodule separation appears to be initiated 
by the formation of a necrotic layer at the region of future nodule 
separation which accumulates reactive oxygen species.21

Discussion

Polyamines are involved in developmental processes, includ-
ing cell growth and morphogenesis.2,3 In in vitro cultures of 
hop internodes, we describe a high increase in total PAs content 
four days after culture initiation, probably related to the onset 
of active cambial and cortical cell division. Polyamine synthesis, 
abundance and distribution seem to correlate positively with cell 
division.24 They have long been recognized as cell proliferation 
and differentiation regulators.25 Totipotent-tobacco protoplasts, 
with high division rates, have the highest level of endogenous 
PAs.26 Total putrescine predominates over spermidine and 
spermine during organogenic nodule induction and formation in 
hop. This is in accordance with the results obtained in tobacco 
for totipotent-protoplasts.26 Recalcitrant-grapevine protoplasts 
showed a lower PA content and a higher ratio of spermine to 
total PAs which suggests that the levels and metabolism of the 
intracellular PAs could be related to the expression of totipo-
tency of plant protoplasts.26 It may be that PAs play a role in the 
expression of determination for organogenic nodule formation in 
hop. Polyamines content kept increasing up to nodule formation 
reaching huge values at this time point.

Polyamines are also known to enhance extracellular sig-
nal regulated kinase (ERK) activity27 playing a role in signal 

Figure 2. Anti-ADC immunogold labeling in hop internodes after seven days of culture. (A) Semi-thin section showing divisions in cortical (Ct) and 
cambial cells (Cb). (B) Ultra-thin section showing cortical cells undergoing division and surrounded by cells undergoing cell death (arrow). (C) Ultra-
thin section showing labeling in the cytoplasm (cyt), nucleus (n) and plastids (p). Labeling is absent in vacuoles (v) and golgi vesicles (g). Bars: A = 100 
μm; B = 2.5 μm; C = 500 nm.
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nucleus, plastids and cytosol. ADC activity has been localized 
mainly in the chloroplast of photosynthetic tissues and in the 
nucleus of the non-photosynthetic tissues.33 The subcellular 
localization of ODC and ADC indicate that both proteins are 
also active in cytosolic fraction.24 This differential subcellular 
localization observed in plant cells was also shown for ODC in 
animal tissues and may be cell type-specific and/or dependent on 
the physiological status.36

ADC can play different roles depending on its subcellular 
localization.33 Its presence in chloroplast may be related to pho-
tosynthesis. A correlation among PA concentration, chlorophyll 
biosynthesis and photosynthetic rate has been demonstrated.37 In 
organogenic nodules differentiated cells containing chloroplasts 
present more ADC in this cellular compartment than proliferat-
ing cells in plastids, suggesting that in those cells PAs may be 
related to photosynthesis. Studies in mammalian cells showed 
direct binding of PAs to nucleic acids and ability to modulate 
their conformation and interaction with proteins, playing a role 
in cellular signaling.4 At different phases of mitosis in Scots pine 

related to the expression of morphogenic capacity of the tissue in 
culture and protection against oxidative stress.

In protein extracts of hop internodes and nodules the anti-
ADC antibody from tobacco detected two bands with approxi-
mate molecular masses of 54 and 24 kD. In protein extracts of 
tobacco leaves, the anti-ADC antibodies detected a band with 
approximate molecular mass of 77 kD, and a smaller band of 
54 kD. The 54 kD protein may be an ADC form present only 
in the chloroplast of photosynthetic tissues.33 The recognition in 
hop extracts of a band of a molecular mass of 24 kD using a 
tobacco polyclonal antibody is not surprising since it has been 
reported for other plant species such as oat,34 where ADC is syn-
thesized as a pre-protein of 66 kD, which is cleaved to produce a 
fragment of 42 kD (containing the original amino terminus) and 
a 24 kD polypeptide (containing the original carboxyl terminus), 
these two processed polypeptides being held together by disulfide 
bonds.35

During organogenic nodule formation in hop, depending 
on the tissue, ADC is located in three different compartments: 

Figure 3. Anti-ADC immunogold labeling in meristematic nodular cells after 28 days of culture. (A) Semi-thin section showing meristematic (Mc) and 
vacuolated cells (Vc) of nodules. (B) Magnification of meristematic cells. (C) Meristematic cell showing gold particles over nucleus, cytoplasm and 
plastids. Bars: A = 100 μm; B = 400 nm; C = 300 nm.
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regulation mechanisms may be involved in ADC expression in 
different gene family members, plant species, tissues and physi-
ological conditions, as well as at different developmental stages.

Since our results point to a transcriptional regulation of ADC 
during organogenic nodule formation as it was found during 
embryogenesis in pine3 it is reasonable to hypothesize that ADC 
is transcriptionally regulated during morphogenesis and may 
eventually be posttranslationally regulated in response to stress.

In hop, wounding of internodes and culture conditions lead-
ing to organogenic nodule formation led to accumulation 24 
hours after culture initiation of the 24 kD band, whereas the 54 

zygotic embryogenesis ADC mRNA, and ADC protein is local-
ized in dividing cells of embryo meristems and more specifically 
within the mitotic spindle apparatus and close to the chromo-
somes, respectively. It may be that ADC presence in nucleus of 
hop cells as reported here may play a role in mitosis and signaling 
events.3

The involvement of transcriptional regulation in the expres-
sion of ADC has been suggested since during morphogenesis in 
Scots pine both ADC gene expression and ADC protein synthesis 
increased.3 On the other hand, ADC has been reported to be reg-
ulated at the posttranslational level.34 This indicates that different 

Figure 4. Anti-ADC immunogold labeling in differentiated nodular cells after 28 days of culture. (A and B) Differentiated cells, highly vacuolated show-
ing significant labeling in the cytoplasm, nucleus and plastids. No labeling is observed in cell wall (cw) and vacuoles (v). (C) Control of immunogold 
labeling with preimmune anti-ADC. Bar in A = 250 nm. Bars in B and C = 1 μm.
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or may stimulate their oxidation through activation of DAO 
and PAO. Previously, it was shown an increase in lipid perox-
ides (precursors of jasmonates) during plantlet regeneration 
from organogenic nodules and related to an increase in reactive 
oxygen species content.21,22 An increase in DAO activity leads to 
generation of hydrogen peroxide.6 This compound may lead to 
subsequent triggering of programmed cell death. A programmed 
cell death may be taking place in tissues surrounding nodules, 
which may provide an extra source of carbon and nitrogen for 
the growing plantlets. In fact, H

2
O

2
 could be noticed in necrotic 

areas leading to nodule separation and mainly in surrounding 
calli tissues. Polyamines could play a role in the relocation or 
storage strategy of nitrogen together with their involvement in 
stress response.

Organized development in cultured tissues such as somatic 
embryogenesis is promoted by stress treatments, and may consti-
tute a stress response.42 The arrangement of new cells into orga-
nized structures might depend on a genetically controlled balance 

kD band remained constant at this stage. This result 
suggests that the 24 kD polypeptide may be impor-
tant in response to an abiotic stress such as wounding 
or osmotic pressure due to culture medium composi-
tion. The product of ADC, putrescine, also increased 
already 24 hours upon internodes inoculation. ADC 
activity has been linked to stress responses.2,9 It is 
known that PAs are capable of protecting mem-
branes against ROS-induced lipid peroxidation.15 The 
increase in PAs content at an early stage as detected in 
this work may be also related to an anti-oxidant role 
that has been attributed to PAs.

Arginine decarboxylase and ornithine decarbox-
ylase genes were expressed in apple cells and stressed 
shoots.38 According to these authors ADC expression 
correlates with cell growth and stress responses to 
chilling, salt and dehydration, suggesting that ADC 
is a primary biosynthetic pathway for putrescine bio-
synthesis in apple.

It has been demonstrated in various plant tissues that ODC 
pathway is particularly active in cell proliferation and that the 
ADC pathway is involved in embryo and organ differentiation 
and stress responses.24

Recently, metabolic profiling during morphogenesis in hop 
showed a significant decrease in arginine levels in induced culti-
vated internodes and organogenic nodules,23 suggesting that this 
amino acid may be channeled for PA synthesis through ADC 
activity.

Levels of ADC protein, corresponding to both 54 kD and 
24 kD polypeptides, kept increasing during the morphogenic 
stages of prenodules and nodules suggesting the role of ADC 
and its product on morphogenesis. The fact that the 24 kD 
band is not detected 45 days after culture initiation and the 
54 kD band decreased at this stage may suggest a feed-back 
regulation of de novo synthesis of ADC. Immunogold label-
ing also detected ADC after 45 days although at a low extent 
(data not shown). Since putrescine levels also decreased drasti-
cally it may be that putrescine is oxidized and serve as a source 
of H

2
O

2
 or alternatively may form conjugates as suggested by 

an increased ratio of conjugated versus total PAs 45 days after 
culture initiation.

During plantlet regeneration from organogenic nodules (after 
45 days) the ratio conjugated/total PAs increases 2.95‑ and 
1.18‑fold comparing to 15 and 28 days of culture, respectively. 
This increase is mainly due to the increase in conjugated spermi-
dine. Conjugated amines accumulate dramatically in response to 
certain developmental or stress factors.8,39

Polyamine conjugation seems to be advantageous for the 
long-term regulation of free PA levels. This mechanism allows 
to reduce the risk of accumulation of harmful metabolites, pro-
duced by oxidative deamination.39 Jasmonates have been shown 
to induce over-accumulation of methylputrescine and conju-
gated PAs in Hyoscyamus muticus L. root cultures.40 Jasmonic 
acid and its precursor 12-oxophytodienoic acid increased in hop 
nodules after 45 days of culture.41 This increase in jasmonic acid 
may thus influence the relative accumulation of conjugated PAs 

Figure 5. Histogram representing labeling density in different cellular compart-
ments of nodular cells following anti-ADC immunolocalization. In proliferating cells 
labeling density is similar in plastids and cytoplasm. Plastids showed the highest 
labeling density in vacuolated nodular cells.

Figure 6. Quantitative RT-PCR analysis. Gene expression (ratio ADC vs. 
18S) was studied at time of excision from parent plants (T0) and during 
organogenic nodule formation at 15, 28 and 45 days (T15, T28, T45) after 
culture initiation.
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stress inherent to in vitro culture conditions which causes 
increased PA synthesis and PA catabolism or may also trig-
ger this morphogenic process in hop.

Our data provide evidence that PAs are involved in 
organogenic nodule formation and they may contribute 
to an efficient response to stress as well as to a regulation 
of nutrient management, cell growth and differentiation 
occurring during this process of development.

Materials and Methods

Plant material and culture conditions. Internodes from 
Humulus lupulus (var. Nugget) plants, maintained under 
in vitro conditions, were induced to form organogenic 
nodules according to the protocol previously described in 
reference 20. Internodes of 6–9 mm long were wounded 
throughout by several incisions (3–5) using a razor blade 
(wounding treatment) before inoculation in MS medium.43 
Material was sampled at the following stages: (1) inter-
nodes at the time of excision from the parent plant (T0); 
(2) internodes grown for 12 h (T12 h), 24 h (T24 h) and 
48 h (T48 h); (3) internodes grown for 4 days (T4d) show-
ing divisions in cambial cells; (4) internodes grown for 7 
days showing divisions in cambial and cortical cells (T7d); 
(5) internodes grown for 15 days on culture medium in 
which several prenodular structures are formed inside the 
calli (T15d); (6) nodule forming tissue after 28 days of 
culture (T28d); and (7) organogenic nodules regenerating 
plantlets after 45 days of culture (T45d).

Histochemical detection of ROS. Plant material from 
the different assay conditions and culture time-points 
was incubated under vacuum in sodium phosphate buffer 
10 mM (pH 7.8) containing NBT 0.5% (w/v), NADPH 
10 μM and EDTA 10 μM.44 After remaining 15 minutes 
under light and at room temperature the samples were 
transferred to chloric hydrate solution (2.5 g/mL) and 
maintained at 4°C until observation under magnifying 
lenses (CETI) and photographed [Minolta (X-300 S) and 
Kodak film (100 ASA)].

Hydrogen peroxide was detected in plant material by 
incubation in DAB-HCl solution (1 mg/mL) (pH 3.8) 
(Sigma, MO; # D-8001) for 5–10 minutes in the dark, 
after which the material was transferred to ethanol 96% 
(v/v) and maintained at 4°C until observation. Control 

internodes with 15 days in culture were incubated in DAB-HCl 
solution supplemented with catalase 1,000 U/mL and treated as 
described above.

Extraction of proteins and immunoblot analysis. Proteins 
were extracted as previously described in reference 21, using an 
extraction buffer as reported by reference 34, and subjected to elec-
trophoresis on a discontinuous gradient of SDS-polyacrylamide 
consisting of a 12% (w/v) acrylamide resolving gel and a 6% 
(w/v) stacking gel. Thirty μg total protein was loaded per lane 
together with prestained standard proteins.

After electrophoresis, proteins were transferred to Immobilon 
membranes (Millipore) and an equal loading was confirmed by 

between cell proliferation and cell death. In hop cultures, genes 
generally involved in stress response such as those coding for 
peroxidases and glutathione S-transferase are upregulated dur-
ing the process of organogenic nodule formation.23 Preliminary 
experiments showed that internodes treated with 10 mM N- ace-
tyl-cysteine, an efficient antioxidant, never formed organogenic 
nodules. However, when 0.4 mM N-acetyl-cysteine was used 
no effect in nodule formation was observed (data not shown). 
These results suggest that there is a minimal threshold of ROS 
concentration for morphogenic processes to occur; although this 
topic deserves further research. The increase in ROS as shown 
here may either constitute solely a physiological response to the 

Figure 7. Changes in PAs levels (Put, Spd and Spm) during organogenic nodule 
formation and plantlet regeneration in hop. (A) Free forms. (B) TCA-soluble 
conjugates. (C) TCA-insoluble conjugates. Each value represents the mean of 
three independent experiments ±SE.
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v/v/v), precipitated with sodium acetate and ethanol, washed in 
70% ethanol and dissolved in water.

For cloning of ADC a reverse transcriptase-PCR based clon-
ing approach was used. Degenerated primers were designed 
through alignment of known sequences available at GenBank: 
AF045669, AY337607, AF045667, Z37540, AJ871577, 
BT000682, AY491513, AF045686, X96791, AY274822, 
AF045683, AB110952 and AF045674. A touch-down PCR 
protocol with annealing for 20 cycles at 65°C and 20 cycles at 
55°C, using AccuPrimeTM Pfx DNA Polymerase (Invitrogen, 
Cat. No. 12344-024) was performed for the amplification of a 
hop ADC with the primers ADC-U205 (5'-GAY GGA TGG 
GGH GCT CCB TAT TTC-3') and ADC-L1931 (5'-AAC ATB 
AKY TCV GGC TCR TGC TGC AT-3'). The amplicons were 
cloned using the pGEM cloning kit (Promega, Cat. No. A1360) 
with a first step A-tailing procedure according to manufacturer’s 
instructions.

Three-five μg of total RNA for each biological replicate was 
used to synthesize cDNA separately. Complementary DNAs 
were then quantified using Nanodrop. qPCR reactions were 
performed with the 7300 Real Time PCR System (Applied 
Biosystems) using MaximaTM SYBR Green qPCR Master Mix 
(Fermentas, Cat. No. K0221) on a Superplate 96-well PCR plate 
(ABgene, Thermo Scientific, Cat. No. AB-0600) according to 
the manufacturer’s instructions. Amplicons were generated dur-
ing 45 cycles with annealing temperature set at 55°C. The fol-
lowing primers were used: HlADCF (5'-TTC GGG TTT CGC 
AGA GTG AC-3') and HlADCR (5'-CAT CAC TGC AGC 
ATG GAC CT-3') for amplification of a 75 bp amplicon. Relative 
expression was calculated using the Humulus lupulus 18S ribo-
somal RNA gene for normalization. Negative control reactions 
without template were always included. Two-three biological rep-
licates and two technical replicate were performed per time point. 
The means from 4–5 qRT-PCR reactions are presented for each 
time point.

Quantification of polyamines. Plant material was extracted 
in 5% (w/v) TCA (600 mg plant material/mL TCA). The 

Ponceau S staining. For the immunodetection, membranes were 
incubated for 2 h at room temperature with a rabbit polyclonal 
antibody raised against ADC from tobacco,33 diluted 1:2,000 in 
the blocking buffer (2% powdered skimmed milk, 0.05% Tween-
20 in PBS). After rinses in washing buffer, membranes were incu-
bated for 2 h with alkaline phosphatase-conjugated anti-rabbit 
IgG (Boehringer Mannheim), diluted 1:1,000 in the blocking 
buffer. Finally, the proteins recognized by the antibody were 
revealed by treatment with a NBT-BCIP mixture. Controls were 
made, by replacing the first antibody with pre-immune serum.

Immunocytochemistry and quantification of immunogold 
labeling. Samples were fixed overnight at 4°C in 4% (w/v) para-
formaldehyde in phosphate buffered saline (PBS). After three 
PBS washes (5 min each), samples were dehydrated in a methanol 
series at 4°C, washed in pure methanol, infiltrated and embed-
ded in Lowicryl K4M at -30°C and finally polymerized under 
UV irradiation. Semithin (2 μm-thick) sections were obtained 
for preliminary histological analysis. For immunogold labeling, 
Lowicryl ultrathin (~100 nm) sections were collected on form-
var- and carbon-coated nickel grids. Immunogold labeling was 
performed essentially as previously described in reference 45 and 
46. Grids carrying Lowicryl ultrathin sections were sequentially 
floated on drops of double-distilled water and PBS for few min-
utes, and 5% BSA (bovine serum albumin) in PBS for 5 minutes. 
Then, grids were incubated for 1 h at room temperature with 
the same anti-ADC antibody used for the immunoblot analyses, 
diluted 1:10 in 1% BSA in PBS. After three washes in PBS con-
taining 1% BSA, sections were incubated with a goat anti-rabbit 
IgG conjugated to 10 nm colloidal gold (BioCell), diluted 1:25 
in 1% BSA in PBS for 45 min. Finally, grids were washed, air-
dried, counterstained with 5% aqueous uranyl acetate and lead 
citrate, and observed in a Philips CM10 transmission electron 
microscope operating at 100 kV. Two different controls were 
performed in parallel, either by excluding the anti-ADC anti-
body or substituting it by preimmune serum. Quantification of 
immunogold labeling was designed as previously described in 
reference 45. Sampling was carried out over a number of micro-
graphs randomly taken from different cells (corresponding to 
28 days of culture) on each grid. The number of micrographs 
was determined using the progressive mean test,47 with a mini-
mum confidence limit of 0.05. Labeling density was defined as 
the number of particles per area unit (μm2). This number of 
particles was determined by hand counting particles over the 
compartments under study (cytoplasm, nucleus and plastids). 
Estimation of background was performed over cell walls, vacu-
oles, starch deposits and resin. The area in μm2 was measured 
using a square lattice composed of 11 x 16 squares of 15 x 15 mm 
each. For each cell type and subcellular compartment, labeling 
density was expressed as mean labeling density of all micro-
graphs ±SD and statistically compared using a Student’s t-test, 
with α ≤ 0.05.

RNA extraction, cloning of ADC and quantitative RT-PCR. 
Total RNA was isolated essentially as described by reference 
46. To further purify RNA, DNAse treatment was carried out 
according to suppliers’ instructions (Invitrogen). Samples were 
then extracted in phenol/chloroform/isoamylalcohol (75:24:1, 

Figure 8. Total amount of free and conjugated PAs during organogenic 
nodule formation and plantlet regeneration in hop. Each value repre-
sents the mean of three independent experiments ±SE.
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by addition of 100 μL proline (100 mg/mL). Dansylpolyamines 
were extracted in 0.5 mL of toluene by collecting the organic 
phase, drying and dissolving in 0.8 mL of acetonitrile. Finally 
the samples were filtered through a 0.45 μm filter. The stan-
dard sample was treated as described above and consisted of a 
mixture of 0.05 mM diaminopropane, putrescine, cadaverine, 
1,7-diaminoheptane, spermidine and spermine. Aliquots were 
analyzed by reversed-phase HPLC48 using the system HPLC 
(PHENOMEX). The dansylpolyamines injected in the column 
[Sphereclone 5 μm ODS (2), 250 x 4.60 m2, ser#386140] were 
eluted in a gradient of acetonitrile and water of 70% (v/v) ace-
tonitrile and 30% water for 5 min, 100% (v/v) acetonitrile for 

homogenates were centrifuged for 20 min at 13,000 rpm. The 
bound amines in the supernatant and the insoluble amines in 
the pellet (resuspended in the original volume of NaOH 1 M) 
were released by treating the fractions with 6 N HCl at 110°C 
for 18 h in a sealed ampule. After heating, the samples were cen-
trifuged for 5 min at 13,000 rpm, dried under a stream of air 
at 80°C and resuspended in TCA. TCA extracts were analyzed 
for free, soluble and insoluble PAs following dansylation. The 
dansylation mixture consisted of 200 μL TCA extract (equiva-
lent to about 20 mg fresh tissue), 400 μL dansyl chloride (5 
mg/mL in acetone) and 200 μL saturated Na

2
CO

3
. After over-

night incubation at room temperature the reaction was stopped 

Figure 9. Tissue specific distribution of ROS following staining with NBT (A–E and G) and DAB (F). (A) Internode at the time of excision from the parent 
plant. Dark purple spots identifying ROS are seen. (B) Internode 24 hours upon wounding showing intense NBT staining at the cutting regions. (C) 
Internode seven days upon wounding. Calli cells concentrated in previously wounded areas show intense NBT staining (arrow). (D) Aspect of a pren-
odule (pn) arising 15 days upon internodes inoculation showing cells stained dark purple. (E) Internode 15 days upon wounding showing prenodules 
with intense accumulation of ROS. (F) Internode section showing a prenodule stained with DAB. (G) Cluster of nodules (n) 45 days after internodes 
inoculation. Initial explant (e) has proliferated giving rise to calli cells which appeared intensively stained (white arrow). Bars in A–C and F = 0.6 cm. Bar 
in E = 0.3 cm. Bars in F and G = 0.5 cm.
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4 min, 70% (v/v) acetonitrile and 30% water for 5 min, after 
which the initial conditions were re-established in the chroma-
tography system (Applied Biosystems). Elution of the dansylpo-
lyamines was performed at 25°C with a flow rate of 1.5 mL/min 
and monitored at 252 nm.

Note

The nucleotide sequence reported in this paper has been sub-
mitted to NCBI under accession number: ADC, Genbank Acc. 
GQ981435.
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