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Abstract

The aim of this work was to assess the responses of seedlings of five species of Nicotiana genus to red and far red
radiation. N. acuminata exhibits positive photoblastic behaviour and germination was completely inhibited under far red
and darkness. In N. glauca germination was reduced under far red and darkness, but the other species showed neutral
behaviour. The hypocotyl elongation was inhibited in N. glauca and N. tabacum under white and far red radiation. In
N. langsdorffii and N. debneyi hypocotyl was elongated under far red radiation. Only in N. acuminata red radiation
promote greater hypocotyl elongation than dark condition. On the phylogenetic tree obtained from restriction analysis
N. glauca and N. acuminata are grouped in one branch, while the other species, N. langsdorffii, N. debneyi and
N. tabacum, are grouped in the other branch cluster. Moreover, the N. debneyi behaviours under different radiation
treatments were similar to those of N. tabacum. These two species are allopolyploid members of the genus Nicotiana, as

also was confirmed by this study.
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Introduction

Plants use phytochromes, red (R)/far red (FR) photo-
convertible chromoproteins, to monitor the environment
surrounding them. The signal transduction cascade,
originated by their activity, affects many aspects of plant
development, from seed germination to flowering
(Kendrick and Kronenberg 1994), as demonstrated by
comparative light response studies in Arabidopsis
thaliana mutants deficient in one of the five
phytochromes (Smith 1999). Phytochromes are members
of a photoreceptor family and their genes are encoded in
a divergent multigene subfamily; their expression is
temporally and developmentally regulated (Clark et al.
1994, Hauser et al. 1995, 1998). In A. thaliana,
phytochrome A (phyA) and phytochrome B (phyB) are
the most abundant members of the family and their role is
most evident under continuous FR and R, respectively
(Reed et al. 1994). PhyA and phyB biological activities
occur under different light conditions and seem to have
different transduction chains. Therefore, the relative
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signalling pathways might or might not converge to the
same phenotypic response, €.g. hypocotyl growth,
cotyledon unfolding, flowering (Chory and Wu 2001,
Quail 2002). Thus Phys are involved in different phases
of seedling development, from seed hydration to stem
elongation and meristematic activity (Whitelam et al.
1998). The inhibition of hypocotyl elongation by high
irradiance (R and FR) is a photomorphogenic response
that has been explored in detail. Genetic studies of this
process have identified unique and shared functions for
phyA and phyB (Quail et al. 1998). The aim of this work
was to assess the effects of R and FR, related to
phytochrome photoreceptors, on Nicotiana spp. seed
germination and seedling development, which are of
primary importance for the understanding of the
physiological mechanisms that regulate the life cycle.
Five species, located in divergent branches of the
Nicotiana evolution tree, according to botanical
(Goodspeed 1954) and molecular data (Bogani et al.
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1997), were examined under white light (W), R, FR and
darkness (D). Plant responses should be different and
related to the specific adaptation of the species to their
habitat (Botto and Smith 2002, Pepper et al. 2002), and to
the environmental pressure on the genetic and genomic
background. The in vitro physiological responses were

Materials and methods

Plants and growth conditions: Seeds of analysed
Nicotiana spp. were kindly provided by the Istituto
Sperimentale per il Tabacco (Scafati, Salerno, Italy). The
Nicotiana species used were: N. glauca Graham (2n=24)
belonging to subgenus Rustica section Paniculatae;
N. tabacum L. (2n=48) belonging to subgenus Tabacum
section Genuinae; N. langsdorffii Weinmann (2n=18)
belonging to subgenus Petunioides section Alatae;
N. acuminata Hooker (2n=24) belonging to subgenus
Petunioides section Acuminatae and N. debneyi Dimin
(2n=48) belonging to subgenus Petunioides section
Suaveolentes.

The seeds were sterilised using 16 % (v/v) NaClO for
20 min, subsequently they were washed three times,
10 min each time, with sterile distilled water. For each
treatment, from 100 to 200 seeds were plated on 90 mm
Petri plates containing 25 ¢cm’® of Linsmaier and Skoog
(1965) culture medium, supplemented with 50 mM of
sucrose and pH 5.8. The medium was sterilised at 120 °C
for 20 min after the addition of 6 g dm™ of Bacto Agar
(Difco). All experiments were performed in growth
cabinets at a temperature of 24 £ 1 °C under continuous
irradiance.

Radiation of various spectral composition was provided
by Philips (Eindhoven, The Netherland) fluorescent lamps
with the following characteristics. Red radiation (R):
TLD18W/15 lamps in combination with primary red
polyester filter (No. 106, 0.2 mm, Lee Filters Ltd.,
Andover, Hants, UK). FR radiation: 40 W incandescent
lamps in combination with one primary red polyester filter,
one light blue polyester filter (No. 118, 0.2 mm) and a
congo blue polyester filter (No. 181, 0.2 mm). White light
TLD18W/33 cool-white fluorescent lamps. The spectral
outputs from the various lamp/filter combinations were
recorded using a calibrated spectroradiometer (LI-COR
1800, Lincoln, USA) placed horizontally in the cabinets
used for the experiments. Phytochrome photoequilibrium
(¢ = P4/Pyy) and spectral relative photon fluence rate were
previously reported (Muleo et al. 2001). Photon fluence
rates for the different treatments were 40 + 1 pmol m™ s™
for W, 38.5+ 1 umol m™ s for R and 41 + 1 pmol m™s™
for FR. Phytochrome photoequilibrium values were the
following: @ of W =0.78, ¢ of R =0.86, ¢ of FR = 0.05.

Parameters and statistical analysis: Three replicate
plates, repeated twice, were used for each treatment. Seed
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also useful for pointing out the evolution of the natural
species. Therefore, the in vitro behaviour coupled with
the molecular markers can be used as a model system to
stress out particular adaptations consistent with the
phylogeny of the species (Bogani et al. 1997, Intrieri and
Buiatti 2001, Piagnani et al. 2002).

germination data were detected at 7 and 14 d after sowing.
Measurements of hypocotyl and root growth were
performed after 14 d. The hypocotyl and root lengths were
measured on 30 seedlings chosen randomly. The mean
value of all repeated independent experiments and the
double value of the standard error of the mean are shown.

Chlorophyll determination: Ten seedlings of each
species for each treatment were placed in 2 cm’ of
N,N-dimethylformammide and kept for 24 h in the dark at
a temperature of 4 °C. Chlorophylls and protochlorophyll
were determined following the Moran’s protocol (1982),
by spectrophotometric measurements of absorbance
(Uvicon860, Konotron Instruments, Walford, UK) at 625,
647, 664 nm.

DNA isolation, PCR amplification and restriction
analyses: Total DNA was isolated from fresh leaf tissue by
Doyle and Doyle (1989) methods. After RNAse treatment,
it was purified once with phenol:chloroform extraction and
ethanol precipitation; finally DNA was maintained in
standard Tris-EDTA buffer. PCR forward and reverse
primer sequences used, designed on published N. tabacum
phyA sequence (Adam et al. 1993), were
GTGACACTATGGTTCAGGAG and
GAGCTACTGGCATCAGCATA, respectively. Gene
amplifications were performed by mixing in a total volume
of 0.05 cm’, 100 ng of total DNA, 25 ng of each of the
forward and reverse primers, 200 pM of deoxynucleotide
mixture, 0.5 U of Taq polymerase (Amersham Biosciences,
Little Chalfond, UK) and 1X of provided Taq-reaction
buffer. After an initial step of 5 min at 94 °C, PCR was
carried out for 30 cycles of 1 min at 94 °C, 1.5 min at
57 °C and 1.85 min at 72 °C. A final incubation of 5 min at
72 °C was performed to ensure complete extension. PCR
product direct restriction analyses were performed
overnight by mixing 0.02 cm’ of amplification reactions,
2 U of suitable enzyme (Boehringer Mannheim, Milano,
Italy), in a total reaction volume of 0.025 cm’, also
containing 1X of enzyme buffer. Amplification products
and restriction fragments were visualised on agarose or
acrylammide gel, ethidium bromide stained, prepared at
suitable concentration (Sambrook et al. 1989). The data
were processed by means of NTSYS-pc2.02i (Exeter
Software, New York, USA) for matrix computation and to
obtain phylogenetic grouping.



Results

Germination was detected at days 7 and 14 after sowing.
At day 7, roots and cotyledons were completely
developed in all of the seedlings under W (Table 1). No
more germinated seedlings were observed at day 14. Seed
germination of N. acuminata was completely inhibited
under FR and dropped down to 3.6 % under D in
N. glauca, in which the number of germinated seeds was
lower under D than under W, and the higher germination
rate was under R (83.6 %) than under FR (56.6 %). The
germination ratio of N. acuminata and N. glauca seeds
was similar under W and R. The other three species
roughly displayed similar germination patterns even
though some differences were observed. A reduction in
germination was detected for N. tabacum when seeds
were kept under FR, as well as for N. debneyi and
N. langsdorffii; this latter species also displayed
inhibition under D (80.6 %).

Table 1. Germinated seeds [%] after 7 d from the beginning of
culture. Different letters along the row means statistically
significant differences, as determined by > for P = 0.05.

Species White Red Far-Red Dark
N. glauca 71.5° 83.6° 56.6° 33.6¢
N. tabacum 94.9° 98.3° 88.3° 99.2°
N. langsdorffii ~ 90.9° 90.5° 72.8° 80.6°
N. acuminata 71.6* 80.4° 0 3.6°
N. debneyi 71.4° 81.6" 65.6° 83.6"

W and R induced the highest chlorophyll (Chl)
synthesis, irrespectively of the species studied (Table 2).
Among the species, N. langsdorffii showed the highest
amount of Chl under all treatments compared to the other
species. In general, under R, the seedlings synthesised
twice the amount observed under W. N. langsdorffii was
also partially reversed by FR, while in N. tabacum, the
opposite behaviour was detected, mainly due to the
reduction in Chl a synthesis. In N. debneyi, the Chl a/b
ratios under W and R were similar; on the contrary, an
R/FR action was clearly evident on Chl a synthesis.
Protochlorophyll is accumulated differently between
species and between different radiation treatments. Only
in N. tabacum is a clear accumulation due to R and FR
condition evident.

Hypocotyl lengths of seedlings (Table 3) grown under
W were similar, except for N. acuminata, which showed
longer hypocotyl (almost 48 %). Seedlings grown in D
exhibited increased hypocotyl elongation for all species,
except for N. glauca, which showed the smallest
hypocotyl elongation (not detectable). Under R, seedlings
of all species exhibited increased hypocotyl elongation
compared to seedlings grown under W (Table 3). This
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enhanced hypocotyl elongation was higher for seedlings
of N. langsdorffii (536 %), N. debneyi (391 %),
N. acuminata (345 %) than for N. glauca (194 %) and
N. tabacum (147 %). Seedlings of N. glauca and
N. tabacum displayed inhibition of hypocotyl elongation
under FR, as it has previously observed under W.

Table 2. Total chlorophyll (Chl) and protochlorophyll (Protochl)
content [pg seedling]. Values represent means + 2 SE.

Species Radiation Chl a+b a/b  Protochl

N. glauca W 0.687+0.167 1.0 0.211£0.078
D n.d. nd. n.d.
R n.d nd. n.d.
FR n.d nd. n.d.

N. tabacum W 0.633+0.088 3.0 0.047£0.016
D 0.201£0.042 0.6 0.084+0.016
R 1.657£0.015 34 0.14240.024
FR 0.461+£0.138 2.6 0.156+0.067

N. langsdorffii W 2.450+0.311 2.8 0.184+£0.044
D 0.384+0.035 0.8 0.166+0.019
R 4.659+0327 2.8 0.164+0.031
FR 0.818+0.081 3.5 0.121 +0.040

N. acuminata W 0.633+0.078 2.4 0.140 £0.040
D n.d. nd. n.d.
R 1.058 +0.084 2.7 0.174+0.030
FR n.d. nd. n.d.

N. debneyi W 1.533 +£0.067 2.8 0.136+0.033
D 0.394+0.198 1.1 0.184+0.097
R 1476 £0.075 3.2 0.148£0.043
FR 0.391£0.015 3.2 0.099 + 0.009

Under D and R, N. glauca root development was
blocked, after the extrusion of the primary root from the
coating (Table 3), while the root elongated under both FR
and W. Root elongation of N. tabacum seedlings
appeared similar under all treatments, with an increased
elongation in D and inhibited elongation under FR. In this
species, the root elongation might be related to hypocotyl
growth. D, FR and R increased the elongation of primary
roots of N. debneyi and N. langsdorffii. Primary root
growth of N. acuminata was strongly inhibited under D
but not under R. The hypocotyl/root length ratio was
higher in seedlings grown in D. N. glauca shows the
highest value under R. For R and FR, the values were
similar for all the other species analysed and were larger
than under W except for N. glauca. N. langsdorffii
showed a higher growth rate under FR than under R.

PCR primers (phyA) amplified the expected fragment
in all of the species. Four restriction enzymes of the
twelve used were able to evidence site polymorphisms.
As results of all restriction experiments, the restriction
profiles of all enzymes and species are reported (Table 4).
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Table 3. Hypocotyl and root length of seedling grown under W, D, R and FR (ng - not germinated, nd - not detected; means + 2 SE)
and hypocotyl length/root length ratio (HY/RO). The values of hypocotyl and root elongation normalised to the corresponding length

in W are indicated as HEI and REL.

Species Radiation Hypocotyl length Root length HY/RO HEI REI

N. glauca W 0.214£0.010 0.123 +£0.012 1.740 1.000 1.000
D nd nd
R 0.416 £0.015 0.052 + 0.006 8.000 1.944 0.423
FR 0.212£0.022 0.130 + 0.022 1.631 0.991 1.057

N. tabacum w 0.243 £0.019 0.212 +0.023 1.146 1.000 1.000
D 2.189+£0.106 0.309 + 0.026 7.084 9.008 1.457
R 0.358 £0.027 0.227 £ 0.021 1.578 1.473 1.071
FR 0.197£0.014 0.126 £ 0.008 1.563 0.811 0.594

N. langsdorffii w 0.188+0.012 0.321 £0.022 0.586 1.000 1.000
D 1.990 +0.116 0.338 £0.031 5.887 10.585 1.053
R 1.009 + 0.146 0.545 £ 0.042 1.851 5.367 1.698
FR 1.199 + 0.084 0.545 £ 0.050 2.200 6.378 1.698

N. acuminata w 0.505 £0.039 0.406 £ 0.078 1.244 1.000 1.000
D 1.270 + 0.384 0.190 £ 0.011 6.684 2.515 0.468
R 1.743 + 0.226 0.739 £ 0.076 2.358 3.451 1.820
FR ng ng

N. debneyi w 0.298 £0.024 0.442 £ 0.078 0.674 1.000 1.000
D 1.542 +0.124 0.630 £ 0.058 2.448 5.174 1.425
R 1.167 + 0.090 1.046 £ 0.176 1.116 3.916 2.366
FR 0.554 £ 0.072 0.850+0.114 0.652 1.859 1.923

Table 4. For each enzyme, the corresponding sizes of the
restricted fragments are shown. N.g. - N. glauca, N.t. -
N. tabacum, N.I. - N. langsdorffii, N.a. - N. acuminata, N.d. -
N. debneyi.
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In particular, the enzyme HindIIl shows two restriction
sites in N. acumimata and one in all the others,
originating different numbers of fragments. The position
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of the Tru91 site is common for all species, and it is not
present in N. glauca. The enzyme Taqgl shows
polymorphic sites and the presence of two copies of the
phyA gene in N. tabacum and N. debneyi, known as
allopolyploid species. In fact, when the PCR products
were digested with Taql, the two copies of the gene were
distinguishable by the presence of two different and
overlapping restriction patterns. For example, in
N. tabacum, one of the copies has 2 sites (originating the
fragments: 24 + 371 + 220 bp) for Taql, while the other
copy shows 3 sites (24 + 261 + 115 + 220 bp). The Alul
enzyme also permits detecting site polymorphisms in
N. langsdorffii but not the two copies of phyA in
N. tabacum and N. debneyi, the restriction sites analysed
being similar for the two copies derived from the two
ancestral subgenomes. The other three diploid species do
not show the presence of two copies with the 12 enzymes
tested. The restriction profiles of all enzymes and species
(Table 4) were reported in a 0/1 matrix of site
absence/presence. The data were processed by NTSYSpc
2.02i to obtain a Simple Matching matrix. A Neighbour
Joining tree was found and reported in Fig. 1. Despite the
low number of species, one cluster groups N. langsdorffii
and N. debneyi, from the Petunioides subgenus, and
N. tabacum, an allopolyploid derived from a species of
the same subgenus (N. sylvestris). The second cluster
groups N. acuminata and N. glauca, far from a
phylogenetical point of view.



Discussion

From germination and hypocotyl growth patterns,
photoblastic  positive behaviour was found in
N. acuminata and N. glauca, while the other three species
showed neutral behaviour in regard to the light condition.
This is in accordance with botanical data (Goodspeed
1954). In particular, N. acuminata (herbaceous species)
and N. glauca (shrub species), under natural conditions,
are heliophylous rapidly growing plants, producing
several branches, and the germination under shade
conditions could be related to the subsequent reduction of
plant fitness.

oo N. glauca

oo N. acuminata

me N fabacum |

m e N. Jangsdorffii |

m e N. debneyi

L L 1 1 ]
2 2.5 3 3.5 4
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Fig. 1. Dendrogram of restriction site obtained by NTSYS-pc.
Symbols located on the left show the germination behaviour and
the elongation of hypocotyl under the different radiation quality
(o - photoblastic positive, m - photoblastic neutral, ® - long
hypocotyl in D, o - long hypocotyl in R).

Hypocotyl and root elongation were used to
differentiate Arabidopsis accessions using different R/FR
ratios (Botto and Smith 2002) or W, R, FR and blue
enriched radiation (Pepper et al. 2002), and to study the
action of CRY1l and PHYA on hypocotyl growth
inhibition (Ahmad et al. 2002). The regulation of
hypocotyl growth is modulated by the best fitness
strategy for obtaining an apical structure of the plant to
receive the correct radiation. Under R, the N. glauca
hypocotyl is 8 times longer than the rootlet, while under
FR and W, growth was reduced. Under R, only PHYB
exists in the active form, while PHYA and CRY1 are not
activated under FR and W, respectively. This indicates
that PHYB counteracts the negative action on hypocotyl
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