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SUMMARY. Freshly harvested empress tree (Paulownia elongata) seeds have physio-
logic dormancy. The aim of this study was to investigate the effects of exogenous
and endogenous nitric oxide (NO) on the dormancy and germination of empress
tree seeds. After treatment with different concentrations of sodium nitroprusside
(an NO-releasing compound) solution, the germination percentage of seeds under
12 h of continuous light was significantly greater. Seed germination percentage was
promoted significantly by 10–4 M sodium nitroprusside plus cold stratification
compared with seeds treated with cold stratification only. At different hours during
imbibition, empress tree seeds treated with 2-(4-carboxyphenyl)-4, 4, 5,
5- tetramethylimidazoline -1-oxyl-3-oxide potassium salt (c-PTIO), NG-nitro-L-
arginine methyl ester (L-NAME), and sodium tungstate showed reduced seed
germination percentages. During the early hours of imbibition, c-PTIO or sodium
tungstate treatment inhibited seed germination significantly. The results showed
that both exogenous and endogenous NO can release empress tree seed dormancy.
Endogenous NO oxide was involved in dormancy release and germination of seeds
during the early stages of imbibition. Wider application of NO may be used for
breaking seed dormancy in other species.

E
mpress trees are native toChina.
It is mainly found in the low-
elevation regions of Anhui,

Hebei, Henan, Hubei, Jiangsu,
Shaanxi, Shandong, and Shanxi
Provinces. Empress trees have signif-
icant economic and ornamental value
because of its fast growth rate, the
quality of its timber (Jim�enez et al.,
2005; L�opez et al., 2011; Melhuish
et al., 1990), its attractive flowers,
and its high nitrogen levels, which
allow it to serve as a fertilizer and as
fodder (Zhu et al., 1986). Empress
tree seeds are light-induced seeds
with physiologic dormancy, and
their dormancy can be broken by
gibberellic acid (GA3), cold stratifi-
cation, and dry storage (Liu et al.,
2017). We have tested the seed germi-
nation of three species of Paulownia
[empress tree, princess tree (P.

tomentosa), and foxglove tree (P. for-
tunei)] harvested in Nanjing, China.
The germination of freshly harvested
seeds in princess trees and foxglove
trees was more than 85%, but that of
empress tree seed was only 0% to 50%.
Breaking seed dormancy and increas-
ing germination of empress trees are
important for production andbreeding.

NO is a signal molecule involved
in physiologic processes (Delledonne,
2005; Lamotte et al., 2005; Romero-
Puertas et al., 2004). NO induces
seed germination in the absence of
red light (Beligni and Lamattina,
2000), breaks seed dormancy, and
affects growth (Beligni and Lamattina,
2001;Durner andKlessig, 1999). Giba
et al. (1998) suggested the involve-
ment of NO in the phytochrome-
controlled germination of princess
tree seeds by using different NO-
releasing compounds and appropri-
ate controls. A rapid accumulation
of NO induces an equally rapid de-
crease in abscisic acid and promotes
GA3 biosynthesis in arabidopsis
(Arabidopsis thaliana) seeds (Debeaujon

and Koornneef, 2000; Liu and Zhang,
2009; Liu et al., 2010).

Plants mainly produce endoge-
nous NO through nitric oxide syn-
thase (NOS), nitrate reductase (NR),
xanthine oxidoreductase, horseradish
peroxidase, and other enzymatic path-
ways as well as through the nitrifica-
tion/denitrification cycle via reduction
of nitrate and nitrogen dioxide (del
R�ıo et al., 2004).

In this study, seeds were treated
with sodium nitroprusside (an NO-
releasing compound) to investigate
the effects of exogenous NO on dor-
mancy and germination of empress
tree seeds to determine whether
NO-releasing compounds can be
used to break seed dormancy. c-PITO
[a direct NO scavenger (Bethke et al.,
2004)], L-NAME (a nonselective in-
hibitor of NO synthase, and sodium
tungstate [a specific NR inhibitor
(Rockel et al., 2002)] were used at
different hours during imbibition to
investigate the effects of endoge-
nous NO on seed dormancy and
germination.

Materials and methods
Seeds were collected from em-

press trees in Nanjing Couple Park,
Jiangsu Province, in eastern China on
11 Dec. 2015. Immediately after col-
lection, seeds were separated by hand
and dried in a dry and well-ventilated
room for 48 h. The water content was
12% to 13% (based on fresh weight),
which was determined gravimetrically
based on three replicates of 2 g seed
by weighing them before and after
drying at 103 �C for at 24 to 36 h.

The dried seeds were stored in
the dark at 15 to 25 �C in brown
paper bags for 10 d, and the relative
humidity ranged from 40% to 70%.
The dormant seeds were then used in
experiments related to exogenous
NO. Seed viability, as evaluated by
tetrazolium tests (Association of Of-
ficial Seed Analysts, 2010) was 97%;
two replicates of 100 seeds were used
%. The remaining seeds were kept in
dry storage in the same conditions for
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4 months; seed dormancy was re-
leased during storage, and the seeds
were used in the experiments related
to endogenous NO. Seed viability
was 96%.

EXOGENOUS NO AND LIGHT

TREATMENT. Seeds dry-stored for 10
d were placed on petri dishes filled
with a double layer of filter paper
(Whatman-Xinhua Filter Paper Co.,
Zhejiang, China). Filter paper was
wetted with 5 mL 0, 10–6, 10–5, 10–4,
10–3, 10–2, or 10–1 M sodium nitro-
prusside (Xiya Chemical Industry Co.,
Shandong, China) and carbonyl prussi-
ate {K3[Fe(CN)5(CO)]}, as a control.
K3[Fe(CN)5(CO)] was prepared
according to Giba et al. (1998). This
molecule contains, in the inner ligand
sphere as the sixth ligand, isoelectric
carbon monoxide instead of the nitro-
sonium ion (Giba et al., 1998).

Filter paper in each petri dish was
moistened with 5 mL solution. The
dishes were wrapped in aluminum foil
and placed at 25 �C in darkness for
12 h, and then the dishes were placed
in continuous light, dark, or 12 h
light. The intensity of the light-emit-
ting diode lamp was 15 mmol�m–2�s–1.
Seeds were germinated at 25 �C in an
incubator (Liu et al., 2017). Three
replications of 100 seeds were used
for each treatment and 8400 seeds
were used.

EXOGENOUS NO AND COLD

STRATIFICATION TREATMENT. Seeds
dry-stored for 10 d were placed on
petri dishes filled with a double layer
of filter paper wetted with 10–4 M
sodium nitroprusside solution, 10–4

M K3[Fe(CN)5(CO)] solution, and
distilled water; and were stratified for
0, 24, 48, 72, and 96 h at 4 �C. After
stratification, seeds were transferred
to filter paper wetted with distilled

water and germinated at 25 �C in
continuous light. Three replications
of 100 seeds were used for each
treatment and 4500 seeds were used.

TREATMENT WITH C-PTIO,
L-NAME, OR SODIUM TUNGSTATE.
Seeds dry-stored for 4 months were
placed on petri dishes filled with a
double layer of filter paper wetted
with 2.5 mL distilled water and
allowed to absorb water for 0, 1, 2,
3, 6, 9, or 12 h in the dark at 25 �C.
Then, 2.5 mL 0.4 mM c-PTIO (Sky-
run Industrial Co., Zhejiang, China),
2.5 mL 2 M L-NAME (Biolab Co.,
Beijing, China), or 2.5 mL 10 M
sodium tungstate (ShanghaiChengshao
Biological Technology Co., Shan-
dong, China) were added. The three
solutions—0.2 M c-PTIO, 1 M
L-NAME, and 5M sodium tungstate—
were applied to treat the seeds, re-
spectively. A distilled water treatment
was used as a control. Before light
treatment, the total imbibition time
was 12 h in the dark. Seeds were then
germinated in continuous light at
25 �C. Three replications of 100 seeds
were used for each treatment and
6300 seeds were used.

SEED GERMINATION. After the
seeds were placed in the incubator
and germinated, distilled water was
supplemented once every 3 d, and the
number of germinated seeds was
counted every 7 d. The germination
standard was reached when radicles
broke through the seedcoat, and the
experiment ended on day 28.

DATA ANALYSIS. Statistical anal-
yses of the germination data were
performed with SPSS (version 19.0;
IBM Corp., Armonk, NY) for Win-
dows software. Data were subjected
to one-way analysis of variance and
means were compared using the

Tukey test, considering a = 0.05.
Residue normality and variance
homogeneity were tested previ-
ously. The data were transformed to

arcsine

ffiffiffiffiffiffiffiffiffi
p
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r
before analysis.

Results

E F F E C T S O F S O D I U M

NITROPRUSSIDE ON SEED DORMANCY

AND GERMINATION IN EMPRESS TREES.
The seeds of empress trees that expe-
rienced 10 d of dry storage had deep
dormancy (Table 1). With 12 h of
light, none of the seeds treated with
distilled water and different concen-
trations of K3[Fe(CN)5(CO)] germi-
nated, and seeds treated with 10–6 and
10–5M sodium nitroprusside solution
also did not germinate. However,
after being treated with 10–4, 10–3,
and 10–2 M sodium nitroprusside, the
seed germination percentage was sig-
nificantly (P < 0.05) greater, reaching
9%, 15%, and 39%, respectively. The
optimal concentration of sodium
nitroprusside was 10–2 M; 10–1 M
sodiumnitroprusside solution inhibited
germination, and the germination per-
centage was 0%.

Under continuous light condi-
tions, the germination percentage of
seeds treated with distilled water or
K3[Fe(CN)5(CO)] was less than 2%,
and there was no significant differ-
ence among the K3[Fe(CN)5(CO)]
treatments at various concentrations
(Table 1). The 10–6-M sodium nitro-
prusside solution promoted seed
germination; the germination per-
centage was 7% The 10–2-M sodium
nitroprusside solution had the stron-
gest treatment effect and resulted
in the greatest germination percent-
age, which reached 56%. When the

Table 1. Germination percentage after 12 h and continuous light at 25 �C (77.0 �F) of empress tree seeds dry-stored for 10
d and treated with different concentration of sodium nitroprusside and carbonyl prussiate. Germinated seeds were collected
from the incubator on day 28.

Concn (M)

Germination rate (%; mean ± SE)z

12 L light Continuous light

Sodium nitroprusside Carbonyl prussiate Sodium nitroprusside Carbonyl prussiate

10–1 0 ± 0 — 32 ± 2.4 bc —
10–2 39 ± 2.65 by 0 ± 0 56 ± 3.48 a 1 ± 0.58 g
10–3 15 ± 0.88 de 0 ± 0 41 ± 2.52 b 1 ± 0.33 g
10–4 9 ± 1.76 ef 0 ± 0 21 ± 1.20 cd 2 ± 0.58 g
10–5 0 ± 0 0 ± 0 11 ± 0.58 ef 1 ± 0.33 g
10–6 0 ± 0 0 ± 0 7 ± 1.33 f 2 ± 0.33 g
0 0 ± 0 0 ± 0 2 ± 0.33 g 2 ± 0.33 g
zThe data are means of three replicates.
yData were analyzed by one-way analysis of variance and Tukey tests. The same letters show no significance at P = 0.05.
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concentration of sodium nitroprus-
side solution was too high, germina-
tion was inhibited (germination
percentage, 0%).

The 10–4-M sodium nitroprusside
and K3[Fe(CN)5(CO)] treatments
were applied separately to empress tree
seeds that had been stratified for dif-
ferent lengths of time and were then
germinated under continuous light.
Cold stratification promoted empress
tree seed germination (Fig. 1). After
24, 48, 72, and 96 h of stratification,
the seed germination percentage in-
creased from 2% to 4%, 11%, 19%, and
23%, respectively. Compared with the
seed germination percentage in the
stratification treatments, there was no
significant difference in the seed germi-
nation percentage in the stratification
plus K3[Fe(CN)5(CO)] treatments.
Compared with the seed germination
percentage in the stratification treat-
ments, the seed germination percent-
age in the cold stratification plus
sodium nitroprusside treatments in-
creased significantly from 4%, 11%,
19%, and 23% to 22%, 42%, 69%, and
82% (P < 0.05), respectively.

EFFECTS OF NO SCAVENGERS

AND SYNTHETIC INHIBITORS ON

DORMANCY AND GERMINATION OF

EMPRESS TREE SEEDS. The effect of
c-PTIO, an NO scavenger, on the
germination of empress tree seeds after
4 months of dry storage was greatly
reduced compared with the germina-
tion percentage of control seeds (83%)
(Fig. 2). After 0 to 6 h imbibition, the
NO scavenger c-PTIO was added, and
germination was inhibited significantly
(P < 0.05). The earlier c-PTIO was
added, the stronger the inhibitory ef-
fect. For dried seeds soaked directly
with c-PTIO solution, the germination
percentage was only 32%. When c-
PTIO was added 6 h after imbibition,
the germination percentage of the seeds
was 64%,whichwas significantly greater
than the germination of seeds treated
with c-PTIO soaked for 0 to 2 h. There
was no significant difference in germi-
nationpercentagebetween seeds treated
with c-PTIO by soaking for 9 to 12 h
compared with the control.

After soaking for 0 h with sodium
tungstate (i.e., direct soaking of the
dried seeds with sodium tungstate
solution), the germination of empress
tree seeds was inhibited significantly
(P < 0.05). In addition, the seed
germination percentage declined from
83% to 20% (Fig. 2). After 3 and 12 h

of imbibition, treatment with sodium
tungstate reduced the germination
percentage of the seeds slightly from
6% and 8%. L-NAME was added after
0 to12 h of seed imbibition, and the
seed germination percentage was sig-
nificantly less (P < 0.05) (Fig. 2).

Discussion
In response to sodium nitroprus-

side treatment, the seed germina-
tion percentage of empress trees was
significantly greater, but there was no

significant effect of K3[Fe(CN)5(CO)]
on the seed germination percentage of
empress trees (Table 1, Fig. 1). There-
fore, sodium nitroprusside works
through NO to improve seed germi-
nation in empress trees.

Sodium nitroprusside promoted
seed germination significantly in em-
press trees in low-light conditions
(12 h of light) (Table 1). Similar
effects of NO on photosensitivity have
also been found in seeds of arabidopsis
(Lindermayr et al., 2006) and lettuce

Fig. 1. Germination percentage in continuous light at 25 �C (77.0 �F) of empress
tree seed dry-stored for 10 d, treated with sodium nitroprusside and carbonyl
prussiate {K3[Fe(CN)5(CO)]} followed by cold stratification for different lengths
of time. Germinated seeds were collected on day 28. Data were analyzed by two
one-way analyses of variance and Tukey’s test. Data with the same letter are not
significantly different at P = 0.05; error bars = ±SE.

Fig. 2. Germination percentage in continuous light at 25 �C (77.0 �F) of empress
tree seed dry-stored for 4 months, and treated with 2-(4-carboxyphenyl)-4, 4, 5,
5-tetramethylimidazoline-1-oxyl-3-oxide potassium salt (c-PTIO), sodium
tungstate, or NG–nitro–L-arginine methyl ester (L-NAME) at different
imbibition times. Germinated seeds were collected on day 28. Data were analyzed
by one-way analysis of variance and Tukey’s test. Data with the same letter are not
significantly different at P = 0.05; error bars = ±SE.
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[Lactuca sativa (Nicol�as et al., 1996)].
NO-releasing compounds such as
sodium nitroprusside, S-nitroso ace-
tylpenicillamine, and 3-morpholino-
sydnonimine have also been shown
to promote red light-stimulated prin-
cess tree seed germination (Giba et al.,
1998).

Sodium nitroprusside promoted
empress tree seed germination signif-
icantly in continuous light (Table 1),
indicating that NO can release seed
dormancy in empress trees. The
greatest germination percentage of
the seeds treated with only sodium
nitroprusside was 56% (10–2 M),
which was still far below that in the
viability tests (97%), indicating that
treatment with sodium nitroprusside
alone did not break seed dormancy
completely in the empress tree. Treat-
ment with cold stratification for 96 h
plus 10–4 M sodium nitroprusside
increased seed germination percent-
age significantly to 82% (Fig. 1). The
dormancy of most of the seeds was
broken by cold stratification for 96 h
plus 10–4 M sodium nitroprusside.
NO has also been reported to break
dormancy of other seeds. Previous
studies on apple (Malus pumila) seeds
found that in seeds treated with so-
dium nitroprusside after being strati-
fied for 24 h at 5 �C, the seed
germination percentage was signifi-
cantly greater (Gniazdowska et al.,
2007). Sodium nitroprusside has
great potential and is beneficial for
the release of seed dormancy.

c-PTIO, sodium tungstate, and
L-NAME had significant inhibitory
effects on the seed germination of
empress trees, and the extent of this
inhibition was dependent on the time
of absorption (Fig. 2). NR can pro-
duce NO under anaerobic conditions
by using nicotinamide adenine dinucle-
otide as an electron donor (Yamasaki
et al., 1999). Sodium tungstate can
inhibit NR activity and inhibit NO
synthesis. NOS stimulates L-arginine
to synthesize NO (Calvo et al., 2004),
and L-NAME inhibits NOS activity.
This result shows that endogenousNO
plays a crucial role in the release of
dormancy of empress tree seeds during
imbibition. When the endogenous
NO is cleared, seed dormancy is main-
tained or even deepened. The c-PTIO
treatment was imposed during the
early stage of imbibition and had
a stronger inhibitory effect on the seed
germination of empress tree seeds. This

result indicates that the endogenous
NO that influences the seed germina-
tion of empress trees is produced
mainly during the early stage of imbi-
bition, which is consistent with pre-
vious studies on arabidopsis seeds (Liu
and Zhang, 2009; Liu et al., 2010). In
other words, the accumulation of en-
dogenous NO during the early stage of
absorption can promote the release of
seed dormancy. The addition of so-
dium tungstate at 0 h of absorption
showed the strong inhibitory effect,
indicating that the endogenous pro-
duction of NO may be related to the
NR pathway.

The inhibitory effect of L-
NAME on germination does not
imply the inhibition of NOS by L-
NAME, because if the NOS pathway
requires a long time to produce NO,
then the NO produced after the
absorption of water is cleared by
c-PTIO; it also inhibits seed germi-
nation but mask any significant effect
of c-PTIO later. In addition, if NOS
produces NO continuously, the
sooner L-NAME is used to treat
seeds, the less NO is produced by
NOS, and the stronger the inhibitory
effect. However, our results did not
show this trend. Therefore, L-NAME
may inhibit the seed germination of
empress trees by a means other than
inhibiting NOS production of NO.

Conclusions
In conclusion, exogenous NO

released seed dormancy and pro-
moted seed germination in low light
and continuous light. Sodium nitro-
prusside plus cold stratification can be
used to break the seed dormancy of
empress trees effectively. Endoge-
nous NO was involved in the dor-
mancy release and germination
of seeds during the early stage of
imbibition. Sodium nitroprusside is
a cheaper alternative to GA3 for break-
ing dormancy and shortening the cold
stratification time. Sodium nitroprus-
side is easy to purchase and use, and it
can be used to germinate empress
trees. Wider application of NO may
be used for breaking seed dormancy in
other species.
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