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Response of Roses (Rosa hybrida
L. ‘Herbert Stevens’) to Foliar
Application of Polyamines on
Root Development, Flowering,
Photosynthetic Pigments,
Antioxidant Enzymes Activity and
NPK

Fereshteh Yousefil, Zohreh Jabbarzadeh®?*, Jafar Amiri! & Mir Hassan Rasouli-Sadaghiani?

The effect of foliar application of polyamines on roses (Rosa hybrida cv. ‘Herbert Stevens’) was
investigated in a factorial experiment based on a completely randomized design with three replications
in a greenhouse. Two factors were applied including polyamine type (putrescine, spermidine, and
spermine) and polyamine concentration (0, 1, 2 and 4 mM). The recorded traits included root fresh

and dry weight, root length, number of flowers, flower longevity, chlorophyll content, carotenoids,
antioxidant enzymes activity (catalase, ascorbate peroxidase and guaiacol peroxidase) and some
macronutrients such as nitrogen, phosphorus and potassium. The results showed that among
polyamines, putrescine had the greatest effect on root dry weight; spermidine showed the greatest
effect on root length, chlorophyll content, plant phosphorus and spermine affected root fresh weight
and flower longevity most strongly. Polyamine concentration of 1 mM had the strongest effect on
flower longevity, carotenoids, nitrogen and phosphorus content. The highest potassium rate was
observed in treatments with the concentration of 4 mM. Polyamine treatments had no significant effect
on the number of flowers per plant and antioxidant enzymes.

Roses are originated from the northern hemisphere and are mainly grown in temperate zones'. In fact, the earliest
roses appeared in states of Colorado and Oregon around 30 million years ago®. Due to its diverse growth habits,
excellent appearance, variety in size and type, attractive colors, delicious aromas and countless cultivars, roses
are highly appreciated®. This plant can be identified by its bushy and shrubby appearance with straight woody
branches, somewhat covered with prickles®. They usually grow in two forms: growing up in the form of shrubs or
creeping over surfaces*.

Polyamines are aliphatic hydrocarbons with low molecular weight and two amino groups at their ends®.
Diamines putrescine, triamine spermidine, and tetraamines spermine are the most commonly found polyamines
in plants®. Polyamines can play roles in seed germination, the breakdown of tuber dormancy, rooting control,
flower development and initiation, the postponement of aging, organogenesis, and the response to biotic and
abiotic stresses. Polyamines also act as regulatory molecules in basic cellular processes, including cell division,
differentiation, gene expression, and DNA and RNA synthesis’. All eukaryotic cells contain significant amounts
of polyamines, such as spermine, spermidine, and putrescine precursor®.

Putrescine spray on Antirrhinum majus L. showed that putrescine at the rate of 200 mg/1 had a significant
effect on root length and root fresh and dry weight’. The effect of putrescine and growth medium on vegetative

!Department of Horticultural Science, Faculty of Agriculture, Urmia University, Urmia, Iran. 2Department of Soil
Science, Faculty of Agriculture, Urmia University, Urmia, Iran. *email: z.jabbarzadeh@urmia.ac.ir

SCIENTIFIC REPORTS |

(2019) 9:16025 | https://doi.org/10.1038/s41598-019-52547-1


https://doi.org/10.1038/s41598-019-52547-1
http://orcid.org/0000-0003-2476-7284
mailto:z.jabbarzadeh@urmia.ac.ir

www.nature.com/scientificreports/

Texture Silt% | Sand % | Clay% | pH ECds/m | O-M % C-0% | CaCO;% | Pmg/kg | Kmg/kg
lsandy clay loamy/Sandy 20 60 20 72 |14 1.62 094 |85 28.04 307
oamy

Table 1. Results of soil analysis. C-O: Organic carbon, O-M: Organic matter.

growth and chemical components of Populus x euramericana L. showed that the culture medium containing a
mixture of sand and clay with putrescine spray at the rate of 50 mg/1 had the greatest effect on length, diameter,
and fresh and dry weight of roots'’. Results of a study on the effect of polyamines on Basil plants showed that
application of polyamines (putrescine, spermidine and spermine) increased root fresh and dry weight in com-
parison with the control plants'!. Foliar application of polyamines on roses showed that all three polyamines, i.e.
putrescine, spermidine and spermine, increased vase life, flower bud diameter, and flower bud length compared
to the control'2. Pre- and post-harvest application of putrescine on Alstroemeria extended vase life, and the best
results were observed when putrescine was used before and after harvest'®. The application of putrescine and
humic acid in roses showed that putrescine treatment with humic acid increased the vase life of flowers as com-
pared to the control'. Results of an experiment on the effect of different polyamines on Dianthus caryophyllus
L. showed the highest chlorophyll content in spermidine treatments. Also, the highest reduction in the amount
of ethylene was observed in the treatment with spermidine'®. Another study on the effect of putrescine and uni-
conazole on some characteristics of Salvia splendens Sellow ex Roem. & Schult indicated that putrescine at the
concentration of 150 mg/1 had the strongest effect on chlorophyll and carotenoids'®. The application of putrescine
and alpha-tocopherol enhanced the content of chlorophyll and carotenoids (leaf) significantly compared to the
control'. Spraying of Alstroemeria with putrescine and spermine in two stages, i.e. before and after harvest,
increased the activity of catalase enzyme. Putrescine and spermine reduced the activity of leaf chlorophyllase
enzymes and flower pectinase and phenoloxidase'®. In another study focused on the effect of exogenous sper-
midine and spermine on antioxidant metabolism associated with cold-induced leaf senescence in Zoysia grass
(Zoysia japonica Steud.) results showed that application of spermine and spermidine enhanced the activities of
peroxidase, catalase and ascorbate peroxidase under cold acclimation conditions; however, they had no effect
on catalase, ascorbate peroxidase and peroxidase activity under normal conditions'. The effect of putrescine on
Gladiolus L. spp. showed that among three concentrations of putrescine, the concentration of 200 mg/1 had the
greatest effect on increasing such nutrients as nitrogen, phosphorus, and potassium?’. Spraying rose plants with
putrescine and humic acid showed that putrescine + humic acid treatment increased the content of nitrogen,
phosphorus, potassium, magnesium, and calcium in the leaves'.

The aim of this experiment was to investigate the effects of various concentrations of putrescine, spermidine,
and spermine on some morphological and physiological characteristics, antioxidant enzyme activities and leaf
elements in non-stress conditions on rose cv. ‘Herbert Stevens.

Materials and Methods

Plant materials and treatments. In order to investigate the effect of foliar application of polyamines on
some morphological and physiological characteristics of roses ‘Herbert Stevens) a factorial experiment was con-
ducted in a completely randomized design with two factors including polyamine type (putrescine, spermidine,
and spermine) and different concentrations of polyamines (0 as control, 1, 2, and 4 mM) with three replications.
Each replication included two pots and each pot was composed of one single plant. This research was carried out
on rose plants for 2 months during which the plants were subjected to the foliar application in 2-week intervals.
Plastic pots with a diameter of 14 cm and a height of 11 cm were used. The greenhouse day/night temperature
was set at 28-30/20-23 °C. The cuttings of roses were first planted in a sand bed to bear roots. Then, they were
transferred to separate pots and were kept there for two months to fully develop new plants. After establishment,
the plants were prepared for spraying. The soil used in the pots was composed of garden soil and sand (3:1v/v).
In order to analyze the soil of the pots, a combined soil sample was sent to the soil analysis laboratory in Urmia
University’s Soil Department. The results are presented in Table 1. Three types of polyamines, including putres-
cine, spermidine, and spermine, were purchased from Sigma Company. The foliar application was performed in
four steps at the intervals of 15 days in the morning. The polyamines were dissolved in water at each treatment
step. During the study, no nutrient solution was used for irrigation.

Growth characteristics.  Two weeks after the final treatment, the morphological parameters were measured.
The root length was precisely measured by a ruler, after being washed by water and a digital balance (0.00001) was
used to measure root fresh and dry weight. To evaluate the longevity of the flowers per plant, the days were counted
from anthesis until when the flowers could keep their freshness. The number of flowers per plant was also counted.

Photosynthesis pigments. The amount of photosynthesis pigments including chlorophyll (a, b and total)
and carotenoids were determined according to the method of Gross?!. Therefore, acetone 80% was used for leaf
chlorophyll extraction (each sample was 0.25 g) and then extracts were centrifuged (3000 rpm) for 10 minutes.
The absorbance of extracts was read with a spectrophotometer (at 470, 645 and 663 nm). Finally, chlorophyll
content and carotenoids were determined by following equations:

Chlorophyll a (mgl ') =12.7A4; — 2.69A445
Chlorophyll b (mgl ') =22.9A445 — 4.68A¢e3

Total chlorophyll = Chlorophyll a + Chlorophyll b
Carotenoids = (1000A,,, — 1.43 Chl a —35.87 Chl b)/205
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Mean squares

Root Root Fresh | Root Dry | Flower Flower
Changes sources DF | Length Weigth Weigth Number Longevity
Polyamin source 2 2.09"s 25.25" 0.98" 0.58" 8.77"
Polyamin concentration 3 28.13" 16.78"" 436" 0.32" 40.18"
Source*concentration 6 27.10 19.73" 2.86" 0.65" 1.96™
Error 24 4.81 3.03 0.77 0.44 2.27
CV (%) 12.79 14.85 20.26 38.09 14.52

Table 2. Results of variance analysis of the effect of polyamines sources and concentrations on some
morphological characteristics of rose ‘Herbert Stevens. 'ns, * and ** respectively non-significant, significant at
5and 1 percent.

Antioxidant enzymes activity. The Kang and Saltiveit’s®> method was used to provide plant extracts to
determine the activity of catalase, ascorbate peroxidase and guaiacol peroxidase. Frozen leaf tissues (0.5 g) were
homogenized with buffer solution (pH =7.5) containing 0.05 mM hydrochloric acid, 3 M magnesium chloride
and 1 M EDTA. The homogenate was then centrifuged at 4000 rpm for 20 minutes at 4 °C. Among the antioxi-
dant enzymes, activity of catalase was measured by Aebi’s*> method. The reaction mixture consisted of 50 mM
phosphate buffer (pH =7.5), hydrogen peroxide (1%) and 0.3 ml extract. The absorbance was read at 240 nm. The
activity of ascorbate peroxidase was evaluated by Nakano and Asada’s** method. 50 mM phosphate buffer (con-
taining 0.1 mM EDTA and 1 mM Sodium ascorbate) and hydrogen peroxide (1%) were added to 0.1 ml extract.
The change in the absorbance was read at 290 nm. Then, the activity of guaiacol peroxidase enzyme was calculated
by increasing the absorbance over a minute at 420 nm using a spectrophotometer. The activity of guaiacol per-
oxidase was found out by Updhyaya et al’s?® method at 420 nm. In brief, reaction mixture consisted of 2.5 ml of
phosphate buffer (50 mM), 1 ml guaiacol (1%), 1 ml hydrogen peroxide (1%) and 0.1 ml enzyme extract.

Leaf minerals. For this purpose, the leaf samples of the treated plants were washed and then put in the oven
at 70 °C for 72 hours. The oven dried samples were powdered. The nitrogen content of plant leaves was measured
by kjeldahl method according to Ohayama et al’s* protocol. The Kjeldahl procedure involves three major steps:
the digestion (organic nitrogen is converted into NH), the distillation and the titration. In order to measure
potassium and phosphorus content, the extract was prepared by dry digestion of samples. The amount of plant
phosphorus was estimated by the colorimetric method according to Ohayama et al’s*. For this purpose,
Ammonium vanadate and ammonium molybdate solution and phosphorus standards were prepared. Samples
were read with spectrophotometer at 470 nm and after calculating, the amount of phosphorus was expressed as
percentage. The potassium content of the plants was measured by using a flame photometer with Ohayama et
al’s? method.

Finally, the SAS software package (version 9.1) was employed for data analysis, and the means of the tested
traits were compared using Tukey’s Test at the p < 0.01 and p < 0.05 levels.

Results and Discussions

Root length and fresh and dry weight of root.  Analysis of variance results showed that the effect of
polyamine sources on root fresh weight and flower longevity were significant at 1% level, the effect of polyamine
concentrations on root length, root fresh and dry weight and flower longevity at 1% level and their interaction
effects on root length, root fresh and dry weight was significant at 1% level (Table 2).

According to the results of the means comparison for root length (Table 3), only spermidine (2mM) and
putrescine (1 mM) showed significant differences with the control, but there were no significant differences in
other treatments with the control. The highest root length (23 cm) was related to spermidine treatment at the
concentration of 2mM which had no significant difference with that of the plants treated with 1 mM putrescine.
The lowest root length (14 cm) was observed in plants treated with 1 mM spermidine. According to Table 2, only
the treatments of spermine (4 mM) and spermidine (4 mM) induced a significant difference in root fresh weight
with control plants. The highest fresh weight (15.74 g) was related to spermine treatment at the concentration
of 4mM, and the lowest fresh weight (5.82 g) was associated with spermidine treatment at the concentration of
4mM. However, other treatments of polyamines showed no significant difference with the control in root fresh
weight. Also, the results of the means comparison of the interaction between the type and concentration of pol-
yamines for root dry weight (Table 3) showed insignificant differences between the control and polyamine treat-
ments. According to Table 3, the highest root dry weight (6.06 g) was obtained from spermidine treatment at the
concentration of 2mM and the lowest dry weight (2.36 g) was related to spermidine at the concentration of 4 mM.

Reports indicate that free polyamines such as agmatine, putrescine, spermidine, and spermine and connecting
polyamines such as caffeoyl putrescine and feruloyl putrescine have been observed in root tissue like insoluble
binding polyamines?. Polyamines are a precursor to many alkaloids, some of which play a role in root devel-
opment. For example, polyamines in Asteraceae species produce alkaloids like pyrrolizidine whose synthesis is
unique to the root and appears to be related to root growth as the reduction or stopping of its synthesis results in
stopping root growth?. On the other hand, root growth and differentiation in plants are closely related to plant
hormones. Auxin is one of the most widely used plant hormones®. Indole-3-acetic acid is the main auxin present
in many plants and is responsible for the structure of the root system and development stages of root*®. Indole-
3-butyric acid is also another plant auxin that effectively promotes the development of adventitious roots. In
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Rootlength | Root fresh Root dry Chlorophylla | Chlorophyllb | Total Chlorophyll

Treatment (cm) weight (g) weight (g) (mg/g fw) (mg/g fw) (mg/g fw)
Control 14.66° 10.18% 4% 0.93¢ 0.29b<d 1.224¢

Put 1 mM 21.33% 12.36* 4.69° 1.04% 0.18< 1.23%
Put2mM 172 14.07* 5.92* 1.24%¢ 0.372¢ 1.62¢¢
Put4mM 17.5% 11.85% 3.93® 1.19% 0.24< 1.44%
Spd 1mM 14° 10.73% 3.83%® 1.34b 0.38%¢ 1.72%

Spd 2mM 23 13.74* 6.06 1.23b 0.382¢ 1.61<¢
Spd 4mM 16.33%® 5.82" 2.36" 1.88° 0.58* 2.46°
Spm 1mM | 18.33 13.66* 431® 2.01* 0.05¢ 2.06%®
Spm2mM | 1633 12.18%® 3.99% 1.16% 0.52% 1.68%
Spm4mM | 18 15.74* 4.92° 0.97° 0.21¢ 1.18¢

Table 3. The effect of putrescine (Put), spermidine (Spd) and spermine (Spm) on root length, root fresh and
dry weight and chlorophyll content of rose ‘Herbert Stevens’ In each column, values followed by the same
letter(s) do not differ significantly at oc =0.01.

plants, root development during biosynthesis, transmission, and signaling of auxins reaches the maximum. Other
plant hormones like cytokinin, brassinosteroids, ethylene, abscisic acid, gibberellins, jasmonic acid, polyamines,
and strigolactones are also involved in these processes. Polyamines and brassinosteroids positively regulate the
lateral roots; likewise, polyamines, brassinosteroids, and strigolactones positively regulate the development of
primary roots. By increasing our knowledge of the roots, it has been shown that auxin acts as a central axis and
other plant hormones communicate with it to regulate root development?. The relationship between polyamines
and auxin in root formation and its growth in two orange cultivars was investigated and it was observed that the
addition of polyamines to the induction medium containing auxin (NAA and IBA) significantly improved root
development and growth, whilst these processes were stopped in the presence of biosynthesis inhibitors of poly-
amines, such as DFMO?'.

The role of polyamines in increasing cell division, their presence in roots, biosynthesis of many alkaloids, the
positive interaction of polyamines with auxins, and the observations about the use of biosynthesis inhibitors of
polyamines suggest that polyamines play a role in controlling rooting and root system expansion, so the increased
root production and root lengthening enhance root fresh and dry weight. As was seen in the present study, the
treatment of polyamines increased root length, but this increase in root length was significant only in the treat-
ments of 1 mM putrescine and 2mM spermidine and 1 and 4 mM spermine. In this research, there were not any
significant differences in increasing root length of the plants, and this may be related to the fact that the roots
were cut off during their separation from the soil. Regarding root fresh weight, only significant differences were
observed in fresh weight gain in spermine treatment (4 mM), while none of the polyamines and their concentra-
tions showed significant differences in root dry weight compared to the control. Possibly, the concentrations used
in this study did not significantly affect root growth and the fresh and dry weight of the roots. The positive effects
of putrescine on root growth have been reported in other studies. Putrescine treatment on Antirrhinum spp. and
Populus showed that all concentrations of putrescine increased root length and fresh and dry weight of roots
when compared to the control®!’. In Bougainvillea glabra Choicy, putrescine application increased the fresh and
dry weight of roots®?. In strawberries, the foliar treatment of bushes with putrescine increased root length versus
the control®’. In another study on pepper (Capsicum annum L.) seedling, it was reported that among different
polyamine treatments, only putrescine (2.5 mM) significantly increased the root fresh and dry weight under salt
stress (100 mM NacCl), but there was not any significant difference in root fresh and dry weight between the con-
trol and treated plant on normal conditions®*.

Number of flowers and flower longevity. According to the results of means comparison, the number of
flowers per plant was not affected by polyamine treatments. Studies on polyamines show that they have different
effects on plants, even across the cultivars of a species. In strawberries, putrescine treatment did not show a sig-
nificant increase in flower number compared to the control®. In Antirrhinum spp., all concentrations of putres-
cine treatment increased the number of inflorescences’. However, there was no significant effect of putrescine
treatment on the number of flowers in Calendula officinalis L.*. According to the results of the above studies, it is
observed that polyamines have different effects on the number of flowers in different plants and even the cultivars
of a species. As in the present study, there was no significant effect on the number of flowers in rose “Herbert
Stevens”.

According to means comparison (Fig. 1), the highest flower longevity per plant (11.33 days) was related to
spermine treatment and the lowest flower longevity (9.66 days) was related to putrescine treatment. However, no
significant difference was observed between spermine and spermidine treatments and also there were not any
significant differences between putrescine and spermidine treatment. On the other hand, the results of different
concentrations of polyamines (Fig. 2) showed that all treatments of polyamines exhibited significant differences
with the control plants. The highest flower longevity (12.77 days) was observed at the treatment with the concen-
tration of 1 mM and the lowest flower longevity (7.66 days) was related to the control. No significant difference
was observed between treatments with the concentrations of 1 mM and 4 mM, and there was no significant differ-
ence between treatments with the concentrations of 4mM and 2 mM either.
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Figure 1. The effect of polyamine type on flower longevity of rose ‘Herbert Stevens. Values followed by the
same letter(s) do not differ significantly at oc=0.01.
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Figure 2. The effect of polyamine concentration on flower longevity of rose ‘Herbert Stevens. Values followed
by the same letter(s) do not differ significantly at oc=0.01.

Reports indicate that in many plant organs, aging is completely related to the decrease in the amount of pol-
yamines and that the intracellular concentration of polyamines, especially spermidine, is high in young organs
but it is reduced by the aging of the organs. Polyamines and ethylene have contradictory effects on a number of
physiological processes, including the aging of tissues, fruit ripening, and the abscission of organs. There are
numerous shreds of evidence that ethylene has a role of an accelerator in the aging process, the ripening, and the
abscission of organs. On the other hand, studies have shown that polyamines are effective antiaging materials
that delay chlorophyll destruction, membrane decay, and the increase in the activity of protease and ribonuclease
enzymes. The interactions of polyamines and ethylene are both, in synthesis and in the action of each other so
that the synthesis or action of one of them is prevented by another. SAM is the same precursor in the biosynthesis
of polyamines and ethylene, and its consumption in each of the above pathways is irreversible. The competition
between the biosynthesis of polyamines and ethylene to use SAM can justify some of their conflicting relation-
ships in plant growth. Reports indicate that the ability of polyamines to stop ACC oxidase action can be related
to the removal of superoxide radicals that are essential for the transformation of ACC to ethylene. The property
of removing free radicals has a positive correlation with the number of amine groups in the polyamine molecule.
This means that spermidine and spermine are more effective than putrescine and cadaverine®. Some reports
suggest that polyamines prevent the synthesis of internal ethylene by increasing the proteins in petals and ovaries
and thereby they hider the aging of tissues'?. Some argue that polyamines prevent aging by interfering with the
production of essential enzymes for the synthesis of ethylene. Free and reactive oxygen radicals cause peroxidative
damage to membranes and accelerate aging. It is believed that the greatest contribution of polyamines to plants is
their role in strengthening the membranes by destroying free radicals. It has been reported that polyamines have
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Mean squares
Changes sources DF | Chlorophylla | Chlorophyll b | Total chlorophyll | Carotenoids
Polyamin source 2 0.00198"* 0.00075™ 0.0043™ 0.00013™
Polyamin concentration 3 0.00504" 0.00077" 0.0047"" 0.00038"
Source*concentration 6 0.00448™ 0.00049™ 0.0052" 0.00019™
Error 24 0.00012 0.00006 0.00014 0.00008
Cv (%) 8.94 24.46 7.64 16.55

Table 4. Results of variance analysis of the effect of polyamines sources and concentrations on some
physiological characteristics of rose ‘Herbert Stevens. 'ns, * and ** respectively non-significant, significant at 5
and 1 percent.

antioxidant properties and spermine is the most effective polyamine in preventing lipid peroxidation. The poly-
amines are bonded to the membrane phospholipids and thus prevent their peroxidation®. Therefore, polyamines
can reduce free oxygen radicals due to their antioxidant properties and, on the other hand, they can reduce the
destruction of membrane lipids and maintain membrane permeability by decreasing the activity of the lipoxygen-
ase enzyme; as a result, flower longevity and flower quality are increased*®.

According to the results of this study, all concentrations of polyamines increased the flower longevity per
plant, and the best effect was observed at the concentration of 1 mM. Also among different types of polyamines,
spermine had the greatest effect on flower longevity. As mentioned, since spermidine and spermine have more
amino groups, they have a greater effect on destroying free radicals than putrescine, and thus they prevent the
synthesis of ethylene, so their effect on delaying aging will be greater. As seen in the present study, spermine had
the greatest effect on flower longevity per plant, followed by spermidine and putrescine, respectively. Consistent
with our study, there are reports of the positive effects of polyamines on the flower longevity of other plants. For
example, in a study on the effect of humic acid and putrescine on roses, the results showed that the treatment of
humic acid with putrescine prolonged the vase life at all levels of putrescine (2 mM and 4 mM) application®”. The
study of the persistence of Dianthus caryophyllus flowers showed that polyamines (putrescine, spermidine, and
spermine) increased the flower life in all concentrations, while spermidine had the highest effect at the concen-
trations of 1 mM and 2 mM".

Chlorophyll content. Analysis of variance results showed that the effect of polyamine sources and con-
centrations and their interactions on chlorophyll a, b and total chlorophyll was significant at 1% level while in
carotenoids only the effect of concentrations of polyamines was significant at 1% level (Table 4).

According to the means comparison (Table 3), the use of polyamines increased chlorophyll a. Plants that
were treated with putrescine (at the concentration of 2 mM), spermidine (at all concentrations) and spermine (at
the concentration of 1 mM) were significantly different from control plants. Other treatments did not show any
significant difference compared to control. The highest amount of chlorophyll a (0.208 mg/g FW) was observed
in plants treated with 1 mM spermine, but it had no significant difference with 4 mM spermidine treatment. The
lowest amount of chlorophyll a (0.09 mg/g FW) was also observed in control plants. Regarding chlorophyll b,
the results of the analysis of the data (Table 3) indicated that only spermine (1 mM and 2mM) and spermidine
(4 mM) exhibited significant differences with the control, but other treatments had no significant difference with
the control plants. The highest chlorophyll b content (0.058 mg/g FW) was observed in plants treated with 4 mM
spermidine and the lowest chlorophyll b content (0.005mg/g FW) was observed in the treatment of spermine
at the concentration of 1 mM. But, there was no significant difference in different concentrations of putrescine
treatment with control plant in chlorophyll b content. Finally, according to the results of the means comparison
(Table 3), the application of putrescine (2 mM), spermidine (1, 2, and 4 mM) and spermine (1 mM and 2 mM)
caused significant differences in total chlorophyll with control. The highest total chlorophyll content (0.247 mg/g
FW) was related to spermidine treatment at the concentration of 4 mM, and the lowest one (0.119 mg/g FW) was
related to spermine treatment at the concentration of 4 mM.

Polyamines are essential for cell division and proliferation in all cells and are involved in various growth pro-
cesses, including the action of pigments, protein synthesis, the integration of the structure of nucleic acids, and
the integration of the cell membrane®. It should be noted that the content of chlorophyll is affected by nutritional
management, especially nitrogen management. Nitrogen deficiency can inhibit the formation of chlorophyll and
cause a decrease in leaf chlorophyll content®. Nitrogen is a part of the enzymes involved in the synthesis of
chlorophyll and is a part of the chlorophyll molecule. Therefore, the enhancement of nitrogen concentration can
increase nitrogen uptake and chlorophyll content*’. On the other hand, polyamines regulate the structure and
action of membranes involved in photosynthetic processes. The application of polyamines maintains the stability
of chloroplast membranes and prevents chlorophyll degradation®. Possibly, polyamines prevent chlorophyll deg-
radation by inhibiting peroxidase activity?’. Exogenous polyamines postpone the decomposition of chlorophyll
in protoplasts and prevent the activity of the protease enzyme. It has been observed that in leaves harvested from
many plants, the polyamines prevent the increase in RNase activity, and also the treatment of the polyamines
delayed and reduced the activity of the enzyme protease and also prevented chlorophyll degradation. Probably,
all these results are related to the anti-ethylene role of polyamines®. Due to the anti-ethylene role of polyamines
and since ethylene degrades chlorophyll, polyamines, especially spermidine, prevent the production of enzymes
involved in ethylene production and prevent the production of free radicals that degrade chlorophyll. Polyamines
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Figure 3. The effect of polyamine concentration on carotenoids content of rose ‘Herbert Stevens. Values
followed by the same letter(s) do not differ significantly at oc = 0.05.

also prevent the degradation of chlorophyll by reducing the activity of hydrolytic enzymes on the thylakoid mem-
brane®!. Since polyamines are related to the synthesis of cytokinins and given that one of the roles of cytokinins is
the evolution of chloroplast life and the postponement of leaf aging*, it is possible that the polyamines can help
maintain the chlorophyll of the leaves in this way. Studies have shown that polyamines can increase chlorophyll
content by regulating the expression of genes involved in chlorophyll synthesis**#.

Therefore, as noted, since polyamines have nitrogen in their structure, and nitrogen is a part of the chlo-
rophyll molecule, and due to the anti-ethylene role of polyamines and its effect on biosynthesis and activity of
phytohormones, polyamines prevent chlorophyll degradation and increase chlorophyll content. In this study,
spermidine had the greatest effect on chlorophyll content at the concentration of 4 mM. Hu et al.**, showed that
under salinity-alkalinity stress, PBGD (chlorophyll biosynthesis gene porphobilinogen deaminase) expression
was down-regulated and chlorophyllase expression was up-regulated, and after spermidine treatment both of
them were reduced. Their results showed that exogenous spermidine had an important role in chlorophyll pro-
tection under stress by increasing chlorophyll synthesis and preventing its degradation. Results of a study on
Zoysia grass, showed that the application of spermine and spermidine reduced the degradation of chlorophyll and
maintained cell membrane stability. Polyamines effectively reduced ROS production by promoting antioxidant
enzyme activity and then inhibiting lipid peroxidation®. Studies on many plants show the positive effect of poly-
amines on chlorophyll. In Gladiolus grandiflorum L., Dahlia pinnata L., Salvia splendens, and Celosia argentea L.,
putrescine application has increased the content of chlorophyll versus the control'®!7247, The results of studies on
Chrysanthemum morifolium Ramat. and Dianthus caryophyllus, have shown that polyamine treatments (putres-
cin, spermidine, and spermine) increased the chlorophyll content compared to control'>*$. Danaee and Abdossi*
also reported that foliar application of polyamine (putrescine, spermidine and spermine) resulted in a significant
increment of total leaf chlorophyll content; between different concentrations of polyamine treatments, spermine
(100 ppm) had the greatest effect on leaf chlorophyll content. The results of study on Fennel plant showed a sig-
nificant effect of putrescine application on the chlorophyll a, b and total chlorophyll content. In this study, leaves
of treated plants with 0.5mM putrescine showed the highest chlorophyll content. But treatments with 2mM
putrescine showed the reduction in chlorophyll a, b and total chlorophyll content.

Carotenoids. The results on the effect of different concentrations of polyamines on leaf carotenoids con-
tent (Fig. 3) showed that the treatment of polyamines at the concentrations of 1 and 4 mM had a significant
effect on leaf carotenoids content, but the treatment with 2mM polyamine did not bring about any significant
differences with the control. According to Fig. 3, the highest increase in leaf carotenoids (0.058 mg/g FW) was
observed in treatments with the concentration of 1 mM and the lowest level of carotenoids (0.045 mg/g FW)
was related to the control plants. However, no significant differences were observed between different concen-
trations of polyamines.

Polyamines can bind directly to the acidic groups of phospholipids on the plasma membrane bilayer, thus
affecting the stability and permeability properties of the membranes®’. In a study on Indian mustard, increasing
of chlorophyll g, b and carotenoid levels by polyamines treatment was connected to the prevention of chloro-
phyll loss and preservation of thylakoid membrane structure. It seems that polyamines may exert their effect by
preserving thylakoid morphology and chlorophyll levels through an interaction with the negatively charged loci
in the membranes®. In a research on tomato fruits that expressed a high level of spermidine synthase synthe-
sis gene, the results showed that transgenic tomatoes had greater amounts of carotenoids than wild tomatoes.
Transcription-dependent analysis showed that changes in polyamine content in transgenic fruits affected stable
status of gene transcription levels involved in carotenoid metabolism and led to an increase in carotenoid con-
tent. The results revealed that the genes responsible for carotenoids biosynthesis were more regulated, while the
genes involved in carotenoids decomposition stopped. According to our results, the mechanism for regulating
the formation of carotenoids occurs during the transcriptional phase™. Probably, the polyamines affect the tran-
scriptional phase and regulate the genes responsible for the accumulation of lycopene. However, it is unlikely
that transcriptional regulation is the only mechanism by which carotenoids are biosynthesis®. As it was observed
in this study, the carotenoids content of the leaf was increased with the increase in polyamine concentration.
Studies on Calendula officinalis, Gladiolus grandiflorum, Celosia argentea, and Salvia splendens have reported
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Mean squares
Ascorbate | Guaiacol
Changes sources DF |N P K catalase | peroxidase | Peroxidase
Polyamin source 2 1622 | 8.24" 165.65" 2.68™ 1.21" 2.77™
Polyamin concentration | 3 16473™ | 10.86™ | 4713.43™ | 1.56" 7.15™ 4.21"
Source*concentration 6 1686" 3.43" 349.22™ 8.44" 1.26™ 3.79
Error 24 982 2.09 164.16 1.57 1.27 13.02
CV (%) 15.80 14.27 18.60 28.25 21.40 26.53

Table 5. Results of variance analysis of the effect of polyamines sources and concentrations on Leaf’s macro
elements and antioxidant enzyme activities of rose ‘Herbert Stevens. 'ns, * and ** respectively non-significant,
significant at 5 and 1 percent.

Treatment Nitrogen (mg/plant) | phosphorus (mg/plant) | potassium (mg/plant)
Control 198.20¢b<d 9.78% 36.87°
Put 1mM 264.78° 10.183% 75.66%
Put2mM 153.97b<d 8.623 67.41%
Put4mM 133.42¢ 8.79% 79.26%
Spd 1mM 255.85% 13.195° 88.80°
Spd 2mM 168.802¢ 10.50% 77.75%
Spd 4mM 219.792bcd 10.52% 84.83%
Spm 1mM 249.19%¢ 11.35%® 65.65®
Spm 2mM 142.65¢ 7.730 68.38%
Spm 4mM 196.272b<d 11.50% 108.27°

Table 6. The effect of putrescine (Put), spermidine (Spd) and spermine (Spm) on root length, root fresh and
dry weight and chlorophyll content of rose ‘Herbert Stevens’ In each column, values followed by the same
letter(s) do not differ significantly at oc =0.01.

an ascending trend of carotenoids content with the increase in polyamines concentrations'®2** In a study on
Fennel plant results indicated that application of putrescine exhibited significant effects on carotenoids and the
highest carotenoids content was observed at treated plants with 0.5 mM putrescine®.

Leaf’'s macro elements (NPK). Analysis of variance results showed that the effect of polyamine sources
was significant only in potassium while the effect of polyamine concentrations on nitrogen, potassium and phos-
phorus was significant at 1% level (Table 5).

The results on the effect of different concentrations of polyamines on nitrogen content (Table 6) indicated that
only its treatment at the concentration of 1 mM created a significant difference with control and other treatments
hadn't any significant differences with the control plants. According to Table 6, the highest amount of nitrogen
(256 mg N/plant) was associated with 1 mM polyamine, and the lowest one (150 mgN/plant) was observed in
plants treated with 2 mM polyamine, which had insignificant differences with the control and the treatment at the
concentration of 4mM. With respect to the effect of polyamine treatments on phosphorus content, it can be seen
in Table 6 that among different types of polyamines, spermidine had the highest effect on plant phosphorus con-
tent (13.195 mg P/plant) and the lowest phosphorus content (7.73 mg P/plant) was related to the spermine 2 mM.

According to means comparison (Table 6), the treatment of polyamines at different concentrations increased
potassium content. According to Table 6, the highest amount of potassium (108.27 mg K/plant) in plants leaves
was related to spermine 4 mM and the lowest amount of potassium (36.87 mg K/plant) was related to the control
plants.

Reports indicate that polyamines interfere with the root process, and the exogenous use of polyamines
improves root structure by increasing the percentage of narrow and hairy roots and reducing thick roots. These
changes improve the absorption of the elements and increase their concentrations within the plants. On the
other hand, polyamines can act as an additional source of nitrogen for the plants and improve their growth®>.
Putrescine has been reported to increase nitrogen uptake and storage. Nitrogen leads to the formation of nitrogen
compounds such as amino acids that protect the plant from stress conditions'. Phosphorus is an important com-
ponent of nucleic acids, phospholipids, coenzyme, NAD, NADP, and ATP. Therefore, the increase in phosphorus
content after polyamine treatment can indicate the effective role of polyamines in plant growth and productiv-
ity?". The foliar application of polyamines increases the absorption of some elements, especially potassium. It
should be noted that the critical role of potassium in photosynthesis has been demonstrated by its direct effect on
growth, photosynthetic pigmentation, and carbon dioxide absorption'®. Polyamines can increase the activity of
metabolic processes in the plant, and thus the physiological activity of plants is improved by the increase in the
root efficacy to absorb macronutrient nutrients from the soil*. Therefore, polyamines help to the better uptake
of elements by plant roots through increasing photosynthesis intensity and root discharge®’. On the other hand,
it should be noted that reducing the concentration of the elements by increasing nitrogen levels is related to plant
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growth and dilution effects. In many cases, nitrogen increases the amount of plant dry matter and thereby it
decreases the concentration of the elements in the plants®.

Considering the reasons mentioned above and the fact that an increase in root length was observed in the
present study, it is likely that the rate of absorption of the elements has been increased. However, considering
that spermidine has the greatest effect on root length and root dry weight, and because phosphorus is absorbed
more from the tip of the roots, spermidine treatment has the greatest effect on the amount of plant phosphorus.
It should also be noted that higher nitrogen uptake is due to the fact that polyamines contain nitrogen in their
structure. Therefore, one of the main causes of nitrogen uptake of the plant is due to its presence in the structure
of polyamines. Of course, this increase may also be due to increased absorption by the roots. In general, it can be
stated that among different concentrations of polyamines, the treatments with the concentration of 1 mM had the
greatest effect on the amount of nitrogen, phosphorus, and potassium in the plants. In general, it should be noted
that the foliar application of compounds such as polyamines is more effective in the physiological processes of
the plants and has an indirect and limited effect on the absorption of elements. The results of this study were in
accordance with the results of studies on Freesia refracta (Jacquin) Klatt, Bougainvillea glabra, Gladiolus grandif-
lorum and Populus euramericana'®**3>% and the results of a study on the effect of polyamine application on Rosa
hybrida. It was revealed that polyamine application has significant effect on leaf NPK. Results of this study showed
the highest nitrogen and phosphorus concentration in 1 mM spermine treatments and a significant increase in
potassium concentration in comparison with control plant>’.

Antioxidant enzymes activity. Based on the results of analysis of variance (Table 5), antioxidant enzymes
(catalase, ascorbate peroxidase, and guaiacol peroxidase) were not affected by the polyamine treatments.
Polyamine treatment had no effect on antioxidant enzymes as expected. One of the most important plant pro-
tection mechanisms in stress conditions is to prevent the production of free radicals®. The effects of free radicals
include the decomposition of chlorophyll and protein oxide®. They also cause lipid peroxidation and damage to
the cell membrane®. Polyamines are likely to exert their effects in reducing the adverse effects of stress by directly
interacting with membranes, reducing oxidative activity, acting as compatible osmolytes or ionic feature®’. It has
been observed that polyamines such as putrescine, spermine and spermidine regulate the apoplastic antioxidant
activity of various antioxidant enzymes. An increase in the levels of endogenous or exogenous polyamines results
in increased scavenging of oxygen and hydroxyl free radicals®?. Polyamines appear to exhibit their antioxidant
effect by inducing the expression of genes that encode antioxidant enzymes. Thus, polyamines may act not only as
scavengers of free radical but also as activators of the expression of antioxidant enzymes encoding genes®. Similar
to the results of the above study, studies on different plants have also shown that exogenous polyamines did not
show any significant effect on antioxidant enzyme activity of plants under non-stress conditions, but polyamine
treatment in plants subjected to stress led to an increase in the plant antioxidant enzyme activities compared to
untreated plants*®2,

Conclusion

In general, it can be concluded that the application of polyamines can remarkably influence the growth and devel-
opmental characteristics of the plants in various ways. Among three polyamines, putrescine was most effective in
root dry weight, spermidine in root length, chlorophyll content, plant phosphorus and spermine affected on root
fresh weight and flower longevity. Polyamine concentration of 1 mM had the potent effect on flower longevity,
carotenoids, nitrogen and phosphorus content. Polyamine treatments had no significant effect on the number of
flowers per plant and antioxidant enzymes.

Received: 12 March 2019; Accepted: 16 October 2019;
Published online: 05 November 2019

References

. Ghasemi Ghahsareh, M. & Kafi, M. Scientific and practical flowering. Publishing Author. Vol. 1, 149-137 pp. (In Persian) (2008).

. Mercurio, G. Cut rose cultivation around the world. Schreurs. 242p. (2007).

. Bhattacharjee, S. K. & Banerji, B. K. The complete book of rose. Jaipur 302 003 (Raj.) India, 531 p. (2010).

Dole, J. M. & Wilkins, H. E Floriculture, principles and species. New Jersey, Pp. 808-827 (2004).

. Asna Ashari, M. & Zokai Khosroshahi, M. Polyamines and horticultral sciences. Bu-Ali Sina Univercity, 163 p. (In Persian) (2008).

Pegg, A. E. & Michael, A. J. Spermine synthase. Cell. Moll. Life Sci. 67, 113-121 (2010).

Alcazar, R. et al. Polyamines: molecules with regulatory functions in plant abiotic stress tolerance. Plant. 231, 1237-1249 (2010).

. Pegg, A. E. & McCann, P. Polyamine metabolism and function. Plant Cell Physiol. 12,212-221 (2017).

. Badawy, E. M., Kandil, M. M., Habib, A. M. & El-Sayed, I. M. Influence of Diatomite, Putrescine and Alpha-Tocopherol on some

vegetative growth and flowering of Antirrhinum majus L. plants. J. Hortic. Sci. Ornament. Plant. 7(1), 7-18 (2015a).

10. Habba, E. E., Abdel Aziz, N. G., Sarhan, A. M. Z., Arafa, A. M. S. & Youssefi, N. M. Effect of putrescine and growing media on
vegetative growth and chemical constituents of Populus euramericana plants. J. Innov. Pharm. Biol. Sci. 3(1), 61-73 (2016).

11. Danaee, E. & Abdossi, V. Phytochemical and morphophysiological responses in Basil (Ocimum basilicum L.) plant to application of
polyamines. J. Med. Plant. 18(69), 125-133 (2019).

12. Hosseini Farahi, M., Khalighi, A., Kholdbarin, B., Mashhadi Akbar-Boojar, M. & Eshghi, S. Morphological responses and vase life
of Rosa hybrida cv. Dolcvita to polyamines spray in hydroponic system. World Appl. Sci. J., 21(11), 1681-1686 (In Persian) (2013).

13. Hemmati, K., Khalighi, A. & Soleimany-Fard, E. Impact of pre- and post-harvest putrescine applications on water relations and vase
life of cut Alstroemeria flowers. Adv. Environ. Biol. 8(12), 158-165 (2014).

14. Dastyaran, M. Effect of humic acid and exogenous putrescine on vase life and leaf macro elements status of hydroponic cultured
Rose. Agric. Comm. 3(1), 43-49 (2015).

15. Kamiab, F. The effect of different polyamines on vase life, ethylene production and some physiological properties of Dianthus
caryophyllus cv. Red Corsa. Agric. Crop Mgt. 18(2), 288-275 (In Persian) (2016).

16. Kandil, M. M., Ibrahim, M. M., El-Hanafy, S. H. & El-Sabwah, M. M. Effect of putrescine and uniconazole on some flowering
characteristics and some chemical constituent of Salvia splendens F. plant. Intl. ]. Chem. Technol. Res. 8(9), 174-186 (2015).

O NG AW~

SCIENTIFIC REPORTS |

(2019) 9:16025 | https://doi.org/10.1038/s41598-019-52547-1


https://doi.org/10.1038/s41598-019-52547-1

www.nature.com/scientificreports/

17.
18.
19.
20.

21.
22.

23.
. Nakano, Y. & Asada, K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell Physiol.

25.
26.
27.
28.

29.
. Lewis, D. R, Negi, S., Sukumar, P. & Muday, G. K. Ethylene inhibits lateral root development, increases IAA transport and expression

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.
43.

44,
45.
46.
47.

48.

49.

50.
51.
52.
53.

54.
. Rezvanipur, S., Hatamzadeh, A, Elahinia, S. A. & Asghari, H. R. Effect of exogenus polyamines on growth, flowering and corm

56.

57.

Badawy, E. M., Kandil, M. M., Mahgoub, M., Shanan, N. & Hegazi, N. Chemical constituents of Celosia argentea var. cristata L. plants
as affected by foliar application of putrescine and alpha-tocopherol. Int. J. Chem. Techol. Res. 8(12), 464-470 (2015b).

Alborz, Z., Habibi, F. & Mortazavi, S. N. The effect of Putrescine and Spermine spraying on increasing vase life of Alstroemeria cv.
Sukari. Agric. Crop Manag., 17 (1), 255-241 (In Persian) (2015).

Xinbo, S., Lijuan, X. & Liebao, H. Effects of exogenous spermidine and spermine on antioxidant metabolism associated with cold-
induced leaf senescence in Zoysiagrass (Zoysia japonica Steud.). Hortic. Environ. Biotechnol. 60(3), 295-302 (2019).

Abdel Aziz, N. G., Taha Lobna, S. & Ibrahim Soad, M. M. Some studies on the effect of putrescine, ascorbic acid and thiamine on
growth, flowering and some chemical constituent of Gladiolous plants at Nuberia. Ozean J. Appl. Sci. 2(2), 169-179 (2009).

Gross, J. Pigments in vegetables: Chlorophylls and Carotenoids. New York: Van Nostrand Reinhold, Pp. 3-74 (1991).

Kang, H. M. & Saltiveit, M. E. Chilling tolerance of maize, cucumber and rice Seedling (leaves and roots) and differentially affected
by salicylic acid. Physiol. Plant. 115, 577-576 (2002).

Aebi, H. Catalase in vitro. Method. Enzymol. 105, 121-126 (1984).

22, 867-880 (1981).

Updhyaya, A., Sankhla, D., Davis, T. D., Sankhla, N. & Smith, B. N. Effect of paclobutrazol on the activities of some enzymes of
activated oxygen metabolism and lipid peroxidation in sensing Soybean leaves. J. Plant Physiol. 121, 453-467 (1985).

Ohayama, T. et al. Analytical procedures of N, P and K content in plant and manure materials using H,SO,-H,0, Kjeldahl digestion
Method. Bulletin of the Faculty of Agriculture, Niigata University. Food Agric. Organ. Uni. Nat. 43, 111-120 (1991).

Shivani, S., Isha, S., Navdeep, K. & Pratap Kumar, P. Auxin: A master regulator in plant root development. Plant Cell Rep. 32, 741-757
(2013).

Couee, I., Hummel, I., Sulmon, C., Gouesbet, G. & El Amrani, A. Involvement of polyamines in root development. Plant Cell Tiss.
Organ Cult. 76, 1-10 (2004).

Saini, S., Sharma, I., Kaur, N. & Pati, K. P. Auxin: a master regulator in plant root development. Plant Cell Rep. 32, 741-757 (2013).

of PIN3 and PIN7 auxin efflux carriers. Dev. 138, 3485-3495 (2011).

Mendes, A. E. S, Cidade, L. C., Otoni, W. C., Soares-Filho, W. S. & Costa, W. G. C. Role of Auxin, Polyamines and Ethylene in root
formation and growth in sweet orange. Plant Biol. 55, 375-378 (2011).

El-Quesni, E. E. M., Kandil, M. M. & Mahgoub, M. H. Some studies on the effect of putrescine and paclobutrazol on the growth and
chemical composition of Bougainvillea glabra L. at Nubaria. Amer. Euras. ]. Agric. Environ. Sci. 2(5), 552-558 (2007).

Kazemi, M. Influence of foliar application of 5-sulfosalicylic acid, malic acid, putrescine and potassium nitrate on vegetative growth
and reproductive characteristics of strawberry cv. Selva. J. Biol. Eviron. Sci. 7(20), 93-101 (2013).

Ekinci, M., Yildirim, E., Dursun, A. & Mohamedsrajaden, N. S. Putrescine, spermine and spermidine mitigated the salt stress
damage on Pepper (Capsicum annum L.) seedling. Yiiziincii Yil Universitesi Tarim Bilimleri Dergisi 29(2), 290-299 (2019).

Bani Assadi, F, Safari, V. R., Maghsoudi Mod, A. A. Effect of putrescine and salinity on the morphological, biochemical, and
pigments of English marigold plant (Calendula officinalis L.). . Sci. Technol. Greenhouse Cult., 6 (21), 125-133 (In Persian) (2015).
Lee, M. M., Lee, S. H. & Parkb, K. Y. Effects of spermine on ethylene biosynthesis in cut carnation (Dianthus caryophyllus L.) flowers
during senescence. J. Plant Physiol. 151(1), 68-73 (1997).

Dastyaran, M. & Hosseini Farahi, M. The effect of humic acid and putrescin on vegetative properties and vase Life of rose in a soilless
system. J. Sci. Technol. Greenhouse Cult, 20, 243-252 (In Persian) (2014).

Wallace, H. M. The polyamines: past, present and future. Essay Biochem. 46, 9 (2009).

Najm, A. A., Haj Seyed Hadi, M. R, Fazeli, F, Darzi, M. T. & Rahi, A. Effect of integrated management of nitrogen fertilizer and
Cattle manure on the leaf chlorophyll, yield and tuber glycoalkaloids of Agria potato. Comm. Soil Sci. Plant Anal. 43, 912-923
(2012).

Janat, M. Efficiency of nitrogen fertilizer for potato under fertigation utilizing a nitrogen tracer technique. Comm. Soil Sci. Plant
Anal. 38,2401-2422 (2007).

Valero, D., Martnes-Romero, D. M. R. & Serrano, M. S. The role of polyamines in the improvement of the shelf life of fruit. Trend.
Food Sci. Technol. 13,228-234 (2002).

Hwang, I, Sheen, J. & Miiller, B. Cytokinin signaling networks. Annu. Rev. Plant Biol. 63, 353 (2012).

Yuan, R. N,, Shu, S., Guo, S. R, Sun, J. & Wu, J. Q. The positive roles of exogenous putrescine on chlorophyll metabolism and
xanthophyll cycle in salt-stressed cucumber seedlings. Photosynthetica 55(7), 557-566 (2017).

Zhou, H. et al. Exogenous spermidine delays chlorophyll metabolism in cucumber leaves (Cucumis sativus L.) under high
temperature stress. Acta Physiol. Plant 38(9), 224 (2016).

Hu, L, Xiang, L., Li, S., Zou, Z. & Hu, X. Beneficial role of spermidine in chlorophyll metabolism and D1 protein content in tomato
seedlings under salinity-alkalinity stress. Physiol. Plant. 156, 468-477 (2016).

Sun, X, Xie, L. & Han, L. Effects of exogenous spermidine and spermine on antioxidant metabolism associated with cold-induced
leaf senescence in Zoysiagrass (Zoysia japonica Steud.). Hortic. Environ. Biotech. 60(3), 295-302 (2019).

Mahgoub, M., Abdel Aziz, N. G. & Mazhar, A. Response of Dahlia pinnata L. plant to foliar spray with putrescine and thiamine on
growth, flowering and photosynthetic pigments. Amer-Euras. J. Agric. Environ. Sci. 10(5), 769-775 (2011).

Kamiab, F. & Zamani Bahramabadi, E. The effect of different polyamines on some physiological traits as ACC oxidase and
superoxide dismutase enzymes activity in Chrysanthemum morifolium cv. ‘Bright Golden Ann'. J. Ornament Plant. 6(2), 83-92
(2016).

Danaee, E. & Abdossi, V. Effect of different concentrations and application methods of polyamines (putrescine, spermine,
spermidine) on some morphological, physiological, and enzymatic characteristics and vase life of Rosa hybrida cv. ‘Dolce Vita' cut
flower. J. Ornament. Plant. 8(3), 171-182 (2018).

Parmoon, G., Ebadi, A., Jahanbakhsh, S., Hashemi, M. & Moosavi, S. A. Effect of exogenous application of several plant growth
regulators on photosynthetic pigments of Fennel plants. Not. Sci. Biol. 10(4), 508-515 (2018).

Mohammadi, H., Ghorbanpour, M. & Brestic, M. Exogenous putrescine changes redox regulations and essential oil constituents in
field-grown Thymus vulgaris L. under well-watered and drought stress conditions. Ind. Crop. Prod. 122, 119-132 (2018).
Mostafaei, E., Zehtab-Salmasi, S., Salehi-Lisar, Y. & Ghassemi-Golezani, K. Changes in photosynthetic pigments, osmolytes and
antioxidants of Indian Mustard by drought and exogenous polyamines. Acta Biol. Hung. 69(3), 313-324 (2018).

Neily, M. H. et al. Enhanced polyamine accumulation alters carotenoids metabolism at the transcriptional level in tomato fruit over-
expressing spermidine synthase. J. Plant Physiol., 168, 242-252 (2011).

Fraser, P. D. & Bramley, P. M. The biosynthesis and nutritional uses of carotenoids. Prog. Lipid Res. 43, 228-65 (2004).

production in the cultivars ‘Golden Wave” and ‘Blue Sea, Freesia. J. Sci. Technol. Greenhouse Cult. 7(27), 63-75 (2016). In Persian.
Youssef, E. A. E. Increasing drought tolerance of gladiolus plants through application of some growth regulators. The third
Conference of Sustainable Agricultural Development. Agadir, Morocco. pp:299-326 (2007).

Hosseini Farahi, M. & Aboutalebi Jahroomi, A. Effect of pre-harvest foliar application of polyamines and calcium sulfate on
vegetative characteristics and mineral nutrient uptake in Rosa hybrida. J. Ornament. Plant. 8(4), 241-253 (2018).

SCIENTIFIC REPORTS |

(2019) 9:16025 | https://doi.org/10.1038/s41598-019-52547-1


https://doi.org/10.1038/s41598-019-52547-1

www.nature.com/scientificreports/

58. Farzaneh, N., Golchin, A. & Hashemi Majd, K. Effect of different levels of nitrogen and potassium supplementation of nutrient
solution on yield and nitrogen and potassium concentrations of tomato leaves. J. Sci. Technol. Greenhouse Cult., 1(1), 27-33 (In
Persian) (2010).

59. Baniasadi, F, Saffari, V. R. & Maghsoudi Moud, A. A. Physiological and growth responses of Calendula officinalis L. plants to the
interaction effects of polyamines and salt stress. Sci. Hortic. 234, 312-317 (2018).

60. Kukavica, B. & Veljovic-Jovanovic, S. Senescence-related changes in the antioxidant status of ginkgo and birch leaves during autumn
yellowing. Physiol. Plant. 122(3), 321-327 (2004).

61. Minocha, R., Majumdar, R. & Minocha, S. C. Polyamines and abiotic stress in plants: a complex relationship. Front. Plant Sci. 5(175),
1-17 (2014).

62. Ahmad, S. S. & Tahir, I. Putrescine and Jasmonates outplay conventional growth regulators in improving postharvest performance
of Iris germanica L. cut scapes. Proceedings of the National Academy of Sciences, India Section B: Biol. Sci. 88(1), 391-402 (2018).

63. Parvin, S. et al. Spermidine alleviates the growth of saline-stressed ginseng seedlings through antioxidative defense system. Gene
537,70-78 (2014).

Acknowledgements

Jabbarzadeh, Amiri and Rasouli-sadaghiani’s financial competing interest is research grant of Urmia University.
Yousefi, Jabbarzadeh, Amiri and Rasouli-Sadaghiani’s non-financial competing interest is Parks and Green Spaces
organization of Urmia.

Author contributions
Fereshteh Yousefi, Zohreh Jabbarzadeh and Jafar Amiri conducted physiological analysis and wrote the
manuscript. Mir Hassan Rasouli-Sadaghiani conducted leaf element analysis and edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Z.].

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:16025 | https://doi.org/10.1038/s41598-019-52547-1


https://doi.org/10.1038/s41598-019-52547-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Response of Roses (Rosa hybrida L. ‘Herbert Stevens’) to Foliar Application of Polyamines on Root Development, Flowering, P ...
	Materials and Methods

	Plant materials and treatments. 
	Growth characteristics. 
	Photosynthesis pigments. 
	Antioxidant enzymes activity. 
	Leaf minerals. 

	Results and Discussions

	Root length and fresh and dry weight of root. 
	Number of flowers and flower longevity. 
	Chlorophyll content. 
	Carotenoids. 
	Leaf’s macro elements (NPK). 
	Antioxidant enzymes activity. 

	Conclusion

	Acknowledgements

	Figure 1 The effect of polyamine type on flower longevity of rose ‘Herbert Stevens’.
	Figure 2 The effect of polyamine concentration on flower longevity of rose ‘Herbert Stevens’.
	Figure 3 The effect of polyamine concentration on carotenoids content of rose ‘Herbert Stevens’.
	Table 1 Results of soil analysis.
	Table 2 Results of variance analysis of the effect of polyamines sources and concentrations on some morphological characteristics of rose ‘Herbert Stevens’.
	Table 3 The effect of putrescine (Put), spermidine (Spd) and spermine (Spm) on root length, root fresh and dry weight and chlorophyll content of rose ‘Herbert Stevens’.
	Table 4 Results of variance analysis of the effect of polyamines sources and concentrations on some physiological characteristics of rose ‘Herbert Stevens’.
	Table 5 Results of variance analysis of the effect of polyamines sources and concentrations on Leaf’s macro elements and antioxidant enzyme activities of rose ‘Herbert Stevens’.
	Table 6 The effect of putrescine (Put), spermidine (Spd) and spermine (Spm) on root length, root fresh and dry weight and chlorophyll content of rose ‘Herbert Stevens’.




