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Abstract

To investigate the responses of the cut rose ‘Charming Black’ to drought stress at different growth stages, we defined five
stages of flowering and shoot development defined from initiation of the axillary bud to full complement of the floral parts.
Drought stress was applied from earliest bud break (stage 1) to floral bud appearance (stage 5). After the stage of treatment,
irrigation was restored to normal levels. Results showed that rose plant growth was not only influenced by the environment
but also by different stages of floral bud appearance. The stem length as well as the time it took to reach different stages of
rose development was influenced by the applied irrigation and supplemental lighting conditions. Drought stress did not have
negative effects on the quality of the flower at stage 1. Drought stress reduced the vegetative growth phase and promoted
flowering in the early stages (2-3), and significantly decreased shoot length, shoot weight and leaf area. However, at the
stage prior to flower appearance (stage 5) drought stress was more severe. The most damage was accompanied by malformed
floral buds that had shorter petal length and distorted petals. Furthermore, photosynthesis was negatively affected by drought

stress at stage 5, even after re-irrigation, for which this negative effect could not be compensated.
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1 Introduction

Roses are the most important cut flower. The plants are self-
inductive for flower initiation and exhibit recurrent flowering
year-round (Zieslin and Moe 1985). The production system
of cut roses indicates changes in biomass production during
each flowering cycle; the plant biomass of cut roses may
change at different stages of flower development during each
flowering cycle and the pattern of biomass change is cycli-
cally repeated during the harvesting periods (Kim and Lieth
2012; Zeislin and Mor 1990).

In water deficit conditions, water is supplied at criti-
cal growth stages; thus, it is important to define the criti-
cal growth stages for this crop. There are differences in the
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growth rate of cowpea during its vegetative stage (Watan-
abe et al. 1997), with the flowering and pod-filling stages
being the most sensitive drought stress (Turk et al. 1980). In
Panicum Miliaceum L., drought stress can decrease the yield
and water use efficiency (WUE) during the ear emergence
stage, as well as promote floret death and reduced seed size
(Seghatoleslami et al. 2008). In roses, drought stress during
the flowering stage of development (floral initiation until
stamen initiation is complete) has detrimental effects on the
quantity and quality of rose production. Drought stress prior
to petal initiation affected the quality of the floral buds and
reduced the number of well-formed petals and the height of
the floral buds (Chimonidou-Pavlidou 1996, 1999).

A previous study showed drought stress and supplemental
lighting altered plant growth and photosynthesis (Shi and
Kim 2014, 2015). Sigmoid function analysis indicated a
water deficit signal during vegetative growth, and a signifi-
cant difference could be observed in shoot growth rate due
to drought stress when vegetative growth began to switch to
flowering and retarded shoot elongation. Thus, it is impor-
tant to investigate the effect of drought stress at different
developmental stages in rose plants, and to identify the criti-
cal growth stages.
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2 Materials and methods
2.1 Plant materials and treatments

Rosa hybrida ‘Charming Black’™ was planted in Rockwool
slabs that were 100 cm long, 15 cm wide, and 7.5 cm deep
(UR Rockwool, Pocheon, Korea) at a plant density of 5
plants m~2 in an experimental glass-covered greenhouse,
located at the University of Seoul. The greenhouse was
controlled the temperature at 23-26°C during the day
and 17 °C during the night, a relative humidity of 61.3%
with a range of 40.2-71.1%, and a daily light cycle main-
tained at 200 umol m~ s~ between 10:00-11:00 and
14:00-18:00; 500 pmol m™* s™! between 11:00-14:00; and
90 umol m~2 s~! at night. A high-pressure sodium lamp
(GEO-NH 400 W-L/P, Dackwang, Yeosu, Korea) was used
as the light source. Supplemental lighting periods were
16:00-24:00 and 02:00-10:00 h with a 2 h night break. The
Rosa hybrida ‘Charming Black’ plants were grown using
the bending technique (Kool and Lenssen 1997), which con-
sisted of bending over the stems that were not considered
useful for flower production. Irrigation with nutrient solu-
tion of electrical conductivity (EC) 1.0 ds m™', pH 6.0+0.2
was provided every day. The supplemental nutrient solution
was composed of 1841 g m™ Ca(NO,),-4H,0, 2323 g m™
KNO,, 64.5 g m™ EDTA-Fe, 204.8 g m™> Mg(NO;),-6H,0,
575 g m~ (NH,),PO,, 12.05 g m~® MnSO,-5H,0,
8.63 ¢ m™ ZnS0O,-7H,0, 9.27 ¢ m~* H;BO;, 1.25 g m~®
CuSO,-5H,0, and 0.88 g m~* (NH,)(M,0,,-4H,0, H,SO,
provided 281 MI. The water content was measured using the
FDR method (Coco-100, Mirae Sensor, Seoul, Korea). The
changes in growth stages were noted so that drought stress
would be applied at exactly the right time.

Five stages of rose development from the initiation
of the axillary bud to stage of full complement of floral
parts were defined and modified based on Chimondifou-
Pavlidou (2000):

Stage 1  Earliest bud break, where the bud separated before
elongation had occurred

Stage 2  First 3-leaflet leaf clearly separated
Stage 3  First 5-leaflet leaf clearly separated
Stage 4 Second 5-leaflet leaf clearly separated
Stage 5 Floral bud appearance.

The treatments were applied as follows:

T1 Drought stress was applied at stage 1 and then
irrigation was restored to 80% (84.5+1.1) water
content in slab since field capacity is reported
to contain 80% solution until the stage when the
flowering shoot reached the market stage
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T2 Drought stress was applied at stage 2 and then
irrigation was restored

T3 Drought stress was applied at stage 3 and then
irrigation was restored

T4 Drought stress was applied at stage 4 and then
irrigation was restored

TS5 Drought stress was applied at stage 5 and then

irrigation was restored

Irrigation was applied throughout the stages
of bud development and until the flower shoot
reached the market stage.

Control

In a preliminary experiment, critical water content for
the ‘Charming Black’ in the greenhouse was 46.6%; when
the water content in the slab was below the critical water
content drought stress occurred. Therefore, in all the treat-
ments, drought stress was applied for a 3—4 d period, accord-
ing to the water content in the slab (30-40%). The rate of
shoot growth was measured every day until the floral buds
appeared (stage 5). The quality of cut flowers was evalu-
ated by the length and weight of the cut flower, the length
of the petals, the number of petals, and the number of days
to flowering.

2.2 Photosynthesis parameter measurements

The photosynthetic parameters were measured when the
youngest compound leaf had fully expanded. Photosyn-
thetic rate was measured using a portable photosynthesis
system Li-6400 (Li-Cor, Lincoln, NE, USA). Photosynthetic
photon flux density (PPFD) was gradually decreased from
2000 to 0 (2000; 1500; 1000; 700; 300; 100; 80; 50; and
0 pmol m~2 s~ in order to avoid limiting photosynthesis
in high light conditions due to insufficient stomatal opening
that is caused by the initial low light intensities (Singsaas
et al. 2001).

Chlorophyll fluorescence in rose leaves was performed
using FluorCam (FluorCam 800MF, Photon System Inc.,
Brno, Czech). The second leaflet was dark-adapted for
30 min and then observed using quenching kinetics analysis
method. The actinic light (Actl), shutter, and intensity of
light were set at 50%, 20 ps, and 80%, respectively.

To determine the leaf chlorophyll content, 0.1 g crushed
leaf samples were extracted from the second leaflet, to which
10 mL 100% methanol was added. Samples were then stored
in a dark place for 24 h to ensure complete extraction. Chlo-
rophyll content was assessed by the absorbance measured
at 470 nm, 652 nm, and 655 nm with a spectrophotometer
(UV-2450, Shimadzu, Kyoto, Japan). Chlorophyll a, b, and
a+b, and carotenoid content was measured according to the
method described by Lichtenthaler (1987).

Statistical analysis included analysis of variance
(ANOVA) and was calculated using statistical analysis
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software (version 9.3, SAS Institute Inc., Cary, NC, USA).
Parameter values in the model equations were estimated with
SAS protocols. Sigmoid function was performed with Sigma
Plot software (Systat Software, Inc., Chicago, IL, USA).

3 Results

The effect of drought stress on rose shoot growth over time
is plotted in Fig. 1. Drought stress significantly affected the
growth of ‘Charming Black’ plants. Drought stress applied
at the beginning of stage 1 and stage 2 (T1 and T2) did
not affect plant growth. Treatments with water stress during
stage 3 caused a reduction in growth by about 24.6% at the
bloom stage compared to the control treatment. Moreover,
drought stress applied at stage 4 and stage 5 (T4 and T5)
caused growth inhibition. Three weeks after irrigation was

stopped at stage 3, the shoot growth rate was inhibited and
reduced by 54.1% at bloom stage. Similarly, shoot growth
impairment was observed in T5, where shoot growth rate
was reduced by 31.9% at the bloom stage.

When drought stress was applied at different develop-
mental stages, it had different negative effects on the shoot
growth and flower quality (Table 1). Water deficiencies dur-
ing stages 3, 4, and 5 decreased the plant height and reduced
leaf area but significantly promoted the transition from veg-
etative to flowering stages; flowering time occurred sooner
by 2, 6, and 5 d in T3, T4, and TS5, respectively. Plant height
in ‘Charming Black’ roses subjected to water regimes in
T3, T4, and TS treatments was less than the control by 14.1,
22.2, and 7.7, and plant weight subjected to water regimes
in T3, T4, and T5 treatments was less than the control by
20.8 g, 23.4 g, and 20.3 g, respectively. When drought stress
was applied at stages 3 and 4, stem diameter decreased by

Fig. 1 Effect of drought stress at 60
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Table 1 Effect of drought stress applied at different developmental stages on shoot growth and flowering of cut rose ‘Charming Black’ cultivar

Treatment Days to flow- Shoot length ~ Shoot weight Stem No. of leaves Leaf area No. of Petals Petal length  Malformed
ering (cm) (2) diameter (ea.) (cm?) (ea.) (cm) flower (%)
(cm)

Control 39 ¢* 523 a 38.8a 0.6 a 9.0a 5195a 40.1a 39a 0.0c

T1 39¢ 50.8a 35.1a 0.6a 8.8 ab 436.5b 414 a 39a 00c

T2 39¢ 49.3b 2450 04b 8.8 ab 455.4b 40.2 a 3.4 ab 00c

T3 37b 382¢c 18.0 be 0.3 be 7.3 bc 275.6 ¢ 39.6a 260 00c

T4 33a 299d 154c¢ 02c¢c 8.0b 239.1¢ 31.1b 2.7b 40.0b

T5 34 ab 44.6 be 18.5bc 05a 63c 419.1b 173 ¢ 1.6¢ 714 a

“Mean separation within columns was calculated with Duncan’s new multiple range test at p=0.05 (n=10)
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0.3-0.4 cm, and leaf area decreased by 243.9-280.4 cm?
compared to the control, respectively. Application of drought
stress during stages 3, 4, and 5 “significantly damaged” the
floral bud; petal length under treatments T3, T4, and T5 was
reduced by 1.3, 1.2 and 2.3, respectively, in relation to the
control. Moreover, T4 and T5 treatments caused a decrease
in the average number of petals by 9 and 22.8, respectively.
Therefore, malformed flowers with irregular petals occurred
in T4 (40%) and malformed flowers (71.4%) appeared when
drought stress was applied at stage 5. A significant reduc-
tion in floral bud diameter and petal length was observed
(Table 1).

Photosynthesis was measured after irrigation resumed
in all treatment groups (Fig. 2). No significant differ-
ence was recorded among control, T1 and T2 treatments.
However, net CO, assimilation rates (A,) in response to
drought stress applied in stages 3, 4, and 5 were signifi-
cantly reduced. The A, values were 7.23 umol CO, m~2 s~}
9.38 umol CO, m~2 s™!, and 5.66 pmol CO, m™2 s~! at
1000 umol m~2 s~! PPFD for these stages, respectively.
Compared to the control treatment, we observed a reduc-
tion of 3.67 umol CO, m™2 s™!, 1.52 pmol CO, m™2 57/,
5.24 umol CO, m~2 s™" in plants treated with drought stress
at stages 3-5.

Leaf stomatal conductance (g,) was 0.25 mol
H,0 m™? s! and 0.05 mol H,0 m™? s™! in T4 and T5
at 1000 pmol m~2 s~! PPFD, which was then reduced
by 1.00 mol H,0 m~2 s~! and 1.20 mol H,0 m~2 s7!,

respectively. A significant decrease of 2.46 H,O m™>s™! at

1000 umol m~2 s~! PPFD was observed when the drought
stress was applied at stage 5. However, TS caused an increase
in stomatal limitation (Lg) by 0.18, and 6.61 in water use
efficiency (E) at 1000 umol m~2 s~! PPFD (Fig. 3).

Chlorophyll was measured at stages 3 and 5, and at the
harvest stage. Results demonstrated that the highest value
occurred in T2 when chlorophyll was measured at stage 3.
In relation to control, 30.6% increase could be found. When
chlorophyll was measured at stage 3, the highest value was
23.91 mg.g~! FW, but dropped by about 6.12 and 7.16 in T4
and T5. However, at harvest stage, all the stressed treatments
showed a reduction compared with control. A decrease of
9.8%, 14%, 11.4%, 15.3% and 31.7% in T1, T2, T3, T4, and
TS5 could be observed, respectively (Fig. 4).

Chlorophyll fluorescence measurements were also applied
at stage 3, stage 5 and harvest stage, respectively (Fig. 5). No
significant difference could be found at stage 3 and stage 5.
However, at harvest stage, Fy/F), ratio exhibited a decline
in T1, T2, T3, T4, and T5 by 43.0%, 71.9%, 45.9%, 61.5%
and 55.6%, respectively. NPQ is considered as an important
stress index, T4 and T5 showed lower NPQ value at stage
3 (53.0% and 63.5% to the control), and then increased sig-
nificantly at stage 5 (139.5% and 141.4% to the control).
At the harvest stage, non-photochemical quenching (NPQ)
increased with the development stage by 248%, 186%, 495%,
757% and 690% in T1, T2, T3, T4, and TS5, respectively
(Fig. 5).
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Fig.3 Effect of drought stress on a stomatal conductance (g,), b transpiration rate (E), ¢ stomatal limitation (Lg), and d water use efficiency
(WUE) when applied at different developmental stages in the cut rose ‘Charming Black’. Vertical bars indicate mean standard errors (n=3)

4 Discussion

This study characterized plant growth and physiology in
response to drought stress at different growth stages in the
cut rose ‘Charming Black’. Photosynthesis and growth
(biomass production) are the primary processes affected
by drought stress (Chaves and Oliveira 2004; Sapeta et al.
2013). Drought stress was applied from stage 3 to stage 5 of
plant development. Water deficit not only restricted shoot
elongation (Fig. 1), but also shortened the vegetative phase
and promoted flowering for about 5 d (Table 1). A previ-
ous study also reported that shoot under drought stress con-
ditions, floral buds appeared earlier and on shorter stems
compared to plants that received less severe stress treatment
(Chimonidou-Pavlidou 2001).

Early induction of floral buds and shortened branches
under drought stress has been reported (Sharp et al. 2009).
Drought stress affected the quality of Syringa meyeri

‘Palibin’ by altering plant growth. Under drought stress
conditions, restricted growth is a morphological adaptation
of the plant to reduce to water loss by minimizing the tran-
spiration area (Koniarski and Matysiak 2013). The shoot
length in T3 and T4 treatment groups was reduced by 27.0%
and 42.4%, and leaf area in T3 and T4 reduced by 46.9%
and 54.0%, respectively. Reduction in leaf area during a
drought period not only reduced water loss but also reduced
plant carbon assimilation, which consequently restricted
growth (Banon et al. 2006). However, when drought stress
was applied at stages 4 and 5, malformed flowers developed.
Previous work on malformation in roses under water deficit
conditions has been reported at the flower initiation stage;
the flowering shoots produced under drought stress showed
less well-formed petals and short floral buds (Chimonidou-
Pavlidou 2004). Varying resistance to the transportation of
water inside the plant has been found in different parts of
cut roses. There were two regions of low conductance that

@ Springer
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Fig. 5 Effect of drought stress on (a) chlorophyll fluorescence param-
eter Fy/Fy; (maximum quantum yield of PSII photochemistry and (b)
NPQ (non-photochemical quenching) when applied at different devel-

can be observed in rose plant: the first region is the dis-
tal peduncle and second is the abscission zone, which is
at the junction of the reproductive and vegetative organs
of the rose, also known as the safety zone. The abscission
zone between the rose stem and peduncle had a significant
resistance to water flow and minimized water loss to limit
drought stress effects (Darlington and Dixon 1991). These
two regions worked in conjunction to control rose plant
growth and development. To protect the main axis of the
plant from drought stress, many plants sacrifice peripheral
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opmental stages in the cut rose ‘Charming Black’. Vertical bars indi-
cate mean standard errors (n=3)

organs (Zimmermann 1978; Milburn 1979). The principal
site of water loss in rose plants is the flower; if water loss
from floral buds is extensive, the abscission zone will restrict
water flow to the flower (Darlington and Dixon 1991). Under
drought stress, the flower part is removed to protect the
shoot, resulting in plants with reduced or malformed flowers.
Due to competition between flower shoots and floral buds,
the shorter shoot in water stress conditions can be explained.

Photosynthetic parameters were measured after irrigation
was restored in all treatments. Plants in T1 and T2 treatment
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groups recovered their photosynthetic ability and there was
no significant difference in the photosynthetic parameters of
the experimental groups compared to the control treatment.
However, a reduction in the net CO, assimilation rate was
observed when drought stress was applied in stages 3, 4,
and 5. If the stress was applied when floral buds appeared,
the lowest A, value was measured, which correlated with a
significant decrease in stomatal conductance. It has been
reported that response to drought stress in plants is a reduced
stomatal conductivity, which also decreases gas exchange
and transpiration. It is considered to be the main mechanism
that regulates carbon assimilation and water relations in
crops (Hetherington and Woodward 2003). Excessive water
loss was limited by reduced stomatal conductance, although
it also prevented the infiltration of carbon dioxide into the
assimilation parenchyma (Chaves et al. 2003). Decreased
water supply in leaves, as a result of drought stress, induced
stomatal closure and caused a reduction in available CO, to
the mesophyll cells, which consequently led to a decrease in
photosynthesis (Lu and Zhang 1999).

As one of the major chloroplast components of photo-
synthesis, chlorophyll content is highly correlated with
photosynthetic rate (Guo and Li 1996). In the rose culti-
var ‘Charming Black’, young leaves are initially red and
then turn green. The highest value of chlorophyll content
at stage 3 was observed in the T2 treatment, potentially
because the drought stress at this early stage accelerated
floral bud appearance and reduced vegetative growth. How-
ever, at stage 5 and the harvest stage, chlorophyll content
significantly reduced in the T4 and TS5 treatments, which
implied that drought stress at later developmental stages has
a negative effect on chlorophyll content. It has been reported
that drought stress always causes a reduction in leaf green-
ness in C; plants due to chlorophyll degradation (Flexas and
Medrano 2002).

The variation in Fy/Fy; was between 0.75 and 0.85, which
indicated that the photosynthetic apparatus was intact. When
the value was below 0.75, the stressful condition could be
observed (Santos et al. 2013). At the harvest stage, Fy/Fy,
demonstrated the highest value with the lowest NPQ value.
In later developmental stages, the NPQ increased signifi-
cantly. Therefore, plant tolerance to drought stress can be
effectively assessed by measuring the decline in the quantum
efficiency of photosystem II (Fy/Fy) (Resco et al. 2008).
Under drought stress conditions, photosynthesis was lim-
ited due to excess energy. If the energy cannot be dissipated
safely, over-excitation of the photosystem II reaction centers
can occur and cause increased ROS production in the chlo-
roplasts (Carvalho 2008). Chlorophyll fluorescence imaging
is a useful and intuitive technique to investigate plant pho-
tosynthetic performance, and under drought stress it can be
a useful detection technique in greenhouse rose cultivation
(Calatayud 2006).

In conclusion, drought stress has different effects on
plant growth and physiology in cut rose cultivar ‘Charm-
ing Black’. At developmental stage 1, there was no signifi-
cant negative effect observed after drought stress treatment;
however, when drought stress was applied on stages 2, 3,
and 4, the water deficit impaired shoot growth. In particu-
lar, at stages 3 and 4 the leaf area was significantly reduced
to restrict water loss in the plant. Moreover, malformed
flowers with distorted petal were observed when the stress
was applied at stage 5. At early developmental stages, a
shortened vegetative growth period and accelerated floral
bud appearance were effects of drought stress, resulting in
shorter shoots. However, when the stress appeared at later
developmental stages, the floral buds were more affected
and resulted in reduced floral bud diameter and length, and
well-formed flower petals. When irrigation was restored to
the control conditions, photosynthetic ability was recovered
in all treatments except TS. In addition, chlorophyll fluores-
cence imaging was a useful tool for detecting drought stress
in the greenhouse-grown cut rose cultivar ‘Charming Black’.
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