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Abstract
Water shortage is a key environmental factor that negatively effects plant growth. Lanzhou lily (Lilium davidii var. unicolor) 
is a perennial herbaceous drought-tolerant crop widely used as a food and medicine in China. The effects of drought stress 
on plant growth, osmotic pressure, and secondary metabolite content differ. Here, we investigate alterations in basic physi-
ological processes and in the accumulation of osmolytes by Lanzhou lily under drought stress. Plants were grown at three 
drought intensities, being irrigated at 5, 15, and 25 day intervals (either throughout the study or during specific growth stages). 
Water stress markedly decreased plant height and leaf length. With increasing drought stress, the chlorophyll content, bulb 
weight, and contents of soluble sugars, polysaccharides, and fructose decreased. In contrast, the proline, glucose, and treha-
lose contents increased under severe drought stress. In addition, glucose and trehalose contents differed significantly under 
drought stress at different growth stages, whereas other indicators differed significantly only under drought stress throughout 
the growth period. Our results demonstrate that Lanzhou lily may adapt to drought stress in different growth stages were 
different. During the shoot stage, the adaptation strategy was to reduce the growth of aboveground part to sustain the under-
ground parts, but during the bulbs expansion stage Lanzhou lily appears to adapt to drought stress by consuming nutrients 
from underground bulbs to sustain the growth of the aboveground parts and complete the plant’s life cycle and by changing 
osmotic regulation and the levels of secondary metabolites to improve resistance to drought stress.
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Introduction

There are many constraints on plant growth created by the 
natural environment and by agricultural conditions. Water 
stress is a global issue, particularly in regions with limited 
precipitation (Chaves et al. 2003; Madhava Rao et al. 2006; 
Farooq et al. 2009; Benesová et al. 2012). Water shortages 
impact many plants (Shao et al. 2008; Farooq et al. 2009; 
Bhargava and Sawant 2013). This stress reduces the quan-
tity and quality of yield, biomass accumulation, and crop 

growth (Zlatev and Lidon 2012; Arash et al. 2013; Farooq 
et al. 2016).

As drought-induced stress continues, plants will respond 
and habituate to such conditions through the redistribution 
of photosynthetic products, metabolic changes, and the 
production of osmotic protectors (such as inorganic ions, 
soluble sugars, and proline), and other such compounds that 
protect the plant by increasing membrane stability. (Wang 
and Huang 2004; Langridge et al. 2006; Javadi et al. 2008). 
Usually, osmotic adjustments caused by the accumulation 
of various substances protect plants from the physiological 
effects of drought conditions (Zhang et al. 2005; Ye et al. 
2012).

Sugar is an important carbon (C) and energy source for 
plant organisms. Moreover, soluble sugar is extremely sen-
sitive to drought stress, which is primarily used to provide 
carbohydrates through source-sink cycles (Rosa et al. 2009). 
Drought stress induces soluble sugar accumulation, particu-
larly sucrose, glucose, and fructose, which helps to improve 
osmoregulation (Praxedes et al. 2006; Wang et al. 2007). 
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The accumulation of these solutes in cells improves the abil-
ity of cells to take up and retain water, so the content of 
these sugars directly affects the drought resistance of plants. 
These soluble sugars not only maintain water in the cells, 
but also maintain the stability of proteins, further improving 
drought resistance. Although sugar plays an indirect role in 
plant growth and development by regulating carbohydrate 
metabolism under drought stress, it is nevertheless extremely 
important (Gupta and Kaur 2005).

Lanzhou lily (Lilium davidii var. unicolor) is a common 
agricultural plant in China’s Gansu Province. Its cultivation 
is an important source of income for farmers in Lanzhou 
City (Fig. 1): it is grown in about 4000 ha in the Qilihe 
district, in about 2700 ha in the northern mountains and 
4000 ha in the southern mountains of Yuzhong district, in 
more than 2700 ha in Yongjing district, and in more than 
2000 ha in Lintao district. It is therefore essential for poverty 
alleviation. The lily is renowned for its large size, extreme 
sweet taste and its white jade-like color (Zhang et al. 2015).

Lanzhou is located in the northwestern part of China’s 
Loess Plateau, at an elevation ranging from 1800 to 2300 m. 
It has an arid climate, with an annual average temperature 
of 9.1 °C, and average precipitation ranges from 300 to 
450 mm. The rainfall frequency and distribution are irregu-
lar, but are often insufficient to support an entire crop cycle. 
Since Lanzhou lily is mainly planted on hillsides, without 
irrigation, drought is the main factor that limits the crop’s 
yield and quality. Researchers in breeding programs have 
concentrated on plant cultivation techniques (Xu et al. 2009), 
the chemical composition of the crop (Li et al. 2012), the 
molecular biology of the species (Zhang et al. 2015), and 
technologies for processing plant parts (Gao et al. 2008). In 

contrast, its morphological characteristics and physiologi-
cal adaption to drought stress have not yet been elucidated. 
Exploring the response of the Lanzhou lily to different 
degrees of drought stress will help identify and develop new 
genotypes that are better able to tolerant water deficits.

Materials and methods

Plant material

In this study, we focused on Lanzhou lily. The lilies were 
planted in black polyethylene pots that were 24 cm deep 
and 28 cm in diameter. We covered the bottom of each pot 
with crushed stone, and covered the stone with a mixture of 
organic matter and soil (3:1 v/v). Each pot contained approx-
imately 7.0 kg of this mixture. We planted five lily bulbs 
in each pot, and the total bulb weight was at least 153 g. 
When 99.2% of the lilies had emerged, we began the drought 
stress treatment, but the water content (w/w) in all treat-
ments was the same before the drought stress began. The 
pot experiment was conducted in a greenhouse from March 
to November 2017 at the Gaolan Research Station of the 
Chinese Academy of Sciences (Gaolan County, Lanzhou, 
Gansu Province, China; 36°13″N 103°47″E). We planted 48 
pots in a randomized split-plot block design with six drought 
intensity treatments (i.e., n = 8 pots per treatment). For each 
measurement, we analyzed the plant materials in one of the 
eight pots per treatment; the value of the measurement rep-
resents the average of the values of the five bulbs in that 
pot. All of the bulbs were homogeneous at the start of the 
experiment.

Experimental design and water treatments

The pots in each treatment were watered at different time 
intervals either throughout the study period or during differ-
ent growth stages (Table 1). We used this approach to create 
six levels of drought stress. In the first three treatments, a 
consistent level of moisture stress was maintained through-
out the growth period: the control group was watered every 
5 days, the moderate drought stress group was watered every 
15 days, and the severe drought stress group was watered 
every 25 days. In the final three treatments, which began 
25 days after the start of the experiment, the soil in the pots 
was allowed to dry to between 6 and 7% w/w moisture con-
tent only during certain growth stages (and followed the con-
trol watering regime, with watering every 5 days, during all 
other stages). Severe water stress was imposed by withhold-
ing water for 25 days only during certain growth stages: dur-
ing the shoot growth, flowering, or bulb expansion stages. 
Every 5 days, the pot’s weight was recorded to allow calcula-
tion of the amount of water that should be added. When the 

Fig. 1   Location of Lanzhou, and the surrounding areas where Lan-
zhou lily is grown
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soils in the different stress treatments reached the specified 
water content, we sampled the middle leaves and analyzed 
the parameters described in the rest of the “Materials and 
methods” section.

Growth measurements

Plant height (CM) was measured accurately with a ruler. The 
lengths and widths of the fully expanded young leaves in the 
middle of the plant were measured with a ruler during the 
different stages of drought stress.

Chlorophyll content (SPAD units)

Chlorophyll content was determined using a portable chlo-
rophyll meter (Minolta SPAD-502, Japan). Three different 
positions of the middle leaves lily plants were selected for 
measurement, and the average value was used to represent 
the chlorophyll content of the whole leaf.

Analysis of lipid peroxidation

We measured the level of lipid peroxidation of the leaf tis-
sue using the malondialdehyde content, which we meas-
ured using the 5% thiobarbituric acid method described by 
Hudges et al. (1999).

Proline content of leaves

The method described by Pesci and Beffagna (1984) was 
used to determine fresh leaf proline accumulation.

Soluble sugars content of leaves

We used the phenol–sulfuric acid to quantify the total soluble 
sugars (Dubois et al. 1956). In summary, we homogenized 
0.1 g of fresh leaves in deionized water, and centrifuged the 
mixture at 6000 rpm for 15 min. We then removed the super-
natant and increased it to a total volume of 10 mL by adding 
deionized distilled water. We then measured the absorbance 

at 485 nm using a UV-1200 spectrophotometer (Jinan Like 
Medical Instrument Co., Ltd., Jinan, China).We determined 
the soluble sugar contents using glucose as the standard.

Leaf polysaccharide content

We used the method of Zhang et al. (2016) for the extraction of 
polysaccharides, based on ultrasonication at a temperature of 
60 °C. We then precipitated the filtrates by increasing the solu-
tion to 3 ×  its original volume by adding absolute ethanol for 
24 h at 4 °C, and then washed the precipitates with acetone and 
evaporated the solution to obtain the crude polysaccharides.

Soluble and reducing sugar contents of the bulbs

We used the method of Johnson et al. (1964) to measure the 
glucose and fructose contents of the bulbs, and the anthrone 
method (Lin et al. 2013) to determine the trehalose and solu-
ble sugar contents. We used van Handel’s (1968) method to 
measure the sucrose content and the 3,5-dinitrosalicylic acid 
method to measure the reducing sugars content (Yang et al. 
2017).

Statistical methods

We performed our statistical analysis using version 19.0 of 
the SPSS statistics software (https​://www.ibm.com/analy​tics/). 
We used one-way ANOVA to detect differences among treat-
ments, and when the ANOVA results were significant, we used 
Duncan’s multiple-range tests to detect differences between 
pairs of values. We defined significance at P < 0.05. We used 
version 9.0 of the OriginPro software (https​://www.origi​nlab.
com/) to prepare the graphs.

Table 1   The watering regime and soil water contents in the six drought stress treatments

Drought stress (watering frequency) Watering 
frequency 
(times)

Soil water 
content (% 
w/w)

Control (every 5 days) 30 12–17
Moderate (every 15 days) 10 8–10
Severe (every 25 days) 6 6–7
Shoot growth severe (every 5 days, then every 25 days for stress imposition during the shoot growth period) 22 6–7
Flowering severe (every 5 days, then every 25 days for stress imposition during the flowering period) 22 6–7
Bulb expansion severe (every 5 days, then every 25 days for stress imposition during the bulb expansion period) 22 6–7

https://www.ibm.com/analytics/
https://www.originlab.com/
https://www.originlab.com/
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Results

Growth analysis

Table 2 shows the growth analysis results. The plant height 
and leaf length parameters decreased significantly with 
increasing drought stress. When drought stress was applied 
during the shoot growth period, the plant height, length of 
the leaf blade, and leaf length to width ratio were signifi-
cantly reduced compared to the control. Compared to the 
control, drought stress treatments did not have a significant 
effect on plant height and leaf width during the flowering 
stage; however, the leaf length as well as the leaf length to 
width ratios were considerably lower than the control. When 
the drought was applied only during the bulb expansion 
stage, none of the growth parameters differed significantly 
from those in the control.

Chlorophyll content (SPAD units)

Figure 2a shows the impact of drought stress on chlorophyll 
content (Fig. 2a). When drought was applied throughout the 
study period, the chlorophyll SPAD value decreased signifi-
cantly compared to the control, by 22.9% and 41.3% under 
moderate and severe stress, respectively. With the drought 
stress applied only during certain periods, there was no sig-
nificant difference in the chlorophyll SPAD value compared 
to the control.

Bulb weight

Figure 2b shows the effects of drought stress on bulb weight. 
Drought stress during the growth period significantly the 
decreased bulb weight compared to the control. The bulb 
weight decreased by 73.5% compared to the control under 
severe drought stress. Under moderate drought stress, the 
bulb weight (60 g) decreased by 50.3% compared to the 
control. With the drought stress applied only during the 
shoot growth period, there was no significant difference in 

bulb weight compared to the control, but when drought was 
applied during flowering or bulb expansion, bulb weight 
decreased significantly (by 22.7 and 39.2%, respectively).

Soluble sugar concentrations

Figure 2c shows the effects of drought stress on the leaf 
soluble sugar content. With drought stress applied through-
out the growth period, the soluble sugar content decreased 
significantly compared to the control; under moderate and 
severe drought stress, the concentration decreased by 30.2 
and 34.5%, respectively. With drought stress applied only 
during specific periods, the decrease compared to the control 
(35.4%) was only significant during the flowering period.

Leaf polysaccharide concentrations

Figure 2d shows the impact of the different drought stress 
treatments on polysaccharide content in leaves. With drought 
stress applied throughout the growth period, the leaf poly-
saccharide content decreased compared to the control, but 
the decrease (20.5%) was only significant under severe 
drought. With drought stress applied only during specific 
periods, the decrease compared to the control (17.16%) was 
only significant during the flowering period.

Proline concentration

Figure 2e shows that the proline content was affected by 
drought. With drought stress applied throughout the growth 
period, the leaf proline content increased with increasing 
drought stress, and the difference was significant under 
severe stress. The magnitude of the increase compared to 
the control was 13.4%. With drought stress applied only dur-
ing specific periods, there was no significant difference from 
the control.

Table 2   The results of the 
growth analysis for Lanzhou lily 
under different drought stress 
treatments

Values of a parameter (mean ± SD) labeled with different letters differ significantly (ANOVA followed by 
Duncan’s multiple-range tests, P < 0.05)

Drought stress treatment Plant height (cm) Leaf length (cm) Leaf width (cm) Ratio of leaf 
length to width

Control 37.96 ± 3.76a 8.56 ± 0.09a 0.30 ± 0.02a 28.09 ± 0.81a
Moderate 30.67 ± 3.58b 6.88 ± 0.37c 0.29 ± 0.02a 23.43 ± 1.25c
Severe 25.52 ± 3.57c 5.69 ± 0.34d 0.24 ± 0.04b 23.72 ± 3.02b
Severe during shoot growth 29.81 ± 2.94b 7.11 ± 0.76b 0.30 ± 0.01a 24.77 ± 0.56c
Severe during flowering 34.47 ± 3.3a 7.55 ± 0.31b 0.30 ± 0.01a 24.98 ± 0.82c
Severe during bulb expansion 37.58 ± 3.91a 8.29 ± 0.49a 0.29 ± 0.03a 28.90 ± 2.08a
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Malondialdehyde concentrations

Malondialdehyde is produced by peroxidation of the cell’s 
lipid membrane, and therefore represents the intensity of 
the damage to the cell membrane. With drought stress 
applied throughout the growth period, there was no sig-
nificant difference compared to the control (Fig. 2f). With 
drought stress applied only during the flowering and bulb 
expansion periods, malondialdehyde increased signifi-
cantly compared to the control; the content was 32% and 
37% greater than in the control due to drought stress dur-
ing the flowering and bulb expansion stages, respectively.

Changes in sucrose concentrations

Soluble sugars are the main substance of osmotic regula-
tion, and plants exhibit effective osmotic regulation that 
help them to adapt to drought stress. For example, sucrose, 
fructose and trehalose, being important osmotic protectors, 
important roles in osmotic regulation, protecting cell mem-
branes from damage, and removing reactive oxygen species 
produced under abiotic and biological stress (Silva et al. 
2010; Keunen et al. 2013; Singh et al. 2015).

Sucrose is the main product of photosynthesis in higher 
plants. The effect of drought stress on plants will impact the 

Fig. 2   Changes in the physiological parameters of Lanzhou lily under 
drought stress: a chlorophyll content; b bulb weight; c soluble sug-
ars content; d polysaccharide content; e proline content; f malon-
dialdehyde (MDA) content. Values are means ± SD (n = 8). FW 
fresh weight. Values of a parameter followed by different letters dif-

fer significantly (ANOVA followed by Duncan’s multiple-range tests 
(P < 0.05). Drought stress: C control, MS moderately severe, S severe, 
SS severe only during the shoot growth stage, SF severe only during 
the flowering stage, SBE severe only during the bulb expansion stage
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availability of photosynthetic C in the form of sucrose (Far-
rar et al. 2000; O’Hara et al. 2013). When drought stress was 
applied throughout the growth period, the bulb sucrose con-
centration decreased significantly with increasing drought 
stress compared to the control treatment (Fig. 3a). When 
the drought stress was applied only during certain stages, 
only drought during the bulb expansion stage significantly 
decreased the bulb sucrose content.

Changes in glucose concentrations

Under drought stress treatments respective of the entire 
growth period, the glucose content of bulbs increased sig-
nificantly (by 22.5% compared to the control) under severe 

drought stress (Fig. 3b). When drought stress was applied 
only during certain stages, bulb glucose content was sig-
nificantly higher compared to the control during the shoot 
growth and bulb expansion stages (by 43.9% and 14.4%, 
respectively).

Changes in fructose concentrations

Under drought stress treatments respective of the entire 
growth period, the fructose content of bulbs decreased sig-
nificantly with increasing stress (Fig. 3c), by 30.7% and 
38.6%, respectively, compared to the control. When the 
drought stress was applied only during certain stages, the 

Fig. 3   Changes in sugar contents (per unit fresh weight [FW]) in the 
bulbs of Lanzhou lily. a sucrose content; b glucose content; c fruc-
tose content; d trehalose content; e soluble sugar content; f reducing 

sugar content. Values are mean ± standard deviation (n = 8). Values of 
a parameter followed by different letters differ significantly (ANOVA 
followed by Duncan’s multiple-range tests (P < 0.05)
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bulb fructose concentration decreased significantly com-
pared with the control.

Changes in trehalose concentrations

Under drought stress treatments respective of the entire 
growth period, the trehalose content of bulbs decreased 
significantly under moderate drought stress (by 13.8%), 
but increased significantly (by 8.9%) under severe stress 
(Fig. 3d). When the drought stress was applied only during 
certain stages, drought stress during the shoot growth phase 
significantly increased the bulb trehalose concentration com-
pared to control, whereas drought stress at the flowering 
stage significantly decreased the trehalose concentration. 
There was no effect with drought during the bulb expansion 
stage.

Changes in soluble sugar concentrations

Under drought stress treatments respective of the entire 
growth period, the soluble sugar content of bulbs decreased 
significantly under moderate drought stress (by 8.9%) and 
sever stress (by 9.6%) (Fig. 3e). When the drought stress 
was applied only during certain stages, the bulb total solu-
ble sugar contents decreased significantly compared to the 
control for all three stages.

Changes in reducing sugar concentrations

Under drought stress treatments respective of the entire 
growth period, the decreasing sugar content of bulbs did 
not differ significantly from the control (Fig. 3f). When the 
drought stress was applied only during certain stages, the 
bulb reducing sugar concentrations only decreased signifi-
cantly with stress during the flowering period.

Discussion

Morphological and physiological 
adaptations of Lanzhou lily to drought stress 
throughout the growth period

For plants, drought is a main environmental stress, obstruct-
ing growth, reducing flower production, and decreasing 
grain filling (Farooq et al. 2009; Singh et al. 2015). Cell 
division, elongation and differentiation are the main factors 
of plant growth and development; subsequently, these stages 
are impacted by drought (Bhargava and Sawant 2013; Ding 
et al. 2013; Osakabe et al. 2014). In the present study, the 
plant height, leaf width, and leaf length were all significantly 
decreased by drought stress (Table 2). Drought limits plant 
growth and development by decreasing photosynthesis, 

constraining metabolic processes, and decreasing nutri-
ent availability (Hu and Schmidhalter 2005; Bohnert et al. 
2006). The effects of drought stress on plant height and leaf 
length of potato were consistent with the present results 
(Deblonde and Ledent 2001). Based on the above results, 
the Lanzhou lily limits its leaf width, length and growth to 
maintaining source activity as one of the tolerance mecha-
nism (Albacete et al. 2014).

Drought stress has a serious negative effect on chloro-
phyll and yield. With increasing drought stress, the adverse 
impacts on the bulbs became increasingly serious, espe-
cially when severe drought stress was applied during the 
bulb expansion stage, leading to significantly decreased bulb 
weight compared to the control, as was the case for the size 
of the aboveground parts of the plant. The leaf chlorophyll 
content has been found (Saravia et al. 2016) to be a good 
early predictor of stress caused by drought. Under moder-
ate and severe drought stress, the SPAD value decreased 
by 22.9% and 41.3%, respectively, compared to the control 
(Fig. 2a), and the bulb weight decreased by 50.3 and 73.5%, 
respectively (Fig. 2b). However, with severe drought applied 
only during specific stages, the chlorophyll value and bulb 
weight decreased later in the growth period, with the largest 
decreases occurring with drought during the shoot growth 
and bulb expansion periods. This suggests that chlorophyll 
synthesis occurs mainly during the shoot growth and flow-
ering stages, and that the pigment may not be produced or 
may be lost during the bulb expansion stage (Fig. 2a). A 
deficiency in water will directly affect the rate of photosyn-
thesis, which is associated with the stomatal closure induced 
by drought stress (Flexas et al. 2006; Chaves et al. 2009), 
and in the present study (Liu et al. 2013), this decrease may 
also have resulted from the lower SPAD value (Fig. 2a).

We also found that the malondialdehyde content of 
Lanzhou lily leaves under drought stress increased signifi-
cantly with drought during the flowering and bulb expan-
sion stages, to 1.32 and 1.37 times, respectively, the control 
value. Even under severe drought stress applied through-
out the growing season, the leaf malondialdehyde content 
increased very little, suggesting that physiological adapta-
tion prevented serious damage to the cell membranes. Wei 
et al. (2010a) found similar results in Lilium longiflorum, in 
which the malondialdehyde content increased slowly under 
severe stress. In contrast, the proline content increased sig-
nificantly under severe drought stress, which consistent 
with the present results (Pei et al. 2010; Liu et al. 2016), 
suggesting that proline may be the main osmotic-regulating 
substance. The polysaccharides are important secondary 
metabolites, and we found that the leaf polysaccharide con-
tent decreased significantly under drought stress (Fig. 2d), 
which contradicts previous results for Dendrobium mon-
iliforme (Wu et al. 2016) and Arabidopsis (Balsamo et al. 
2015). The main reason for this contradiction is likely to be 
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differences in how the species respond to drought as well as 
differences in the watering regime.

Osmotic regulation by changes in concentrations 
of several sugars

A plant’s ability to undergo osmotic adjustment by chang-
ing concentrations of soluble sugars is closely related to the 
duration and intensity of drought stress, the plant’s resist-
ance to drought, and the plant tissue that is affected (Zlatev 
and Lidon 2012). Soluble sugars primarily exist in the form 
of sucrose, glucose, and fructose in Lilium (Rees 1994). Our 
results showed that drought stress significantly increased the 
content of glucose in Lanzhou lily bulbs (Fig. 3b), except 
at moderate stress, but significantly decreased the contents 
of fructose and sucrose (Fig. 3a, c). The increased glucose 
was previously shown to enhance the drought resistance of 
Lanzhou lily because the glucose induced stomatal closure 
to reduce water loss and enhanced the plant’s adaptability 
to the drought stress (Osakabe et al. 2013). Nevertheless, 
the sucrose concentration decreased (Fig. 3a). This may be 
because sucrose can be decomposed into glucose and fruc-
tose, but the much lower amounts of fructose recorded most 
likely reflect the synthesis of fructans by Lanzhou lily bulbs 
(Kameli 1990) under drought stress. However, the decreased 
sucrose content may simply be associated with inhibition of 
photosynthesis, which is supported by the decreased leaf 
SPAD content (Fig. 2a), or by increased respiratory con-
sumption under drought stress.

Trehalose affects the biosynthesis of stored carbohy-
drates, and its concentration is known to be connected with 
plant tolerance drought stress (Cortina and Culiáñez-Macià 
2005; Iordachescu and Imai, 2008; Smeekens et al. 2010). 
Cortina and Culiáñez-Macià (2005) found that trehalose can 
improve the drought and salt stress resistance of tomatoes. 
Our results showed that severe drought stress significantly 
increased the bulb’s trehalose content, suggesting that the 
trehalose had an osmotic regulation effect. Hence, the Lan-
zhou lily responded to drought stress by altering it osmotic 
regulation to maintain its survival under stress.

Plants typically adjust soluble sugar content to cope with 
various stresses through osmotic regulation (Wu et al. 2014). 
In this study, the decrease in water potential also reduced the 
total contents of leaves soluble sugars, which agrees with 
previous results for cassava (Alfredo et al. 2004). In addi-
tion, the soluble sugar content in the bulbs of Lanzhou lily 
was much higher than that in the leaves. When Lanzhou 
lily suffers from drought, soluble sugars in its leaves can be 
transported into the bulb to increase its drought resistance. 
However, because we did not measure this transport, it will 
be necessary to confirm this hypothesis in future research.

The reducing sugars content in bulbs showed no sig-
nificant response to drought stress, except for a slight but 

significant decrease with severe drought stress applied dur-
ing the flowering period. This confirms previous results in 
L. longiflorum bulbs (Wei et al. 2010b). This indicates that 
the role of reducing sugars in osmotic adjustment is limited 
in Lanzhou lily.

Morphological and physiological adaptations 
of Lanzhou lily to drought stress during different 
growth stages

At the shoot growth stage, plants require the most water to 
support growth, so a lack of water will severely limit the 
plant’s height growth. Similarly, leaf length increases mainly 
during the shoot growth and flowering stages, so a water 
shortage during these stages can greatly reduce leaf growth. 
This result is similar to previous results for potato under 
drought (Van loon 1981). In our study, the weight of the lily 
bulb decreased by 22.7 and 39.2%, respectively, during the 
flowering and bulb expansion stages. Rykaczewska (2017) 
studied the response of potatoes to drought stress during the 
seedling and flower bud stage, and she found a considerable 
reduction in yield. The timing of flowering strongly deter-
mines the reproductive success of plants, and carbohydrate 
metabolism is thought to play a crucial role in the regula-
tion of flowering (Liu et al. 2017). In addition, decreases in 
the amount of pollen can explain the decrease of seed yield 
(Yadav et al. 2004).

During the shoot growth period, plant height and leaf 
length significantly decreased by 21.5% and 16.9%, respec-
tively, but the bulbs weight increased by 0.9%, which indi-
cated that the strategy of the Lanzhou lily to adapt to drought 
is to reduce the growth of its aboveground components to 
promote the development of its belowground components. 
However, under drought conditions during the bulb expan-
sion stage, plant height and leaf length did not change sig-
nificantly, but the bulbs weight significantly decreased by 
39.2%. Moreover, sucrose, fructose and soluble sugars in 
the bulbs decreased by 39.4%, 14.2% and 15%, respectively, 
while soluble carbohydrate concentrations directly affected 
the development of lily bulbs (Miller and Langhans 1990), 
which indicated the ability of the Lanzhou lily to adapt to 
drought stress by consuming nutrients from its belowground 
components (bulbs) to sustain the growth of its aboveground 
components, thus completing its life cycle.

Sugars perform diverse functions in living organisms 
(Paul and van Dijck 2011). In the present study, drought 
stress during the flowering period significantly reduced the 
bulb’s fructose, trehalose, reducing sugars, and total solu-
ble sugars contents compared to the control. The flower-
ing period may be the main period of sugar transformation. 
A severe deficiency of water and nutrients can reduce the 
synthesis of sugar, thus reducing the overall sugar con-
tent. During the bulb expansion stage, the bulb sucrose, 
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fructose, and total soluble sugar contents decreased com-
pared to control values, but the glucose content increased 
significantly compared to the control. In comparison with 
levels with drought during flowering, drought during bulb 
expansion significantly decreased the sucrose content, but 
significantly increased the glucose and trehalose contents. 
This is because autotrophic organisms synthesize sugars, 
and principally sucrose. Sucrose cleavage in plants is cata-
lyzed by invertases and produces glucose and fructose, but 
the reaction requires water. In contrast, fructose synthesis 
from sucrose is catalyzed by synthases (Koch 2004). The 
balance between these competing processes is complex, as 
is how sugar affects plant growth. Thus, sucrose cleavage 
may be slowed by water stress, thereby affecting the balance 
between these and other sugar metabolic reactions. However, 
additional research on enzymatic changes will be necessary 
to support this hypothesis.

Conclusions

Our results showed that in Lanzhou lily, drought decreases 
plant height, leaf length, leaf width, the leaf length to width 
ratio, leaf chlorophyll content (SPAD value), yield (bulb 
weight), and leaf polysaccharide content, but increases the 
contents of some osmoregulators (proline, glucose, and 
trehalose). Based on our research, the adaptation strategies 
of Lanzhou lily to drought in different growth stages were 
different. During the shoot stage, the adaptation strategy 
of Lanzhou lily was to reduce the growth of aboveground 
part to sustain the underground parts, but during the bulbs 
expansion stage Lanzhou lily appears to adapt to drought 
stress by consuming nutrients from underground bulbs to 
sustain the growth of the aboveground parts and complete 
the plant’s life cycle. Lanzhou lily is a drought-tolerant crop, 
but excessive drought can still reduce its quality and yield. 
In addition, proline, sucrose, glucose, and trehalose appear 
to play important roles in osmotic regulation under drought 
stress. The starch content, the changes in activity of enzymes 
related to sugar metabolism, and the expression of sugar-
related genes under drought stress will be key points to elu-
cidate in future research.
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