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ABSTRACT 

Paclobutrazol (PAC), as a commonly used plant regulator, has the important function of improving 

the plant’s stress resistance. Sequoia sempervirens Endl. is a large caliber, fast-growing timber species and 

one of the world’s five major landscaping tree species. This study researched the effects of spraying PAC 

on the growth and photosynthetic activity of S. sempervirens seedlings. The results showed the plant height 

and the plant crown diameter were decreased significantly with the increase in PAC concentration (500 –
3,000 mg·dm-3). However, the ground shoot diameter, net photosynthetic rate, stomatal conductance, inter-

cellular CO2 concentration, transpiration rate, actual photochemical quantum yield, and photosynthetic 

electron transport rate all showed the trend of increasing first reaching the maximum at 2,000 mg·dm-3 and 

then decreased. Water use efficiency showed the opposite trend. Spraying 2 times was better than once. 

The conclusion suggests that PAC can protect the photosynthetic activity and improve the resistance of 

S. sempervirens seedlings under natural cooling and draught in autumn and winter. 

 

Keywords: plant growth regulator; coast redwood; morphological indexes; chlorophyll fluorescence pa-

rameter; natural environmental stress 

 

INTRODUCTION 

 

Sequoia sempervirens Endl. is called coast red-

wood and belongs to relict plant, Cupressaceae 

(Zhang et al. 2015; Ma et al. 2005; Zuo et al. 2000). 

As large caliber fast-growing timber species and 

one of the world’s five major landscaping tree spe-
cies (Cown et al. 2013; Olson et al. 1990; Zuo et al. 

2000, 2003; Ju et al. 2007), S. sempervirens has 

a very high value of cultivation and promotion. 

Now, S. sempervirens has been introduced and cul-

tivated in more than 30 countries and successively 

introduced by the southern provinces in China after 

1972 (Liu et al. 2006; Zuo et al. 2000, 2003). S. sem-

pervirens was introduced to the Huaibei region in 

the central and east China in 2003 (Zuo et al. 2000; 

Ju et al. 2009). But because of low temperature and 

drought, some new shoot tips of S. sempervirens 

were damaged in winter (Ju et al. 2009; Zuo et al. 

2000; Ma et al. 2005; Zhang et al. 2015), which re-

stricted the cultivation of S. sempervirens in the cen-

tral and eastern China. So, improving cold and 

drought resistance of S. sempervirens has become 

a problem that needs to be solved urgently for fur-

ther application and dissemination. 

Paclobutrazol (PAC) [(2RS,3RS)-1-(4-chloro-

phenyl)-4,4-dimethyl-2-(1,2,4-triazoly)-pentan-3-01], 

as a plant growth inhibitor, is used extensively in 

agriculture (Moreira et al. 2016; Hu et al. 2017; Teto 

et al. 2016; Mohammed et al. 2017; Davis et al. 

1991). For example, Elanchezhian et al. (2015) in-

troduced the effect of PAC on rice. PAC application 

enhanced the photosynthesis and transpiration rate 

in all the cultivars and alleviated the stress effects. 
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Moreover, it can also decrease the decline in panicle 

weight and grain weight. PAC application can re-

duce the size of plants and increase the ability to re-

sist both abiotic and biotic stresses, such as drought, 

salinity, flooding, cold, heat, and herbicides stress 

(Mohammadi et al. 2017; Rademacher 1995; 

Fletcher et al. 2000; Gilley & Fletcher 1997; Ba-

ninasab 2009; Hunter & Proctor 1994). Some stud-

ies showed that PAC could protect plants exposing 

to environmental stress by improving tissue com-

pactness and physiological and biochemical activi-

ties (Baninasab 2009; Navarro et al. 2007).  

The low temperature and arid in autumn and 

winter are the main stress factors to S. sempervirens 

in Xuzhou region of China, low temperature cause 

the stress to the S. sempervirens, and drought and 

wind can cause the rapid evaporation of water in 

shoots of S. sempervirens. The combined effects of 

these factors on S. sempervirens induce shoot tip to 

die. The research showed that PAC-induced allevi-

ation of water-deficit damage in relation to photo-

synthetic characteristics (Dwivedi et al. 2017). On 

the basis of this, we can consider using the plant 

growth inhibitor to spray, limiting the second 

growth peak of S. sempervirens in the fall, so that 

the shoots of S. sempervirens can increase their de-

gree of lignification and improve their resistance to 

low temperature and drought, so that they can sur-

vive winter safely in Xuzhou.  

The purpose of the present study was to test the 

possibility that PAC application would protect 

S. sempervirens seedlings from damaging effects of 

natural cooling and draught in autumn and winter. 

Our specific objectives were (1) to determine the 

optimum PAC concentration and (2) and spraying 

frequency that would provide the best protection. 

 

MATERIALS AND METHODS 

 

Site description 

The experimental field was located at a nursery 

base, Xuzhou Institute of Technology, in the east 

suburb of Xuzhou, Jiangsu province (34°15’ N, 

117°11’ W), where it belongs to the warm temperate 

semi-humid monsoon climate, with strong spring 

winds, a warm humid summer, and a dry cold win-

ter. The sunshine duration is 2,284 to 2,495 h, while 

the sunshine rate is 52–57%, the annual temperature 

is 14.58 °C, the average lowest temperature is 

−10.52 °C, the annual accumulated temperature is 

5,143.5 °C, the average annual frost-free period is 

about 210 days, and the average annual rainfall is 

853.1 mm. The highest average temperature in No-

vember is 14 °C, and the lowest average tempera-

ture is 4 °C (the averages of the above agricultural 

meteorological indicators from 2010 to 2018; Ta-

ble 1). The maximum temperature for the test day 

was 12 °C and the minimum temperature is 3 °C. 

Plant culture and PAC treatments  

The experiment was carried out during September 

to November 2015. Uniform 2-year-old seedlings of 

S. sempervirens were taken as experimental materi-

als. Five different concentrations of PAC solutions 

were prepared: 0; 500; 1,000; 2,000; and 

3,000 mg·dm-3. The PAC solutions were prepared 

by dissolving the appropriate dose of PAC (15% 

wettable powder) into tap water. The spraying fre-

quency of PAC with the same concentration was 

once (September 01, 2015) and twice (September 01 

and 08, 2015). Spraying tap water served as a con-

trol. Seedlings were sprayed with PAC solutions un-

til drops began to fall from the foliage. Seventy days 

after the treatment, growth indexes, photosynthetic 

parameters, and chlorophyll fluorescence parame-
ters were measured. 

Measurements of growth index 

Growth indexes, including plant height, plant crown 

diameter, and ground shoot diameter, were meas-

ured before spraying PAC (September 01, 2015) 

and after treating with PAC for 70 days (November 

20, 2015) using the following formula:  

plant height: PH (cm) = H1 – H2; 

plant crown diameter: PCD (cm) = CD1 – CD2; 

ground shoot diameter: GSD (mm) = SD1 – SD2; 

H1, CD1, and SD1 represented the plant height, 

plant crown diameter, and ground shoot diameter 

determined on September 01, 2015, respectively. 

H2, CD2, and SD2 represented the plant height, plant 
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crown diameter, and ground shoot diameter deter-

mined on November 20, 2015, respectively. CD1 

and CD2 represented the mean values of north–
south diameters and east–west diameters at different 

measuring times, respectively. 

Measurements of photosynthetic parameters 

The photosynthetic parameters, such as the net pho-

tosynthetic rate (Pn), stomatal conductance (Gs), 

transpiration rate (Tr), and intercellular CO2 concen-

tration (Ci), were measured at 9:00–12:00 pm using 

a portable photosynthetic system (LI-6400, LI-Cor 

6400, USA). Measurements were performed on the 

third fully expanded leaves at 25 ± 1 °C, 380 ± 
15 μmol/mol atmospheric CO2 concentration, and 

600 µmol·m-2·s-1 saturating light at photosyntheti-

cally active photon flux density (PPFD) (Zhao et al. 

2015, Januskaitiene 2011). Water use efficiency 

was measured using the formula WUE = Pn/Tr (Cai 

et al. 2014). Five S. sempervirens seedlings were 

randomly selected for each treatment to determine 

the photosynthetic parameters. 

Measurements of chlorophyll fluorescence pa-
rameters 

The third fully expanded leaf was selected to test the 

chlorophyll fluorescence parameters, the actual 

photochemical quantum yield (Yield) (Genty et al. 

1989), photosynthetic electron transport rate (ETR) 

(Genty et al. 1989; Schreiber 2004) using chloro-

phyll spectrometer (MINI-PAM, Walz, Germany). 

Five S. sempervirens seedlings were randomly se-

lected for each treatment to determine the chlorophyll 

fluorescence parameters at light condition (Photo-

synthetic active radiation in leaf chambers (PARi) 

1,000 μmol·m-2·s-1), and temperature of 10 °C. 

Statistical analysis  

All means ± standard deviation (SD) were calculated 
using SPSS 19 software, and one-way ANOVA was 

used to analyze the influence of different treatments 

on various indexes. Two-way ANOVA was used to 

analyze the interaction effects of PAC concentration 

and spraying times on growth indexes, photosyn-

thetic parameters, and chlorophyll fluorescence pa-
rameters. Correlation between the measurement indi-

cators was analyzed using Origin 8.0 software. 

 

RESULTS 
 

Effects of PAC on the growth of S. sempervirens 

seedlings 

Compared to control, the treatment with PAC signifi-

cantly inhibited the plant height and plant crown diam-

eter of the S. sempervirens seedlings but significantly 

enhanced the ground shoot diameter, regardless 

whether the seedlings were sprayed once or twice (Ta-

ble 2). The maximum shoot diameter was recorded at 

a concentration of 1,000 mg·dm-3. Under natural cool-

ing and drought in the autumn and winter, by spraying 

PAC twice at a concentration of 1,000 mg·dm-3, the 

ground shoot diameter of S. sempervirens seedlings 

increased by 141.9% compared with the control. 

The results of a two-way ANOVA revealed an evi-

dent interaction between PAC concentration and 

spraying times that affected the plant height, plant 

crown diameter, and ground shoot diameter (Table 2). 

Effects of PAC on the photosynthetic parameters 

of S. sempervirens seedlings  

Table 3 showed the effects of PAC on Pn, Gs, Ci, and 

Tr of the leaves of S. sempervirens seedlings. It could 

be observed that spraying PAC could make the 

S. sempervirens seedlings keep higher Pn, Gs, Ci, and 

Tr than those of the control, which showed the trend 

of increased first and then decreased with the increase 

in PAC concentration, and then reached the maxi-

mum at a concentration of 2,000 mg·dm-3 of PAC. 

Under the same concentration conditions, spraying 

twice had more powerful effect than spraying once, 

reaching a significant level (Table 3). Under natural 

cooling and drought in the autumn and winter, spray-

ing twice PAC at a concentration of 2,000 mg·dm-3, 

the Pn, Gs, Ci, and Tr of S. sempervirens seedlings in-

creased by 53.92%, 150.58%, 87.74%, and 101.55% 

compared with the control, respectively. The two-way 

ANOVA results showed an obvious interaction be-

tween PAC concentration and spraying times that af-

fected the Pn, Gs, Ci, and Tr of S. sempervirens under 

the natural cooling and drought. Table 4 showed the 

correlation coefficients between Pn and Gs, Ci, or Tr of 

S. sempervirens seedlings treated with PAC and 

spraying times. The results indicated that the Gs, Ci, 

and Tr were positively correlated with Pn (p < 0.01). 
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Table 1. Agricultural meteorological indicators in Xuzhou area, China (2010–2018 years) 

 

Agrometeorological index 
Month 

1 2 3 4 5 6 7 8 9 10 11 12 

Average maximum temperature of the month (°C) 5 8 13 21 26 30 31 31 27 22 14 12 

Average minimum temperature of the month (°C) -3 -1 3 10 15 20 24 23 17 11 4 -2 

Average rainfall of the month (mm) 18 20 36 47 66 107 241 133 72 52 27 14 

The data were taken from the weather network http://www.tianqi.com/qiwen/city_xuzhou/ 

 

Table 2. Effects of paclobutrazol (PAC) on the growth of S. sempervirens seedlings under natural cooling and drought 

 

Spraying 

times 
PAC (mg·dm-3) Plant height (cm) Plant crown diameter (cm) Ground shoot diameter (mm) 

1 

0 47.7±2.1 (100.0) a 85.2±10.7 (100.0) a 6.7±0.8 (100.0) e 

500 36.8±2.2 (77.2) b 59.1±6.6 (69.4) b 9.8±0.7 (146.3) d 

1000 28.5±3.3 (60.0) c 51.4±7.02 (60.3) b 14.6±0.6(218.9) a 

2000 24.9±3.0 (52.2) d 31.5±4.46 (37.0) cd 12.9±0.9 (192.5) b 

3000 18.4±1.5 (38.6) e 22.6±3.38 (26.5) de 10.5±0.9 (156.7) cd 

2 

0 47.9±2.7 (100.0) a 88.5±7.78 (100.0) a 6.2±0.5 (100.0) e 

500 29.2±2.9 (61.0) c 52.2±7.66 (59.0) b 11.7±1.5 (188.7) bc 

1000 21.6±3.1(45.1) de 38.2±3.83 (43.2) c 15.0±1.5 (241.9) a 

2000 9.7±0.8(20.3) f 20.1±2.08 (22.7) e 11.9±0.9(191.9) bc 

3000 7.7±0.5 (16.1) f 17.2±2.84 (19.4) e 9.5±0.6 (153.2)d 

F 65.65 65.79 32.53 

p 0.00** 0.00** 0.00** 

Means followed by the same letter do not differ significantly at p = 0.05 according to the LSD test 

Values are means ± standard deviation errors, n = 5 

F statistic calculated for the interaction of the tested factors under the table 

p – probability of F statistic: ** significant at p < 0.01 level 

 

Table 3. Effects of paclobutrazol (PAC) on the Pn, Gs, Ci, and Tr in S. sempervirens seedlings under natural cooling 

and drought 

 
Spraying 

times 

PAC 

(mg·dm-3) 
Pn (μmol CO2·m-2·s-1) Gs (mmol H2O·m-2·s-1) Ci (μmol CO2·mol-1) Tr (mmol H2O·m-2·s-1) 

1 

0 4.90±0.26 (100.00) e 12.018±0.47 (100.00) h 157.52±10.16 (100.00) h 0.32±0.02 (100.00) h 

500 5.52±0.31 (112.70) d 14.28±0.38 (118.82) g 177.26±6.69 (112.53) g 0.37±0.01 (115.89) g 

1000 6.38±0.11 (130.37) c 21.76±1.35 (181.06) d 238.82±9.208 (151.62) e 0.54±0.02 (169.16) c 

2000 6.66±0.21 (135.95) bc 24.78±1.44 (206.19) b 263.60±3.59(167.35) b 0.58±0.01 (180.69) b 

3000 6.96±0.49 (142.20) b 23.80±1.21 (198.04) bc 250.18±4.39 (158.83) c 0.51±0.01 (159.81) d 

2 

0 4.94±0.34 (100.00) e 12.06±0.47 (100.00) h 158.62±1.34 (100.00) h 0.32±0.03 (100.00) h 

500 6.13±0.39 (123.95) c 17.00±1.30 (140.87) f 200.76±14.13 (126.57) f 0.41±0.02 (126.63) f 

1000 6.85±0.35 (138.45) b 23.08±1.01 (191.31) c 260.10±11.45 (163.98) bc 0.57±0.02(176.47) b 

2000 7.61±0.50 (153.92) a 30.23±0.57 (250.58) a 297.79±12.86 (187.74) a 0.65±0.01 (201.55) a 

3000 6.66±0.13 (134.67) bc 20.06±1.01 (166.28) e 224.35±12.61 (141.44) d 0.46±0.01 (140.87) e 

F 61.09 146.96 137.89± 257.11 

p 0.00** 0.00** 0.00** 0.00** 

Note: see Table 2 
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Table 4. Relationship of the Gs, Ci, Tr, WUE, Yield, and ETR with Pn of S. sempervirens seedlings treated with PCA 

under natural cooling and drought 

 

Linear regression equation Correlation coefficient (R) 

Y = 0.144 X1 + 3.400 0.924* * 

Y= 0.018 X2 + 2.249 0.926* * 

Y = 7.186 X3 + 2.856 0.844* * 

Y = -0.400 X + 11.706 -0.523* 

Y = 14.238 X – 1.481 0.447 * 

Y = 0.368 X + 2.046 0.547* * 

Y represents the Pn 

X1, X2, X3, X4, X5, and X6 represent the Gs, Ci, Tr, WUE, Yield, and ETR, respectively 

* significant at the 0.05 level; ** significant at the 0.01 level 

 

Effects of PAC on WUE of S. sempervirens 

seedlings  

Treatment with PAC significantly decreased WUE 

with the minimum observed at the concentrations of 

1,000 and 2,000 mg·dm-3 regardless of the number 

of spays (Fig. 1). When spraying with PAC was ap-

plied twice at the concentration of 2,000 mg·dm-3, 

the WUE of S. sempervirens seedlings decreased by 

24.29% compared to the control. Table 4 showed 

the correlation coefficients between Pn and WUE of 

the leaves of S. sempervirens seedlings treated with 

PAC. The results indicated that the Pn was nega-

tively correlated with the WUE (p < 0.05). 

Effects of PAC on the fluorescence parameters 

effect of S. sempervirens seedlings 

Figure 2 showed that spaying PAC could main-

tained higher Yield and ETR, which showed the 

trend of increasing first and then decreasing with the 

increase in the PAC concentration, and reached the 

maximum at the concentration of 2,000 mg·dm-3. 

Under the same concentration, the effect difference 

between spraying twice and spraying once was not 

obvious. Two-way ANOVA results indicated an in-

teraction between the PAC concentrations and 

spraying times that affected the Yield and ETR in 

the leaves of S. sempervirens seedlings. Table 4 pre-

sented the correlation coefficients between Pn and 

Yield and ETR in the leaves of S. sempervirens 

seedlings treated with different PAC concentrations 

and spraying times. The results indicated that the 

Yield and ETR were positively correlated with Pn. 

Two-way ANOVA analysis indicated that there was 

an obvious interaction between PAC concentration 

and spraying times action on Yield and ETR. 
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Fig. 1 Effects of PCA on the water use efficiency (WUE) in S. sempervirens seedlings under natural cooling. 

Significantly differences at p < 0.05 were showed with different letter. Interaction effects: F = 116.897, p < 0.05 
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Fig. 2 Effects of PCA on the (A) photochemical quantum of PS II photochemistry (Yield) and (B) photosynthetic 

electron transport rate (ETR) in S. sempervirens seedlings under natural cooling. Significant differences at p < 0.05 
were showed with different letter. Interaction effects: F = 5.282, p < 0.05 for Yield; F = 20.419, p < 0.05 for ETR. 

 

DISCUSSION 

 

PAC is a plant growth inhibitor that can inhibit 

plant growth and regulate physiological activity in 

plants, especially under environmental stress. Some 

studies have showed that the effect of PAC on plants 

is closely related to the PAC concentration and 

spraying times (Teto et al. 2016; Pal et al. 2016; Na-

varro et al. 2007; Vu and Yelenosky 1992; Moham-

med et al. 2017). Similarly, in our study, the spray-

ing with PAC had a significant inhibitory effect on 

the plant height and plant crown diameter of S. sem-

pervirens seedlings and increased shoot diameter 

and photosynthesis or fluorescence activity. When 

the concentration reaches 1,000–2,000 mg·dm-3, the 

spraying effect of PAC was the best. Spraying twice 

had the most significant dwarf effect, and the shoot 

diameter was the largest.  

Photosynthesis is the basis of plant survival 

and is the complex process to change the light en-

ergy into chemical energy (Bernacchi et al. 2013). 

At the same time, under the environmental stress, 

photosynthetic rate is also an important indicator to 

evaluate the plant resistance (Polishchuk et al. 2016; 

Sun et al. 2016; Hu et al. 2016a, b). Higher Pn indi-

cates the more organic matter is synthesized in 

plants, and the more energy for consumption, the 

stronger is the ability to resist environmental stress. 

Our results had shown that spraying PAC could 

maintain higher Pn compared with the control. This 

indicated PAC application improved cold resistance 

of S. sempervirens. The result concur with the find-

ings of Pal et al. (2016) who reported that PAC 

treatment increased Pn and reduced drought injury 

in plant. Dwivedi et al. (2017) also considered that 

the application of PAC increased the drought re-

sistance of wheat according to the improved photo-

synthetic characteristics.  

Both stomatal and non-stomatal factors affect 

the photosynthetic rate; the values of Gs and Ci can 

be a useful criterion to determine whether photosyn-

thesis is limited by stomatal closure or metabolic im-

pairment (Jones 1985). When Gs and Ci decrease 

simultaneously, stomatal factors play a dominant 

role in regulating the photosynthetic rate, but when 

Gs decreases and Ci increases, non-stomatal factors 

play a dominant role (Velikova et al. 1999; Flexas & 

Medrano 2002). In the present work, spraying PAC 

on S. sempervirens seedlings, the changes in Gs and 

Ci showed the trend of decreasing first and then in-

creasing with the increase in PAC concentration and 

the changes in Gs and Ci were the same. The sto-

matal factors played an important role and ultimately 

promoted photosynthesis. It indicated that the low 

temperature and drought could induce stomatal clo-

sure under the natural conditions of autumn and win-

ter. Stomatal closure also limited the transpiration of 

the stomatal pathway, so, Tr reduced, which led to 
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a decrease in Pn. The spraying of PAC increased the 

resistance of S. sempervirens seedlings, improved 

the regulation of stomatal opening and closing, and 

increased the Pn. Stomatal opening increased the 

water evapotranspiration of the air pathways, in-

creasing Tr while reducing the WUE. Navarro et al. 

(2007) also suggested that spraying PAC stimulated 

a more efficient stomatal regulation, improved wa-

ter status, and reduced water loss through limited 

transpiration, reducing the plant growth. Conover 

(1994) found that plants treated with PAC used less 

water than control. Mataa et al. (1998) reported that 

PAC application ameliorated photosynthetic reduc-

tions associated with water stress by maintaining 

higher photosynthetic and transpiration rate during 

water stress. 

The higher photosynthetic efficiency of plants 

under environmental stress is probably due to the 

capacity of the absorption of light energy and the 

conversion of light energy being maintained to 

a certain extent. Yield and ETR, as the important 

fluorescence parameters, reflect the actual light en-

ergy conversion efficiency and actual photosyn-

thetic ETR of a plant (Genty et al. 1989; Schreiber 

2004). ETR and Yield are widely used in studies on 

environmental stress; Yield and ETR are suppressed 

under biological and abiotic stresses (Wang et al. 

2012; Hu et al. 2016a, b; Yu et al. 2014). In the pre-

sent study, Yield and ETR increased significantly in 

leaves of S. sempervirens seedlings treated with 

PAC. Correlation analysis showed that Pn was posi-

tively correlated with Yield and ETR. This indicated 

that the spraying of PAC increased cold and drought 

resistance of S. sempervirens seedlings and im-

proved Pn, partially ascribed to increasing ETR and 

Yield. Wang et al. (2012) came to similar conclu-

sions; they reported that spraying PAC could in-

crease the cold resistance of litchi in winter and in-

creased the open proportion of PS II reaction center, 

promote photosynthetic electron transport, and im-

prove the photosynthetic function of litchi leaves. 

The results of Yu et al. (2014) also revealed that the 

application of PAC could improve the cold re-

sistance of Cymbidium seedlings by easing the hurt 

of the PS II reaction center, maintain both the pri-

mary capture capacity and assimilation efficiency of 

light energy, and, finally, ensure the photosynthesis 

capacity of Cymbidium seedlings. Baninasab (2009) 

and Moradi et al. (2017) reported that PAC amelio-

rated the injury caused by freezing stress and chlo-

rophyll fluorescence ratio.  

In conclusion, PAC spraying could limit the 

growth of S. sempervirens shoots, increased cold 

and drought resistance of plants, and improved the 

Pn, Gs, Ci, Tr, Yield, and ETR, while reducing the 

WUE on the S. sempervirens seedlings. The best 

protection was obtained for plants treated with PAC 

at a concentration of 1,000–2,000 mg dm-3. But the 

test time of the experimental data is in the middle of 

November when the daily temperature is 2–12 °C, 

which is only chilling injury on the S. sempervirens 

shoots. However, the effect of low temperature be-

low 0 °C on the S. sempervirens and the mitigative 

effect of PAC should be further studied. 
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