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Abstract

Experiments, both pot and field trial, were conducted to examine the effects of exogenously applied IAA and GAs (at 0,
10, 20 and 30 days after topping) individually or in combination, on growth and C and N metabolisms of tobacco (Nicotiana
tabacum L.). Application of IAA or GAs, at low concentrations had a promising effect in terms of promoting the yield and
quality of tobacco. The key enzymes’ activities were also enhanced by low PGRs concentrations, which is known to be
involved in the C and N metabolisms. The combined treatment of the two PGRs was more effective than the PGRs applied
individually in improving the activities of nitrate reductase (NR), invertase (INV) and amylase (AMY) finally resulting in
improved soluble sugars, reducing sugars, starch, total C and N, soluble proteins and nicotine content. The optimum levels
for improvement of C and N metabolites were found to be GAs at 50 mg/L and 1AA at 30 mg/L.
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Introduction

Tobacco (Nicotiana tabacum L.), with its leaves
representing the primary product, is one of the most
important crops of the world (Peedin et al., 2011). To
achieve maximum leaf production and boost leaf ripening,
an appropriate cultivation strategy must be adopted for
flue-cured tobacco (Li et al., 2016). It is now widely
known that topping (young leaves and flowering head
removal) can shift the tobacco plant from reproductive to
vegetative phase (Guo et al., 2011). Topping has a role in
signal transduction involved in hormonal homeostasis,
such as to uncover the synthesis of indole acetic acid
(IAA) and also to increase the content of jasmonic acid
(JA) as well as nicotine synthesis (Li et al., 2007). Several
studies have been conducted to explore a series of
physiological and molecular responses of topping, such as
modification of hormonal stress tolerance, and sink-
source relationships (Fei et al., 2016).

Indole acetic acid (IAA) occurs ubiquitously in all
plants (Delker et al., 2008). IAA is actively involved in cell
division, growth and differentiation (VVanneste et al., 2009),
pollen development (Xu et al., 2008), leaf formation (Ke et
al., 2000), and embryogenesis (Al-Khassawneh et al.,
2006). For example, Khaled et al., (2015) showed that IAA
played an important role in altering the physiological
phenomena and enhancing the growth and production of
vegetable crops. Analogous to IAA, gibberellins (GAs) also
play a critical role in a myriad of physiological processes
involved in growth and development such as seed
germination, elongation of stem and hypocotyls,
development of all plant parts (Swain et al., 2005; Al-
Khassawneh et al.,2006). Of a variety of GAs, GAgs is the
most widely used compound for achieving enhanced crop
productivity (Bose et al., 2013). It is believed that crop
production could be increased through exogenous
application of IAA or GA3 (Cai et al., 2014).

Carbon (C) and nitrogen (N) metabolisms have been
intensively studied by many researchers as they are the
key processes involved in growth and development of
plants (Krapp et al., 2005). Carbon metabolism mainly
includes the transformation of inorganic carbon into
organic carbon in chloroplasts through photosynthesis,
the transport of phosphotriose into the cytoplasm
through the chloroplast membrane to finally transform
into monosaccharides (Schliiter et al., 2012). Nitrogen
metabolism includes the reduction and assimilation of
inorganic nitrogen, the conversion and synthesis of
organic nitrogen compounds and other metabolic
processes (Szal et al., 2012). Interactions between CO;
and NO; assimilation are crucial for growth and
development and hence crop productivity (Lawlor, 2002;
Cho et al., 2015). However, relative distribution of these
bio-molecules in various sink organs is regulated by
different plant hormones to a large extent (Krapp et al.,
2005), e.g., polyamines (Chatterjee et al., 1988) and
abscisic acid, gibberellins, IAA and zeatin riboside (Xie
et al., 2003).

In the current study, our principal objective was to
test whether exogenous application of GAs or IAA
individually or in combination positively influenced the
improvement of tobacco yield. At the same time, the
relationship between foliar spray with GAs or IAA and
the regulation of C and N metabolism, especially those
related to tobacco quality.

Materials and Methods

Pot experiment: A pot experiment was set up in a
glasshouse at the Northwest A&F University (Yangling,
P.R. China). The soil used for the experiment was taken
from a farmland in Yangling area, Shaanxi province.
Detailed soil characteristics and cropping practices at the
site are described in Table 1. Pots measuring 45x80 cm
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(each) were filled with soil, each containing 35 kg clay
soil. Before transplantation, nitrogen (urea) in the soils
determined was 8.5 g , phosphorus (P20s) 5.84 g and
potassium as KO 6.53 g. Tobacco seedlings were
transplanted on April 29 and topping was done on July
15, After topping, the tobacco seedlings were divided into
nine treatment groups and then foliar applied
corresponding concentrations of IAA and GAs on leaves
(15~20 from the bottom to up) were: (control) deionized
water; (T1) 30 mg L 1AA; (T2) 60 mg Lt IAA,; (T3) 50
mg L GAs; (T4) 100 mg L GAs; (T5) 50 mg L™ GA;
and 30 mg L IAA; (T6) 50 mg L GA; and 60 mg L*
IAA; (T7) 100 mg Lt GA; and 30 mg L* IAA; (T8) 100
mg L GAz and 60 mg L™ IAA. The treatment solutions
were sprayed three times during the experiment. The
spray was done at 0, 7, and 14 d after topping (before 9
am.and after 4 pm. every day). The experimental had a
completed randomized design with three replications.
Seedling samples were collected at 0, 10, 20 and 30 d
after topping, soon wrapped in an aluminum foil, and
placed in liquid nitrogen. Then the samples were
transferred to sealed plastic bags and stored at —80°C to
measure the relevant index.

Determination of carbon metabolites: The oven-dried
leaf samples (1.0 g each) were triturated for 30 min using
80% ethanol (v/v) at 80°C. The extract was subjected to
centrifugation for 10 min at 12000 rpm. The supernatant
was reacted with activated charcoal, and evaporated to
dryness using a vacuum evaporator. The dried sample was
re-dissolved in distilled water, and used for the
measurement of soluble sugars using the anthrone
method. The reducing sugars were determined using the
method by Gao (2003). The starch content was measured
from the ethanol-insoluble residue using the anthrone-
H,SO, protocol (Gao, 2003). For measuring total C
content through the combustion method described by Yan
et al., (2015) was employed.

Determination of nitrogen metabolites: Soluble
proteins were determined from the frozen leaf samples
(each 0.2 g) by homogenizing them in 2 mL of 50 mM
cold sodium phosphate buffer (pH 7.8) containing 0.2
mM EDTA and 2% (w/v) polyvinylpyrrolidone (PVP).
The residue was subjected to centrifugation for 20 min at
12000%g. The total soluble proteins in the supernatant
were quantified using the Bradford G-250 reagent
(Bradford 1976). The method described by Mazzoncini et
al., (2011) was employed for appraising total N content.
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Nicotine content was quantified using the method
following Wang et al., (2003).

Enzyme extraction and assays: Leaf samples (each 0.2
g) were triturated well in chilled distilled water, and kept
for 3 h at 4°C. The residue was subjected for 20 min to
centrifugation at 12,000 x g at 4°C. Amylase activity
(AMY) was assessed following Joel & Bhimba (2012).
Invertase activity (INV) was appraised following
Cuadrado et al., (2001). Nitrate reductase activity (NR)
was measured following Liu et al., (2014). Leaf samples
(0.2 g each sample) were homogenized in 25 mM
phosphate buffered saline (pH 8.7) containing 10 mM
cysteine and 1 mM EDTA in a chilled pestle and mortar.
The residue was subjected to centrifugation for 15 min at
12,000 x g at 4 °C, and the supernatant was assayed for
NR activity. To the enzyme extract 100 mM KNO; and
2% (w/v) NADH were added and the mixture was
incubated at 25 °C for 30 min. A control without NADH
was also processed concurrently. The reaction was
terminated by adding 1% (w/v) sulfanilamide (prepared in
3M HCI) and 0.02% (w/v) of N-(1-naphthyl) ethylene
diamine dihydrochloride. After color reflection for 15
min, the sample mixture was centrifuged for 5 min at
12000 g, and the absorbance was read at 540 nm.

Field experiment: The field experiment was carried out
in Luonan (34° 03' N, 110° 06" W) situated in northwest
China. The region received 750 mm of rainfall annually.
The soil physio-chemical characteristics and cropping
practices of the site are shown in Table 1. The size of
every plot was 4.6 m x 7.0 m (32.2 cm?) with 4 rows.
Line spacing of tobacco plants was 1.15 m and 0.53 m,
respectively. Leave 20 leaves after the topping. The
treatment solutions were sprayed three times during the
whole experiment life. The spray was done at0d, 7 d, 14
d after topping before 9 am.and after 4 pm every day. The
spray was applied to the upper leaves (15 to 20 leaves
from the bottom up).The upper, middle and lower leaves
of tobacco were harvested and weighed after flue-cured.
The economic traits including yield and proportion of
upper-quality tobacco were calculated.

Statistical analyses: All data were recorded and graphs
were prepared using the Excel 2003 (Microsoft, USA),
and results are presented as meantstandard error.
Statistical analyses were performed with the SPSS version
20 software.

Table 1. Detailed soil characteristics and cropping practices of field and pot experiments.

Soil and crop information

Field experiment

Pot experiment

Soil pH 6.78
Organic matter (g/kg) 15.17
Available N (mg/kg) 42.36
Available P (mg/kg) 26.84
Available K (mg/kg) 135.06
Transplanting date 29-April
Toping date 30-June
Harvesting/Sampling date 13-Oct
Cultivar Yunyan 99

7.56

8.74

43.67

10.41

79.7

3-May
15-July

15-July and 14-August

Yunyan 99
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Table 2. Effect of exogenous IAA and GAz on yield and
proportion of high quality of tobacco in field experiments.

Proportion of high

Treatment Yield (kg /hm?) quality tobacco (%)

CK 2370.15 £ 58.25b 44.25 +0.61bc
T1 2396.7 £ 56.77b 43.81 +0.45¢C

T2 2504.85 + 58.22ab 44.31 + 0.64bc
T3 2500.8 + 60.75ab 44.78 £ 0.83abc
T4 2403.15 + 57.26ab 43.11 £0.612c
T5 2584.65 £ 58.76a 46.78 + 0.55a

T6 2547.6 + 58.26ab 46.12 + 0.52ab
T7 2520.45 + 55.89ab 46.23 £ 0.84ab
T8 2407.95 + 55.37ab 39.82 +0.50d

Data are means of three biological replicates. Statistical difference (p<0.05)
between the treatments are indicated by different lowercase letters

Results

Estimation of optimal treatment for maximum
economic trait: To examine whether GAs or IAA could
improve production of tobacco, we investigated yield and
proportion of high quality tobacco in the mature period.
Spraying with either GAz or 1AA could improve the yield
and the proportion of high quality tobacco (Table 2). The
yield increased with T2 or T3 were 5.68% and 5.51%,
respectively, and the proportions of high quality tobacco
at T2 and T3 were 0.14% and 2.19% compared to control,
respectively. Of the four treatments (interaction with GAs
and 1AA), The optimal treatment for attaining highest
yield and proportion of high quality tobacco was found to
be T5 at which a significant increase in yield by 9.05%
and quality by 5.71% respectively was observed. No
marked difference was observed between the other
treatments and control in yield and quality of tobacco.

Carbon metabolites: To explore the possibility of
enhancing productivity of tobacco by elevating the C
metabolism capacity, we monitored the changes in C
metabolism.

Sugars and starch are the main carbon compounds in
leaves. No marked difference was observed in C
metabolites at 0 day after topping. However, reducing
sugars, starch and total carbon content at 30 days after
topping were generally higher than those recorded at O
day. However, soluble sugars generally showed a decline
with time after spraying (Fig. 1). As shown in Fig. 1A,
there was a significant increase in reducing sugars at T5 at
10d, 20d and 30d after topping, which had been 38.64%,
69.55% and 50.66% relative to CK, respectively. As
shown in Fig. 1B, there was a significant increase in
soluble sugars at T3, T5, and T6 at the 10d after topping.
At 20d after topping, no significant change was found in
the soluble sugars at T4 and T8. The optimal value of
soluble sugars was recorded in T5. As shown in Fig. 1C,
all spraying treatments significantly increased the starch
content of tobacco particularly at 10d and 20d after
topping. Low concentration of single application of I1AA
or GAs (T1 or T3) had better effect on the starch content
than did the high concentration (T4 or T5). As shown in
Fig. 1D, there was significant difference between T5 and
CK in total C content at 10d, 20d and 30d after topping,
which was found to be increased by 13.25%, 32.74% and
40.67% with respect to CK, respectively.
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N metabolites: N metabolites include various N-containing
compounds, including soluble proteins, total N, and nicotine.
It can not only serve as a key product of N metabolism of
tobacco, but also as the key process involved in smoking and
flavor of tobacco. So, foliar application of IAA or GAs (T1
to T4) caused a remarkable effect on soluble protein content
compared with CK (Fig. 2A). Treatment of single
application of IAA had a better effect on the degradation of
nicotine, however, T5 still showed the best effect of all
treatments used (Fig. 2B). As shown in Fig. 2C, single
application of IAA or GA3 was not so effective in altering
the total N content at 30d after topping. However, the
optimal effect was recorded in T5, because it caused a
significant increase of 8.06% and 19.57 relative to the CK at
20d and 30d, respectively.

Amylase (AMY) and Invertase (INV) activities: The
AMY activity showed first an increasing trend and then a
decreasing one reaching the maximum value on the 20d
after topping (Fig. 3A). Application of low concentrations
of IAA or GAs; markedly improved the AMY activity,
however, T1 and T3 increased AMY activity up to
46.02% and 13.64% relative to CK. Combined treatment
of foliar spray with IAA and GAs; caused maximal
activity of AMY even after topping. At T5 the AMY
activity recorded was 1.38, 1.31 and 1.49 times that of the
CK. Invertase (INV) is an enzyme that hydrolyses sucrose
into hexose monomers (Cuadrado et al., 2001; Roitsch &
Gonzalez, 2004). In our study, the INV activity gradually
decreased from 0 to 10 days after topping, then slowly
increased from 10 to 20 days, and remained stable from
20 to 30 days (Fig. 3B). Combined spray of IAA and
GA3, increased the INV activity substantially after
topping. Especially, at T5 the increase in INV activity
was 10.35, 1.86 and 1.37 times that of the CK.

Nitrate reductase (NR) activity: NR activity gradually
decreased over time (Fig. 3C). Single application of I1AA
or GA;s treatment (T1, T2, T3, T4) had no significant
effect on NR activity measured after 10 d of topping.
However, NR activity at T5 was 1.8 and 2.56 times that of
the CK at 20 and 30d after topping, while other treatments
showed no significant difference compared with the CK.

Discussion

The optimal treatment for maximum yield and quality of
tobacco: Plant growth regulators could involve in the
improvement of plant growth and yield (Hadi et al., 2010).
They can optimize the plant morphology and biomass, and
improve crop quality by regulating a variety of metabolic
activities (Tassi et al., 2008; Zeng et al., 2012). For instance,
Ren et al., (2016) reported increased accumulation of
photosynthetic products, increased grain filling rate, and
improved ear character, thereby leading to increased grain
yield of summer maize by spraying exogenous ethephon and
diethyl aminoethyl hexanoate (DA-6).

Many studies have been earlier conducted on the
interaction of different hormones, such as that of ABA and
GAs (Chiang et al., 2015), of ABA, GAS and Eth (Liang et
al., 2013), and of SA and ABA (Hisano et al., 2015). IAA
is known to play a vital role in higher plants as a plant
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growth promoter and in signal transduction. In addition, it
plays an effective role in stress tolerance (Kai et al., 2007;
Agami et al., 2013). In addition, GAs is believed to be
involved in improving crop productivity under normal or
stressful regimes (Bose et al., 2013), because it is linked
with several growth and development processes (Swain et
al., 2005; Al-Khassawneh, 2006). However, there is a little
information available whether IAA and GAs; in
combination are involved in the improvement of
productivity, especially in tobacco. In our study, although
both IAA and GAs applied individually improved the
productivity and quality of tobacco, their combination
proved to be more effective in productivity and quality
improvement. The optimum level of both hormones applied
in combination was T5 (GA3; 50 + IAA 30 mg/L).

C and N metabolism processes respond differentially
to 1AA and GAas: The hormone-induced increase in crop
production is believed to be linked to a coordinated
relationship between the source and sink. So we
conducted a critical analysis of the C and N metabolites
and key enzyme activities involved in C and N
metabolism under each treatment. It is also known that
metabolism of C and N in plants is intensively affected by
stressful enviroments (Myers et al., 2007).

Reducing sugar (mg g_l DW)

A
& 0d
o | ——10d
——20d
o8 ——30d
“en
@
=l
5
E -
w5
2 o4t
3
2
CK T1 T2 T3 T4 T Té T T8
C
6
= 04
~ —»—104d
B s
a
_'OD
2
—
5
3
=1
S
-
B 2
721

CK T1 T2 T3 T4 T5 T6 T7 T8

CHENG QIN ET AL.,

Nitrogen assimilation has been under intensive study by
the researchers for a long span of time because of its
considerable role in plant growth and development
(Davenport et al., 2015). Nitrate reductase (NR) plays key
role in in nitrate assimilation (Zhao et al., 2013). Our data
show that NR activity under T5 (GAs 50 + IAA 30) was
significantly higher than that under CK at 20 and 30d after
topping. Nicotine, a key alkaloid of tobacco, accounting
nearly 0.6%-3% of the leaf dry weight (Shoji et al., 2010). In
our study, single application of IAA had a marked effect on
the degradation of nicotine, however, T5 still showed the
best results compared with the other treatments applied.
Biomass production and grain yield of crops were directly
resulted by the assimilation of nitrogen (Zhang et al., 2017).
Foliar-applied IAA or GAs after topping increased the total
nitrogen content in the upper leaves of tobacco. However, a
prominent synergistic effect of IAA and GAs applied in
combination was observed on total N content. Also,
catabolism of organic matter was found to be increased by
the application of IAA and GA; to give rise carbohydrates
and proteins. For example, GAz or 1AA applied separately
significantly increased the soluble protein content in tobacco,
but the combination of GAs and 1AA was found to be more
effective in the degradation of soluble proteins. However, the
conversion of free amino acids during protein degradation
may have a positive effect on the quality of tobacco.
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Fig. 1. Effect of exogenous IAA and GAs on C metabolism of tobacco in pot experiment. (A) Soluble sugar, (B) Reducing sugars, (C)
Starch content, (D) Total C content. CK (control, deionised water); T1 (30 mg L 1AA); T2 (60 mg L IAA); T3 (50 mg L GAs); T4
(100 mg Lt GAs); T5 (50 mg L™ GAszand 30 mg L't 1AA); T6 (50 mg L' GAz and 60 mg L IAA); T7 (100 mg Lt GAs and 30 mg
L11AA); T8 (100 mg Lt GAs and 60 mg* IAA). Data are means+SD of three replicates.
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Fig. 2. Effect of exogenous IAA and GAs on N metabolism of
tobacco. (A) Soluble proteins, (B) Nicotine, (C) Total N content.
The same should be followed in all following figures.

N assimilation is closely linked to C metabolism
and photosynthesis (Abadie et al., 2018; Saiz et al.,
2017). Starch is a key C reserve in higher plants. It
accumulates during day, but its hydrolysis takes place
during night to yield reduced C to plants (Pokhilko et
al., 2014). Total carbon content can be used as a
comprehensive representation of carbon metabolites,
which have an important impact on improving the
quality of tobacco. Reducing sugars are the main
chemical ingredients that affect the taste of tobacco. The
activities of AMY and INV are important indicators of
carbon metabolism. Our results confirmed that there was
no significant difference in C metabolites at 0 day after
topping. However, reducing sugars, starch and total
carbon content at 30 days after topping were generally
higher than those at 0 day. While soluble sugar content
generally showed a downward trend with time after
spraying (Fig. 1). In this study, the activities of AMY
and INV in tobacco plants in T5 at 30d after topping
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Fig. 3. Effect of exogenous IAA and GAs on key enzymes
involved in C and N metabolisms of tobacco. (A) AMY activity,
(B) INV activity, (C) Nitrate reductase activity.

were significantly higher than those in CK (Fig. 3).
Thus, our results suggested that low concentrations of of
IAA or GA; (T1 or T3) had better effect on the starch
content than the high concentrations (T4 or T5).

Conclusion

Our study showed that the positive role of two types
plant growth regulators (IAA or GAs) in improving the
tobacco productivity can be ascribed to balanced C and N
metabolisms. It can be concluded that exogenously
applied low concentrations of GAs; or IAA applied
individually after topping effectively improved yield and
enhanced quality of tobacco by increasing the activities of
some key enzymes involved in C and N metabolisms.
However, both hormones applied in combination (GA3 50
mg/L and IAA 30 mg/L) were found to be more effective
than their individual application in improving the
productivity, quality and N and C metabolisms.
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