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Abstract: The stress of transplanting injury adversely affects rice growth and productivity worldwide.
N-acetylcysteine (NAC), the precursor of glutathione, is a potent ROS scavenger with powerful
antioxidant activity. Previous studies on the application of NAC in plants mainly focused on
alleviating the stress of heavy metals, UV-B, herbicides, etc. However, the role of NAC in alleviating
transplanting injury is still not clear. A barrel experiment was carried out to explain the mechanism
of NAC regulating the transplanting injury to machine-transplanted rice during the recovery stage.
The results showed that NAC priming shortened the time of initiation of tillering and increased
the tiller numbers within 3 weeks after transplanting. In addition, NAC priming increased the
chlorophyll content, net photosynthetic rate, and sucrose content, thereby improving the dry weight
at the recovery stage, especially root dry weight. At the same time, NAC priming significantly
increased the activity of ascorbate peroxidase (APX), glutathione reductase (GR), catalase (CAT), and
superoxide dismutase (SOD). In addition, it also regulated flavonoids and total phenols contents to
reduce hydrogen peroxide (H2O2) and malondialdehyde (MDA) contents, especially at the initial
days after transplanting. These results suggest that NAC priming improves the tolerance of rice
seedlings against transplanting injury by enhancing photosynthesis and antioxidant systems at initial
days after transplanting, thereby promoting the accumulation of dry matter and tillering for higher
yield returns.

Keywords: antioxidant; machine-transplanted rice; N-acetylcysteine; photosynthetic; transplanting injury

1. Introduction

Rice (Oryza sativa L.), one of the most widely cultivated staple foods, is consumed
by more than 50% of the population of the world [1]. China is amongst the largest rice-
producing countries and contributes about 35% of the global rice production [2]. Consid-
ering the high consumption of rice and the burgeoning population, improvement in rice
production technology and yield is very necessary to meet the growing demand of food in
the world [3]. However, high-paced urbanization and quests for a better lifestyle have en-
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couraged the labor to shift towards cities, which has caused a labor shortage in rural
areas. Therefore, rice mechanization needs to be improved to tackle such problems of the
modern world.

The mechanization of rice nursery transplantation methods such as mechanical carpet-
transplanting has reduced the requirement of labor, and is being used widely in China.
However, the severe mechanical damage caused to seedlings during such transplantation
still remains a point of concern for rice researchers [4]. Previous studies have shown that
physical or mechanical injuries might cause a drastic hindrance in the growth and yield of
crop plants [5]. Such wounding causes cell death and water loss at the injured sites, and
damaged plants are also easily prone to pathogenic attacks which could intensify the stress
through these wounds [6–8]. Consequently, it induces over-production of reactive oxygen
species (ROS) in plant [9], which then triggers the lipid peroxidation of cellular membranes
and causes significant damage to photosynthetic machinery, including pigments, proteins,
and lipids [10,11]. Damaged plants will regulate photosynthetic capacity and the partition-
ing of resources through multiple signaling factors such as jasmonic acid (JA), ABA, and
ROS to defend against stress [12–14]. However, much energy is needed for the process of
defense, which may compete with growth and reproduction [15]. In addition, root injuries
during transplantation impede the transportation of amino acids and hormones towards
leaves that are synthesized in roots and play important role plant defense responses [16].
Similarly, studies also reported that root injury might impair the absorption capacity of Zn
and other important nutrients from soil [17]. Therefore, transplanting injury inhibits the
growth of rice seedlings, resulting in a longer recovery stage. Considering these issues, it is
essential to effectively reduce the adverse impacts caused by the transplanting injury.

A number of studies suggest that chemical priming is a promising and potential field in
plant stress management [18]. N-Acetyl-L-cysteine (NAC, C5H9NO3S) is a thiol compound
derived from cysteine amino acid, which is widely used as a chelating agent, antioxidant,
and active oxygen scavenger in medicine [19]. Recent plant studies have shown that
exogenous NAC reduces adverse effects resulting from biotic and abiotic stresses [20–22].
NAC has been reported to reduce the bacterial population in the sweet orange ‘Pera’ caused
by the Xylella fastidiosa [20]. It also possess important role in alleviating the effects of
UV-B stress in Anabeana sp. and Glycine max var. Hood [23,24]. Treatment with NAC is also
effective in Hordeum vulgare L. and Solanum nigrum L. [21,22] to alleviate Cd stress, and
in the aquatic macrophyte Callitriche obtusangula exposed to herbicides [25]. In addition,
NAC improves some physiological functions such as chlorophyll content, chlorophyll
fluorescence, and photosynthesis rate to enhance crop production.

Considering the roles of NAC against abiotic stress in plants and the negative impact
of transplanting injury on rice, it was hypothesized that NAC priming could alleviate
transplanting injury. Therefore, our study investigated the comprehensive regulation of
NAC priming on antioxidant systems and photosynthetic capacity of machine-transplanted
rice after transplanting. Additionally, the physiological mechanism that NAC priming miti-
gated the transplanting injury of machine-transplanted rice is also discussed in this paper.

2. Results
2.1. Phenotype, Yield, and Yield Components

The phenotype of rice plants grown in hydroponic culture clearly showed a positive
effect of NAC priming, particularly NAC-20, on the growth of rice seedlings (Figure 1).
Consistently, compared with CK,NAC-20 significantly increased the number of panicles,
the grain filling rate, and the yield of rice (Table 1). Both NAC-20 and NAC-200 had higher
yields than CK (11.2% and 8.1%, respectively), suggesting the positive response of rice
seedlings towards NAC priming.
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Figure 1. Effects of different concentrations of NAC on seedling growth at the 2 and 7 days after 
transplanting. CK, 0 μm;NAC−20, 20 μm;NAC−200, 200 μm. 

Table 1. Effects of different concentrations of NAC on yield and yield components. 

Treatment Panicles Pot−1 Spikelets Panicle−1 Grain Filling 
(%) 

Grain Weight 
(mg) 

Grain Yield 
(g·pot−1) 

CK 28.7 ± 1.2 b 153.3 ± 5.5 a 90.2 ± 1.5 b 28.5 ± 0.2 a 112.6 ± 2.2 b 
NAC-20 31.4 ± 1.0 a 149.1 ± 6.6 a 92.9 ± 0.7 a 28.8 ± 0.4 a 125.2 ± 2.7 a 

NAC-200 30.9 ± 0.7 ab 148.4 ± 5.2 a 92.6 ± 0.9 ab 28.7 ± 0.5 a 121.7 ± 4.6 a 
CK, 0 μm; NAC-20, 20 μm;NAC−200, 200 μm. Data are means ± SD (n = 3). The different letters 
following average values indicate significant difference (Duncan, p < 0.05). 

2.2. Tiller Dynamics 
NAC increased the tiller numbers within 3 weeks after transplanting (Figure 2). Dur-

ing the second week, a sharp increase in tiller number was noticed in all three treatments, 
but NAC-treated rice seedlings showed a significantly higher tiller number than CK. Im-
portantly, the highest tiller number was always noticed (NAC-20) after the first week of 
transplanting. TheNAC−20 had 17.1% and 8.4% higher tiller numbers than CK and-
NAC−200, respectively.  
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Figure 2. Effects of different concentrations of NAC on the tiller numbers within 3 weeks after trans-
planting. CK, 0 μm;NAC−20, 20 μm;NAC−200, 200 μm. Data are means ± SD (n = 3). The different 
letters following average values indicate significant difference (Duncan, p < 0.05). 

  

Figure 1. Effects of different concentrations of NAC on seedling growth at the 2 and 7 days after
transplanting. CK, 0 µm; NAC-20, 20 µm; NAC-200, 200 µm.

Table 1. Effects of different concentrations of NAC on yield and yield components.

Treatment Panicles Pot−1 Spikelets Panicle−1 Grain Filling (%) Grain Weight (mg) Grain Yield (g·pot−1)

CK 28.7 ± 1.2 b 153.3 ± 5.5 a 90.2 ± 1.5 b 28.5 ± 0.2 a 112.6 ± 2.2 b

NAC-20 31.4 ± 1.0 a 149.1 ± 6.6 a 92.9 ± 0.7 a 28.8 ± 0.4 a 125.2 ± 2.7 a
NAC-200 30.9 ± 0.7 ab 148.4 ± 5.2 a 92.6 ± 0.9 ab 28.7 ± 0.5 a 121.7 ± 4.6 a

CK, 0 µm; NAC-20, 20 µm; NAC-200, 200 µm. Data are means± SD (n = 3). The different letters following average
values indicate significant difference (Duncan, p < 0.05).

2.2. Tiller Dynamics

NAC increased the tiller numbers within 3 weeks after transplanting (Figure 2). During
the second week, a sharp increase in tiller number was noticed in all three treatments,
but NAC-treated rice seedlings showed a significantly higher tiller number than CK.
Importantly, the highest tiller number was always noticed (NAC-20) after the first week
of transplanting. The NAC-20 had 17.1% and 8.4% higher tiller numbers than CK and
NAC-200, respectively.
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Figure 2. Effects of different concentrations of NAC on the tiller numbers within 3 weeks after
transplanting. CK, 0 µm; NAC-20, 20 µm; NAC-200, 200 µm. Data are means ± SD (n = 3). The
different letters following average values indicate significant difference (Duncan, p < 0.05).
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2.3. Plant Growth Parameters

The NAC treatments showed dynamic response on the growth parameters of rice
seedlings during the first week of transplantation (Figure 3). Compared to CK, the NAC
treatment significantly improved plant height, shoot dry weight, and root dry weight,
which was more obvious within the 2 days after transplanting. However, there was no
significant difference in most growth parameters at 7 days after transplanting, suggesting
that NAC mainly helped to regulate the initial growth during transplantation shock. In
addition, transplanting decreased the root-to-shoot ratio in all treatments, but NAC-treated
seedlings retained a significantly higher root-to-shoot ratio than CK.NAC-20 showed more
obvious impact on growth parameters at 2 or 7 days after transplanting.
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Figure 3. Effects of different concentrations of NAC on plant height (A), root dry weight (B), shoot
dry weight (C), and ratio of root to shoot (D). CK, 0 µm; NAC-20, 20 µm; NAC-200, 200 µm. Data
are means ± SD (n = 3). The different letters following average values indicate significant difference
(Duncan, p < 0.05).

2.4. Chloroplast Pigment Content

Initially, at 0 days, there was no obvious different in chlorophyll content, but it declined
markedly after the 2 days of transplanting, more obviously in CK (Figure 4A). At this stage,
both NAC treatments showed significantly higher chlorophyll content than CK. A similar
trend was noticed in carotenoids content at 2 days after transplanting (Figure 4B). However,
within NAC treatments, NAC-20 showed higher carotenoids content than NAC-200.
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Figure 5. Effects of different concentrations of NAC on Pn (A), Tr (B), Ci (C), and Gs (D). CK, 0 
μm;NAC−20, 20 μm;NAC−200, 200 μm. Data are means ± SD (n = 3). The different letters following 
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Figure 4. Effects of different concentrations of NAC on chlorophyll (A) and carotenoid (B) content.
CK, 0 µm; NAC-20, 20 µm; NAC-200, 200 µm. Data are means ± SD (n = 3). The different letters
following average values indicate significant difference (Duncan, p < 0.05).
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2.5. Gas Exchange Parameters

The application of NAC had a significant effect on Pn on each day (Figure 5A). The
Pn of NAC-200 was significantly higher than that of CK at 0 and 2 days, while the Pn of
NAC-20 was significantly higher than that of CK and NAC-200 at 7 days. Compared with
CK,NAC-20 and NAC-200 significantly reduced Tr and Ci at 2 and 7 days (Figure 5B,D).
NAC-200 also significantly increased Ci at 0 days (Figure 5C).
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Figure 5. Effects of different concentrations of NAC on Pn (A), Tr (B), Ci (C), and Gs (D). CK, 0 µm;
NAC-20, 20 µm; NAC-200, 200 µm. Data are means ± SD (n = 3). The different letters following
average values indicate significant difference (Duncan, p < 0.05).

2.6. Sucrose Content

Sucrose content increased continuously after transplantation of rice seedlings in all
treatments, and NAC treated seedlings always showed higher sucrose content than CK
(Figure 6). Importantly, after 7 days, the highest sucrose accumulation was observed in the
leaves of NAC-20 plants.

Plants 2022, 11, x FOR PEER REVIEW 6 of 14 
 

 

Su
cr

os
e 

co
nt

en
t (

m
g·

g−1
D

W
)

 
Figure 6. Effects of different concentrations of NAC on sucrose content. CK, 0 μm;NAC−20, 20 
μm;NAC−200, 200 μm. Data are means ± SD (n = 3). The different letters following average values 
indicate significant difference (Duncan, p < 0.05). 

2.7. Antioxidant Enzyme Activity 
Compared to CK, NAC treatment significantly increased the activities of the major 

antioxidant enzymes except POD, particularly within 2 days of transplantation (Figure 7). 
For instance, theNAC−20 seedlings showed the highest activity for SOD, CAT, and APX, 
suggesting that these enzymes are more responsive towards NAC treatment.  

A
PX

 a
ct

iv
ity

 (U
g−1

FW
 m

in
−1

)

G
R

 a
ct

iv
ity

 (U
g−1

FW
 m

in
−1

)

C
A

T
 a

ct
iv

ity
 (U

g−1
FW

 m
in

−1
)

PO
D

 a
ct

iv
ity

 (U
g−1

FW
 m

in
−1

)

SO
D

 a
ct

iv
ity

 (U
g−1

FW
 m

in
−1

)

 
Figure 7. Effects of different concentrations of NAC on APX (A), GR (B), CAT (C), POD (D), and 
SOD (E). CK, 0 μm;NAC−20, 20 μm;NAC−200, 200 μm. Data are means ± SD (n = 3). The different 
letters following average values indicate significant difference (Duncan, p < 0.05). 

Figure 6. Effects of different concentrations of NAC on sucrose content. CK, 0 µm; NAC-20, 20 µm;
NAC-200, 200 µm. Data are means ± SD (n = 3). The different letters following average values
indicate significant difference (Duncan, p < 0.05).
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2.7. Antioxidant Enzyme Activity

Compared to CK, NAC treatment significantly increased the activities of the major
antioxidant enzymes except POD, particularly within 2 days of transplantation (Figure 7).
For instance, the NAC-20 seedlings showed the highest activity for SOD, CAT, and APX,
suggesting that these enzymes are more responsive towards NAC treatment.
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Figure 7. Effects of different concentrations of NAC on APX (A), GR (B), CAT (C), POD (D), and 
SOD (E). CK, 0 μm;NAC−20, 20 μm;NAC−200, 200 μm. Data are means ± SD (n = 3). The different 
letters following average values indicate significant difference (Duncan, p < 0.05). 

Figure 7. Effects of different concentrations of NAC on APX (A), GR (B), CAT (C), POD (D), and SOD
(E). CK, 0 µm; NAC-20, 20 µm; NAC-200, 200 µm. Data are means ± SD (n = 3). The different letters
following average values indicate significant difference (Duncan, p < 0.05).

2.8. Non-Enzymatic Antioxidant Content

NAC treatment increased the flavonoid and total phenol contents at 0 and 2 days,
with NAC-20 showing the highest content (Figure 8A,B). Proline content did not show
any significant difference between CK and NAC-treated seedlings; but the highest proline
accumulation was always noticed in NAC-20 plants (Figure 8B).

2.9. H2O2 and MDA Content

The H2O2 and MDA content of each treatment first increased and then decreased
(Figure 9A,B). However, NAC treated seedlings showed lower transplantation stress, as
noticed by their significantly lower H2O2 and MDA content than CK. Importantly, at 7 days,
NAC-20 showed the lowest H2O2 and MDA contents, compared to NAC-200 and CK.
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3. Discussion

In recent times, mechanical transplanting methods have been replacing the conven-
tional methods of rice cultivation, due to labor shortage in rural areas and increases in labor
costs [26]. Among mechanical transplanting methods, carpet seeding methods have been
popularized in many rice cultivation regions of China. However, the plant and root injury
during machine transplanting results in the production of weak young seedlings [27]. A
wide range of studies have proven the viability of exogenous application of materials that
are already involved in several endogenous metabolic process of the organism, i.e., mela-
tonin, polyamines, phytohormones, etc. against abiotic stresses [28]. Similarly, NAC has
been utilized in pharmaceutical drugs and nutritional supplement against various diseases
due to its role as a free radical scavenger and chelating agent [29]. In addition, some studies
in plants also showed its positive effects against various abiotic and biotic stresses [20,21].
Therefore, to further elaborate the positive role of NAC against transplanting injury, we
carried out this study with two different concentrations of NAC. Our results show that
NAC priming is effective in alleviating the transplanting shock during early days after
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transplanting. It enhanced the antioxidant capacity and promoted the growth and tillering
of rice seedlings compared to control plants, ultimately resulting in significantly a higher
yield for NAC-treated plants than CK.

3.1. The Concentration of 20 µM NAC Priming Is More Effective in Promoting Tillering and Yield
of Machine-Transplanted Rice under Transplanting Injury

Transplanting injury has a considerable impact on rice growth and generally delays the
development of rice [30]. Recent studies have shown that seed treatment with exogenous
materials could improve the tolerance of rice against transplanting injury and chilling
stress [31]. The exogenous application of NAC in wheat plants protected the roots against
heavy metal stress and improved the growth and biomass of wheat plants [29]. Consistently,
the NAC-primed seedlings in our study showed significantly higher yield components
than CK. Although previous studies did not show any harmful effect of NAC, even at
high concentrations, different concentrations may induce variable responses in different
species. For instance, application of 200 µM NAC effectively protected the barley roots and
leaves against Cd stress [21], but for Solanum nigrum, the concentration of 500 µM was
effective against the same heavy metal stress [22]. Similarly, in our study, 20 µM of NAC
(NAC-20) appeared to be more effective in terms of higher numbers of tillers (Figure 2)
and grain yield (Table 1), and biomass accumulation. Altogether, these results suggest that
NAC priming could be adopted as a promising strategy to reduce the negative influence of
transplanting injury and promote tiller growth on machine-transplanted rice.

3.2. NAC Priming Improves the Photosynthetic Capacity and Promotes the Accumulation of
Sucrose and Dry Matter of Machine-Transplanted Rice under Transplanting Injury

Mechanized transplanting injury can break the balance between water absorption
and transpiration, and affect various metabolic processes such as photosynthesis [32].
The main photosynthetic pigments are chlorophyll a, chlorophyll b, and carotenoids,
which are an indispensable part of photosynthesis [33]. Previous studies have shown that
the chlorophyll content [34], Pn, and light saturation point of plants are reduced under
stress [35]. Zn-induced chlorophyll (Chl) content and Chl fluorescence (Fm) of corn were
increased by the NAC treatment [36], which increased the Pn rate and PAR [37]. This
study showed that transplanting injury reduced chlorophyll content, Pn, Tr, and Gs at the
early stage of injury. Compared with CK, however, NAC treatment had higher chlorophyll
and Pn (Figures 4 and 5), which maintained photosynthesis of plants under transplanting
injury. Therefore, NAC treatments alleviated the inhibition of transplanting injury on rice
growth, which was mainly manifested in increased sucrose content and root dry weight
(Figures 3 and 6). Some studies suggested that applications of NAC lead to increases in the
sucrose, fructose, and glucose contents of the root [38]. It is considered that root growth is
most critical for post-transplanting growth of plants [39]. In conclusion, NAC alleviates the
effect of transplanting injury on photosynthesis and promotes dry matter accumulation to
improve the growth of machine-transplanted rice after transplantation.

3.3. NAC Priming Improves the Antioxidant Capacity to Reduce Transplanting Injury of
Machine-Transplanted Rice

It has been well-established that environmental stresses and physical injuries induce
oxidative damage and results in lipid peroxidation [31]. As a reactive oxygen species,
H2O2 is an especially important signaling molecule; however, its burst production under
stressful conditions could impose severe oxidative stress and cause cellular damage [40].
From this perspective, MDA is one of the well-known markers for possible membrane
damage due to lipid peroxidation. In the present study, the initial increase in H2O2
accumulation and lipid peroxidation (MDA) within 2 days of transplanting indicates the
transplanting-induced oxidative damage in rice seedlings. However, compared to control,
the significantly lower MDA and H2O2 content in NAC treatments suggests that exogenous
NAC is involved in mitigating the impact of transplanting shock during the early days of
rice transplanting (Figure 9). Previous studies with different abiotic stresses have shown
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that NAC application is very effective in regulating the antioxidant system and direct
scavenging of excessive ROS [25,38]. Therefore, to further verify the role of NAC against
transplanting injury, we also compared the response of antioxidants in CK and NAC
plants. Consistent with the lower oxidative damage in NAC treated seedlings, the activities
of major antioxidant enzymes SOD, APX, CAT, and GR were found significantly higher
in them than CK (Figure 7). It shows that these antioxidant enzymes, except POD, are
more responsive towards NAC application and are mainly involved in alleviating the
transplanting injury of rice seedlings. Besides SOD, which is involved in dismutating the
most harmful superoxide into peroxides, both APX and GR are important components of
the AsA-GSH cycle that are mainly involved in detoxifying excessive H2O2 in the plant
cells [40]. Therefore, in the present study, the significantly higher activity of APX and GR
could be linked with the enhanced AsA-GSH cycle in NAC plants because they suffered
less cellular damage and showed significantly better growth than CK. A similar trend
was noticed in non-enzymatic antioxidants, especially proline, which also verified that
NAC priming improved the ROS-scavenging capacity of the rice seedlings to prevent
transplanting injury (Figure 8). Taken together, these results indicate that NAC priming
is a potential strategy to enhance the antioxidative capacity of plants under transplanting
injury; the identification of main molecular drivers and detailed interplay between the
enzymatic and non-enzymatic antioxidants could be a good subject for future studies.

3.4. The Mechanism of NAC Priming Mitigating the Transplanting Injury of
Machine-Transplanted Rice

Transplanting injury causes oxidative damage to plants, which seriously affects the
normal metabolic activities of plants. As an important energy production process in
green plants, photosynthesis is very sensitive to stress. Studies have showed that the
chlorophyll content and chlorophyll fluorescence parameters decreased under wound
stress [35]. This study revealed that NAC priming increased chlorophyll content and net
photosynthetic rate (Figures 4 and 5), thereby promoting dry matter accumulation under
transplanting injury (Figure 3). Therefore, NAC alleviated the effect of the transplanting
injury on rice photosynthesis, which is beneficial in ensuring the energy required for various
metabolic activities. In addition, treatments with NAC had a higher accumulation of
antioxidants such as flavonoids and total phenols, which was beneficial for ROS scavenging
(Figures 8 and 9). However, the synthesis of excess antioxidants requires a lot of energy,
which may cause growth stagnation [41]. Therefore, the improvement of photosynthesis by
NAC also indirectly provides an energy basis for the antioxidant system. NAC enhances
antioxidant enzyme activity (Figure 7) and reduces excessive membrane lipid peroxidation,
protein denaturation, carbohydrate oxidation, chromolysis, and impairment of enzymatic
activity [42]. This is conducive to the maintenance of enzyme activities related to metabolic
activities such as photosynthesis and the stability of membrane structure. In conclusion,
NAC improved the tolerance of machine-transplanted rice to transplanting injury by
enhancing photosynthesis and antioxidant systems, and the improvement of any of these
two systems also plays a positive role in the other system. NAC comprehensively regulates
the tolerance of rice to the transplanting injury through the integration of these two systems.

4. Materials and Methods
4.1. Experiment Site

The experiment was conducted in the Danyang Experimental Base of Nanjing Agri-
cultural University, Jiangsu Province, China (31◦54′ N, 119◦28′ E). The local conventional
japonica rice NingJing 7 was used as the experimental variety. The experiment was car-
ried out in plastic pots with a height of 35 cm and an inner diameter of 34 cm. Each pot
was filled with 15 kg of soil up to 25 cm height, approximately. The experimental soil
was taken from a local paddy, containing 1.12 g/kg nitrogen, 0.47 g/kg phosphorus, and
1.95 g/kg potassium.
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4.2. Experimental Design

The seeds were soaked with different concentrations of NAC (CK, 0 µM; NAC 20,
20 µM; NAC 200, 200 µM) for 2 days. The volume ratio of the solution to the seed was 3:1.
After soaking, the seeds were kept in the dark at 30 ◦C for 1 day. Then, the germinated
seeds (120 g) were sown in the seedling tray (58 cm × 28 cm) containing organic substrates
and cultivated for 20 days. When transplanted to pots, seedlings with consistent growth
were selected to simulate mechanical transplanting by pruning roots down to 2 cm. Each
pot contained three hills with three seedlings per hill. The rates of N, P2O5, and K2O
per pot were 2.0 g, 1.0 g, and 1.6 g, respectively. N was applied split at the basal stage
and panicle initiation stage; the ratio was 6:4. P and K were applied at the basal stage.
Other management was consistent with the local conventional management. At the same
time, the hydroponic experiments were carried out in order to visually capture the plant
phenotype at 2 and 7 days after transplanting. The seedlings with pruned roots were fixed
on the foam board. The nutrient solution was formulated according to Li et al. [43].

4.3. Parameter Measurements

Yield and yield components: At the maturity stage, three pots were selected by
recording the average panicles to investigate yield components, such as panicles per pot,
spikelets per panicle, grain-filling rate, and grain weight. Yield per pot = panicles ×
spikelets × grain-filling rate × grain weight.

Tiller dynamics: Similar plants were selected for measurements of tiller dynamics in
each barrel. The tillers of each plant were investigated every 7 days within 3 weeks after
transplanting. Three repetitions were set for each treatment.

Plant height and dry weight: At 0, 2, and 7 days after transplanting, 10 similar plants
were selected for each replicate. The plant height was measured from the base by using
ruler. The plants were oven-dried at 105 ◦C for 30 min, followed by 80 ◦C to a constant
weight. Three repetitions were set for each treatment.

Chloroplast pigment content: Fresh leaves (100 mg) crushed in liquid nitrogen were
extracted in 10 mL of 95% ethanol [44]. Then, the extract was centrifuged at 10,000× g
for 10 min. The absorbance at 663, 645, and 470 nm was measured with a UV–visible
spectrophotometer. The chlorophyll and carotenoids contents were calculated as follows:

Chlorophyll = 7.18 × OD663 + 17.32 × OD645;
Carotenoids = 4.37 × OD470 + 2.10 × OD663 + 9.10 × OD645
Gas exchange parameters: Net photosynthetic rate (Pn), stomatal conductance (Gs),

inter-cellular CO2 concentration (Ci), and transpiration rate (Tr) were measured by using
an automatic portable photosynthesis Instrument (LC Pro-SD, Analytic Development Co.,
Ltd., Hoddesdon, UK) at 7.00 to 11.00 h on a sunny day.

Sucrose content: Sucrose content was determined according to the method described
by Hendrix [45]. The dry sample (100 mg) was extracted with 80% ethanol. The extract was
mixed with 2M NaOH and boiled, then 30% HCl and 0.1% resorcinol were added, and the
absorbance at 480 nm was measured with the UV–visible spectrophotometer.

Antioxidant enzyme activity: Fresh leaves (0.5 g) were ground with 5 mL of extraction
solution containing 0.2 mM ethylenediaminetetraacetic acid, 25 mM Hepes, 2 mM ascorbate,
and polyvinylpyrrolidone (2%, w/v). After the homogenate was centrifuged (14,000× g)
at 4 ◦C for 15 min, the supernatant was used to determine the activities of antioxidant
enzymes. The corresponding reaction mixture solutions were prepared for measuring
the activity of ascorbate peroxidase (APX), glutathione reductase (GR), catalase (CAT),
peroxidase (POD), and superoxide dismutase (SOD) by following the method elaborated
by Chen et al. [46].

The flavonoid and total phenol content: Fresh leaves (0.5 g) were homogenized with
5 mL of 70% (v/v) cold methanol containing 28% (v/v) ethanol and 2% (v/v) formic acid at
room temperature for 2 h. Then, the homogenate was centrifuged (8000× g) for 15 min
at 4 ◦C, and the supernatant was filtered through a 0.45 µm filter. The flavonoid content



Plants 2022, 11, 1311 11 of 13

was determined according to Jia et al. [47], and the total phenol content was determined
according to Djeridane et al. [48].

Proline content: 0.2 g of the crushed sample was added to 3 mL of 3% (w/v) sulfosal-
icylic acid and centrifuged at 3000× g for 20 min; then, the supernatant was mixed with
3 mL of hydrochloric acid and 1.5 mL of 2.5% ninhydrin. This mixture was boiled in a
water bath for 1 h, cooled in an ice bath for 15 min, and extracted in 5 mL of toluene. After
standing still, toluene was absorbed in the upper layer, and the absorbance value was
measured at 520 nm [49].

H2O2 content: 0.1 g of leaf samples was homogenized in 5 mL of phosphate buffer
(50 mM) with 1% (w/v) insoluble polyvinylpolypyrrolidone (PVPP). The extract was cen-
trifuged (16,000× g) at 4 ◦C for 20 min [50]. The H2O2 content was estimated according to
the instructions of the hydrogen peroxide assay kit (A064-1-1, Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, Jiangsu, China).

MDA was determined following the method reported by Chen et al. [46]. The fresh
leaves (0.1 g) were extracted in thiobarbituric acid solution. Then, the mixture was cen-
trifuged (5000× g) at 25 ◦C for 10 min. The absorbance of supernatant was measured at
450 nm, 532 nm, and 600 nm by using a UV–visible spectrophotometer. The MDA content
was calculated as follows:

(6.45 × (OD535 − OD600) − 0.56 × OD450) × V/W
V: extract volume (mL), W: fresh weight (g)

4.4. Statistic Analysis

All the data were analyzed by SPSS 18.0 and are presented as means ± SD (n = 3).
Data were analyzed by ANOVA and the mean of treatments were compared by Duncan’s
Multiple Range Test (p < 0.05).

5. Conclusions

In conclusion, the results presented in the study showed that seed priming with NAC
could be adopted as a promising strategy to alleviate the initial transplanting shock on rice
seedlings. We noticed that seed priming with 20 µM NAC is more effective in promoting the
growth and yield of rice seedlings; however, comparative studies in the future with a greater
number of concentrations could help to explore the underlying molecular mechanisms and
detailed response of rice seedlings in terms of redox homeostasis and yield components.
In the present study, the better growth of NAC-treated seedlings was mainly attributed to
better ROS-scavenging capacity than CK, which protected the rice seedlings from cellular
damage during initial days of transplanting. Consequently, these seedlings retained higher
pigment content and net photosynthesis because they accumulated more sucrose and dry
matter, and had significantly higher tillering and yield than CK plants. The results in the
present study provide a direction for future studies to explore the detailed role of exogenous
NAC in improving the stress tolerance and yield of rice crops.

Author Contributions: Data curation, W.H. and Q.Z.; formal analysis, W.H., Q.Z., B.H. and J.H.;
funding acquisition, Y.D., Z.L., W.L., Y.J. and G.L.; investigation, W.H. and Q.Z.; writing—original
draft, W.H.; writing—review and editing, W.L., Y.J., G.L., A.M.U.D. and B.W. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Key Research and Development Program of Jiangsu
Province (BE2021361, BE2019377) and Jiangsu Agriculture Science and Technology Innovation Fund
(CX (18) 1002).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Plants 2022, 11, 1311 12 of 13

References
1. Abid, M.; Khan, I.; Mahmood, F.; Ashraf, U.; Imran, M.; Anjum, S.A. Response of Hybrid Rice to Various Transplanting Dates and

Nitrogen Application Rates. Philippine Agric. Sci. 2015, 98, 98–104.
2. Kong, L.L.; Ashraf, U.; Cheng, S.R.; Rao, G.S.; Mo, Z.W.; Tian, H.; Pan, S.G.; Tang, X.R. Short-term water management at early

filling stage improves early-season rice performance under high temperature stress in South China. Eur. J. Agron. 2017, 90,
117–126. [CrossRef]

3. Chen, S.; Liu, S.W.; Zheng, X.; Yin, M.; Chu, G.; Xu, C.M.; Yan, J.X.; Chen, L.P.; Wang, D.Y.; Zhang, X.F. Effect of various crop
rotations on rice yield and nitrogen use efficiency in paddy-upland systems in southeastern China. Crop. J. 2018, 6, 576–588.
[CrossRef]

4. Xing, Z.P.; Hu, Y.J.; Qian, H.J.; Cao, W.W.; Guo, B.W.; Wei, H.Y.; Xu, K.; Huo, Z.Y.; Zhou, G.S.; Dai, Q.G.; et al. Comparison of yield
traits in rice among three mechanized planting methods in a rice-wheat rotation system. J. Integr. Agric. 2017, 16, 1451–1466.
[CrossRef]

5. Kim, Y.H.; Khan, A.L.; Waqas, M.; Shahzad, R.; Lee, I.J. Silicon-mediated Mitigation of Wounding Stress Acts by Up-regulating
the Rice Antioxidant System. Cereal Res. Commun. 2016, 44, 111–121. [CrossRef]

6. Consales, F.; Schweizer, F.; Erb, M.; Gouhier-Darimont, C.; Bodenhausen, N.; Bruessow, F.; Sobhy, I.; Reymond, P. Insect oral
secretions suppress wound-induced responses in Arabidopsis. J. Exp. Bot. 2012, 63, 727–737. [CrossRef]

7. Cui, F.; Brosche, M.; Sipari, N.; Tang, S.; Overmyer, K. Regulation of ABA dependent wound induced spreading cell death by
MYB108. New Phytol. 2013, 200, 634–640. [CrossRef]

8. Savatin, D.V.; Gramegna, G.; Modesti, V.; Cervone, F. Wounding in the plant tissue: The defense of a dangerous passage. Front.
Plant Sci. 2014, 5, 470. [CrossRef]

9. Leon, J.; Rojo, E.; Sanchez-Serrano, J.J. Wound signalling in plants. J. Exp. Bot. 2001, 52, 1–9. [CrossRef]
10. Lin, C.C.; Kao, C.H. Effect of NaCl stress on H2O2 metabolism in rice leaves. Plant Growth Regul. 2000, 30, 151–155. [CrossRef]
11. Zhu, Z.J.; Wei, G.Q.; Li, J.; Qian, Q.Q.; Yu, J.Q. Silicon alleviates salt stress and increases antioxidant enzymes activity in leaves of

salt-stressed cucumber (Cucumis sativus L.). Plant Sci. 2004, 167, 527–533. [CrossRef]
12. Lee, A.; Cho, K.; Jang, S.; Rakwal, R.; Iwahashi, H.; Agrawal, G.K.; Shim, J.; Han, O. Inverse correlation between jasmonic acid

and salicylic acid during early wound response in rice. Biochem. Biophys. Res. Commun. 2004, 318, 734–738. [CrossRef] [PubMed]
13. Suttle, J.C.; Lulai, E.C.; Huckle, L.L.; Neubauer, J.D. Wounding of potato tubers induces increases in ABA biosynthesis and

catabolism and alters expression of ABA metabolic genes. J. Plant Physiol. 2013, 170, 560–566. [CrossRef]
14. Liu, Y.; Pan, Q.H.; Yang, H.R.; Liu, Y.Y.; Huang, W.D. Relationship between H2O2 and Jasmonic Acid in Pea Leaf Wounding

Response. Russian J. Plant Physiol. 2008, 55, 765–775. [CrossRef]
15. Castrillon-Arbelaez, P.A.; Martinez-Gallardo, N.; Arnaut, H.A.; Tiessen, A.; Delano-Frier, J.P. Metabolic and enzymatic changes

associated with carbon mobilization, utilization and replenishment triggered in grain amaranth (Amaranthus cruentus) in response
to partial defoliation by mechanical injury or insect herbivory. BMC Plant Biol. 2012, 12, 163. [CrossRef] [PubMed]

16. Bari, R.; Jones, J.D. Role of plant hormones in plant defence responses. Plant Mol. Biol. 2009, 69, 473–488. [CrossRef] [PubMed]
17. Mulyati; Bell, R.; Huang, L.B. Root pruning and transplanting increase zinc requirements of canola (Brassica napus). Plant Soil

2009, 314, 11–24. [CrossRef]
18. Savvides, A.; Ali, S.; Tester, M.; Fotopoulos, V. Chemical Priming of Plants Against Multiple Abiotic Stresses: Mission Possible?

Trends Plant Sci. 2016, 21, 329–340. [CrossRef]
19. Anfossi, G.; Russo, I.; Massucco, P.; Mattiello, L.; Cavalot, F.; Trovati, M. N-acetyl-L-cysteine exerts direct anti-aggregating effect

on human platelets. Eur. J. Clin. Investig. 2001, 31, 452–461. [CrossRef]
20. Muranaka, L.S.; Giorgiano, T.E.; Takita, M.A.; Forim, M.R.; Silva, L.F.C.; Coletta-Filho, H.D.; Machado, M.A.; de Souza, A.A.

N-Acetylcysteine in Agriculture, a Novel Use for an Old Molecule: Focus on Controlling the Plant-Pathogen Xylella fastidiosa.
PLoS ONE 2013, 8, e72937. [CrossRef]

21. Sun, H.; Zhang, X.; He, X.; Ahmed, I.M.; Cao, F.; Zhang, G.; Wu, F. N-acetyl-cysteine alleviates Cd toxicity and reduces Cd uptake
in the two barley genotypes differing in Cd tolerance. Plant Growth Regul. 2014, 74, 93–105. [CrossRef]

22. Deng, X.P.; Xia, Y.; Hu, W.; Zhang, H.X.; Shen, Z.G. Cadmium-induced oxidative damage and protective effects of N-acetyl-L-
cysteine against cadmium toxicity in Solanum nigrum L. J. Hazardous Mater. 2010, 180, 722–729. [CrossRef] [PubMed]

23. He, Y.Y.; Hader, D.P. UV-B-induced formation of reactive oxygen species and oxidative damage of the cyanobacterium
Anabaena sp.: Protective effects of ascorbic acid and N-acetyl-L-cysteine. J. Photochem. Photobiol. B 2002, 66, 115–124. [CrossRef]

24. Malanga, G.; Kozak, R.G.; Puntarulo, S. N-acetylcysteine-dependent protection against UV-B damage in two photosynthetic
organisms. Plant Sci. 1999, 141, 129–137. [CrossRef]

25. Iriti, M.; Castorina, G.; Picchi, V.; Faoro, F.; Gomarasca, S. Acute exposure of the aquatic macrophyte Callitriche obtusangula to
the herbicide oxadiazon: The protective role of N-acetylcysteine. Chemosphere 2009, 74, 1231–1237. [CrossRef] [PubMed]

26. Hu, Y.-J.; Wu, P.; Zhang, H.-C.; Dai, Q.-G.; Huo, Z.-Y.; Xu, K.; Gao, H.; Wei, H.-Y.; Guo, B.-W.; Cui, P.-Y. Comparison of agronomic
performance between inter-sub-specific hybrid and inbred japonica rice under different mechanical transplanting methods.
J. Integr. Agric. 2018, 17, 806–816. [CrossRef]

27. Cui, Z.; Dou, Z.; Chen, X.; Ju, X.; Zhang, F. Managing Agricultural Nutrients for Food Security in China: Past, Present, and Future.
Agron. J. 2014, 106, 191–198. [CrossRef]

http://doi.org/10.1016/j.eja.2017.07.006
http://doi.org/10.1016/j.cj.2018.07.007
http://doi.org/10.1016/S2095-3119(16)61562-9
http://doi.org/10.1556/0806.43.2015.031
http://doi.org/10.1093/jxb/err308
http://doi.org/10.1111/nph.12456
http://doi.org/10.3389/fpls.2014.00470
http://doi.org/10.1093/jexbot/52.354.1
http://doi.org/10.1023/A:1006345126589
http://doi.org/10.1016/j.plantsci.2004.04.020
http://doi.org/10.1016/j.bbrc.2004.04.095
http://www.ncbi.nlm.nih.gov/pubmed/15144900
http://doi.org/10.1016/j.jplph.2012.11.012
http://doi.org/10.1134/S1021443708060058
http://doi.org/10.1186/1471-2229-12-163
http://www.ncbi.nlm.nih.gov/pubmed/22966837
http://doi.org/10.1007/s11103-008-9435-0
http://www.ncbi.nlm.nih.gov/pubmed/19083153
http://doi.org/10.1007/s11104-008-9701-6
http://doi.org/10.1016/j.tplants.2015.11.003
http://doi.org/10.1046/j.1365-2362.2001.00815.x
http://doi.org/10.1371/journal.pone.0072937
http://doi.org/10.1007/s10725-014-9906-z
http://doi.org/10.1016/j.jhazmat.2010.04.099
http://www.ncbi.nlm.nih.gov/pubmed/20488618
http://doi.org/10.1016/S1011-1344(02)00231-2
http://doi.org/10.1016/S0168-9452(98)00237-4
http://doi.org/10.1016/j.chemosphere.2008.11.025
http://www.ncbi.nlm.nih.gov/pubmed/19101011
http://doi.org/10.1016/S2095-3119(17)61819-7
http://doi.org/10.2134/agronj2013.0381


Plants 2022, 11, 1311 13 of 13

28. Aslam, M.M.; Rashid, M.A.R.; Siddiqui, M.A.; Khan, M.T.; Farhat, F.; Yasmeen, S.; Khan, I.A.; Raja, S.; Rasool, F.; Ali Sial, M.; et al.
Recent Insights into Signaling Responses to Cope Drought Stress in Rice. Rice Sci. 2022, 29, 105–117. [CrossRef]

29. Colak, N.; Torun, H.; Gruz, J.; Strnad, M.; Ayaz, F.A. Exogenous N-Acetylcysteine alleviates heavy metal stress by promoting
phenolic acids to support antioxidant defence systems in wheat roots. Ecotoxicol. Environ. Saf. 2019, 181, 49–59. [CrossRef]

30. Zhang, C.M. The key techniques of “standardizing seedlings, precise transplanting, steady growing, earlier drainage, optimizing
middle-stage, strengthening later-stage” model for precise quantitative high-yielding cultivation of mechanical transplanting rice.
China Rice 2010, 16, 6.

31. Takahashi, N.; Sunohara, Y.; Fujiwara, M.; Matsumoto, H. Improved tolerance to transplanting injury and chilling stress in rice
seedlings treated with orysastrobin. Plant Physiol. Biochem. 2017, 113, 161–167. [CrossRef] [PubMed]

32. Reid, J.F.; Zhang, Q.; Noguchi, N.; Dickson, M. Agricultural automatic guidance research in North America. Comput. Electron.
Agric. 2000, 25, 155–167. [CrossRef]

33. Fahad, S.; Hussain, S.; Matloob, A.; Khan, F.A.; Khaliq, A.; Saud, S.; Hassan, S.; Shan, D.; Khan, F.; Ullah, N.; et al. Phytohormones
and plant responses to salinity stress: A review. Plant Growth Regul. 2015, 75, 391–404. [CrossRef]

34. Muthuchelian, K.; Murugan, C.; Nedunchezhian, N.; Kulandaivelu, G. Photosynthesis and growth of Erythrina variegata as
affected by water stress and triacontanol. Photosynthetica 1997, 33, 241–248. [CrossRef]

35. Weerasinghe, O.R.; Costa, W.D.; Perera, A. Evaluation of different genotypes of tomato under well watered and water stressed
conditions on the basis of yield and some selected physiological parameters. Trop. Agric. Res. 2003, 144–156.

36. Munirah, N.; Mat, N.; Jahan, M.S. N-acetylcysteine and Zn regulate corn yield. Scienceasia 2015, 41, 246–250. [CrossRef]
37. Nozulaidi, M.; Jahan, M.S.; Khairi, M.; Khandaker, M.M.; Nashriyah, M.; Khanif, Y.M. N-acetylcysteine increased rice yield. Turk

J. Agric. For. 2015, 39, 204–211. [CrossRef]
38. Colak, N.; Tarkowski, P.; Ayaz, F.A. Effect of N-acetyl-L-cysteine (NAC) on soluble sugar and polyamine content in wheat

seedlings exposed to heavy metal stress (Cd, Hg and Pb). Bot. Serb. 2020, 44, 191–201. [CrossRef]
39. Bell, R.W.; Lu, Z.G.; Li, J.; Hu, D.J.; Xie, Z.C. Response of transplanted oilseed rape to zinc placement and root pruning. J. Plant

Nutr. 2004, 27, 427–439. [CrossRef]
40. Dumanovic, J.; Nepovimova, E.; Natic, M.; Kuca, K.; Jacevic, V. The Significance of Reactive Oxygen Species and Antioxidant

Defense System in Plants: A Concise Overview. Front. Plant Sci. 2021, 11, 2106. [CrossRef]
41. Flowers, T.J. Sun, Salt, and Halophytes—A Citation-Classic Commentary on the Mechanism of Salt Tolerance in Halophytes by

Flowers, T.J., Troke, P.F., Yeo, A.R. Curr. Content Agric. Biol. Environ. 1993, 8.
42. Noctor, G.; Foyer, C.H. Ascorbate and glutathione: Keeping active oxygen under control. Ann. Rev. Plant Phys. 1998, 49, 249–279.

[CrossRef] [PubMed]
43. Li, Y.; He, Z.; Li, X.; Ding, Y.; Li, G.; Liu, Z.; Tang, S.; Wang, S. Quality and Field Growth Characteristics of Hydroponically Grown

Long-Mat Seedlings. Agron. J. 2016, 108, 1581–1591. [CrossRef]
44. Arnon, D.I. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. Plant Physiol. 1949, 24. [CrossRef]
45. Hendrix, D.L. Rapid Extraction and Analysis of Nonstructural Carbohydrates in Plant Tissues. Crop Sci. 1993, 33, 1306–1311.

[CrossRef]
46. Chen, Y.E.; Cui, J.M.; Su, Y.Q.; Zhang, C.M.; Ma, J.; Zhang, Z.W.; Yuan, M.; Liu, W.J.; Zhang, H.Y.; Yuan, S. Comparison of

phosphorylation and assembly of photosystem complexes and redox homeostasis in two wheat cultivars with different drought
resistance. Sci. Rep. 2017, 7, 12718. [CrossRef]

47. Jia, Z.; Tang, M.C.; Wu, J.M. The determination of flavonoid contents in mulberry and their scavenging effects on superoxide
radicals. Food Chem. 1999, 64, 555–559. [CrossRef]

48. Djeridane, A.; Yousfi, M.; Nadjemi, B.; Boutassouna, D.; Stocker, P.; Vidal, N. Antioxidant activity of some algerian medicinal
plants extracts containing phenolic compounds. Food Chem. 2006, 97, 654–660. [CrossRef]

49. Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid Determination of Free Proline for Water-Stress Studies. Plant Soil 1973, 39, 205–207.
[CrossRef]

50. Jiang, M.; Zhang, J. Effect of abscisic acid on active oxygen species, antioxidative defence system and oxidative damage in leaves
of maize seedlings. Plant Cell Physiol. 2001, 42, 1265–1273. [CrossRef]

http://doi.org/10.1016/j.rsci.2021.08.001
http://doi.org/10.1016/j.ecoenv.2019.05.052
http://doi.org/10.1016/j.plaphy.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28214729
http://doi.org/10.1016/S0168-1699(99)00061-7
http://doi.org/10.1007/s10725-014-0013-y
http://doi.org/10.1023/A:1022164314060
http://doi.org/10.2306/scienceasia1513-1874.2015.41.246
http://doi.org/10.3906/tar-1402-48
http://doi.org/10.2298/BOTSERB2002191C
http://doi.org/10.1081/PLN-120028871
http://doi.org/10.3389/fpls.2020.552969
http://doi.org/10.1146/annurev.arplant.49.1.249
http://www.ncbi.nlm.nih.gov/pubmed/15012235
http://doi.org/10.2134/agronj2015.0605
http://doi.org/10.1104/pp.24.1.1
http://doi.org/10.2135/cropsci1993.0011183X003300060037x
http://doi.org/10.1038/s41598-017-13145-1
http://doi.org/10.1016/s0308-8146(98)00102-2
http://doi.org/10.1016/j.foodchem.2005.04.028
http://doi.org/10.1007/BF00018060
http://doi.org/10.1093/pcp/pce162

	Introduction 
	Results 
	Phenotype, Yield, and Yield Components 
	Tiller Dynamics 
	Plant Growth Parameters 
	Chloroplast Pigment Content 
	Gas Exchange Parameters 
	Sucrose Content 
	Antioxidant Enzyme Activity 
	Non-Enzymatic Antioxidant Content 
	H2O2 and MDA Content 

	Discussion 
	The Concentration of 20 M NAC Priming Is More Effective in Promoting Tillering and Yield of Machine-Transplanted Rice under Transplanting Injury 
	NAC Priming Improves the Photosynthetic Capacity and Promotes the Accumulation of Sucrose and Dry Matter of Machine-Transplanted Rice under Transplanting Injury 
	NAC Priming Improves the Antioxidant Capacity to Reduce Transplanting Injury of Machine-Transplanted Rice 
	The Mechanism of NAC Priming Mitigating the Transplanting Injury of Machine-Transplanted Rice 

	Materials and Methods 
	Experiment Site 
	Experimental Design 
	Parameter Measurements 
	Statistic Analysis 

	Conclusions 
	References

