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Abstract: We aimed to elucidate the possible yield-increasing mechanisms through regulation of
shade-avoidance responses at both physiological and molecular levels under monoseeding. Our
results revealed that monoseeding decreased the main stem height but increased the main stem
diameter and the number of branches and nodes compared to the traditional double- and triple-
seeding patterns. The chlorophyll contents were higher under monoseeding than that under double-
and triple-seeding. Further analysis showed that this, in turn, increased the net photosynthetic rate
and reallocated higher levels of assimilates to organs. Monoseeding induced the expression patterns
of Phytochrome B (Phy B) gene but decreased the expression levels of Phytochrome A (Phy A) gene.
Furthermore, the bHLH transcription factors (PIF 1 and PIF 4) that interact with the phytochromes
were also decreased under monoseeding. The changes in the expression levels of these genes may
regulate the shade-avoidance responses under monoseeding. In addition, monoseeding increased
pod yield at the same population density through increasing the number of pods per plant and
100-pod weight than double- and triple-seeding patterns. Thus, we inferred that monoseeding is
involved in the regulation of shade-avoidance responsive genes and reallocating assimilates at the
same population density, which in turn increased the pod yield.
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1. Introduction

The global population is expected to reach 8 billion by 2025, which will double future
food demand [1]. To meet this demand, crop yield must be increased without increasing
the cultivated area. Previously, many studies have been carried out on upgrading crop
yield and quality by researchers [2], such as increasing plant population density and
nitrogen fertilizer use. However, a suitable population structure requires not only sufficient
individuals per unit area but also the rational distribution and uniform development of
individuals in the field for maximum utilization of natural resources [3]. Crops grown with
high population density that exceed a certain threshold will encounter competition from
neighboring vegetation, which restrains plant growth and yield due to limited light, water,
and nutrients [4,5].

The alteration of photomorphogenic plant responses to plant population density
could be used to increase the yield [6]. The critical variable regulating plant growth and
yield at different plant population densities is light [7]. Light is an absolutely necessary
resource for crops to carry out photosynthesis. Shade avoidance and shade tolerance are
the two contrasting strategies adopted by plants in response to competition for light. Plants
perceive low photosynthetically active radiation (PAR) as an early signal of neighbor com-
petition through phytochrome photoreceptors, which in turn induces the shade-avoidance
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responses (SAR) [8,9]. Generally, a SAR involves the elongation of internodes, reduction
in branches, or decrease in leaf number, chlorophyll a/b ratio, or photosynthetic rate
that leads to the reallocation of assimilates to stem elongation instead of root and leaf
growth, and therefore causes significant decrease in yield [10-14]. These responses are
regulated by phytochromes (Phy A-E) [15], which sense decreases in the red /far-red ratio
in dense populations and initiate the SAR [8]. At low red/far-red (R/FR) ratios, the phy-
tochrome gene decreases that in turn induce PHYTOCHROME INTERACTING FACTOR
(PIF) accumulation [16], which regulates the expression of genes associated with SAR.

Previous studies have attempted to reveal the mechanisms underlying SAR [17,18].
However, the major challenge is to extend our knowledge of this mechanism in plants
to develop novel strategies to improve crop yield at high population density. In view
of the findings of our investigation and previous research, many useful measures could
be implemented to minimize the effect of SAR on crops [19]. The pepper plants were
taller and there were fewer branches in double to triple the normal plant population
density than normal plant population [20]. Therefore, increased within-row spacing may
be a useful measure of plant stand establishment through initiating the effect of SAR,
which enables farmers to increase the harvest index or produce high yield with normal
population densities.

The peanut (Arachis hypogaea L.) is a leguminous crop and an important source of
oil and protein for humans, which is cultivated worldwide in tropical and subtropical
regions. In China, peanut is grown on more than 5.0 x 10° ha to ensure the supply of
edible oil [21]. Traditional planting patterns mainly involved double- and multi-seed
sowing, which lead to plant competition, lodging, and low yield. However, to decrease
the competition among plants and increase peanut yield, the Shandong Academy of Agri-
cultural Sciences developed a high-yield cultivation technique for monoseeding precision
sowing, which was ranked as the main technology by the Ministry of Agriculture and
Rural Affairs for five consecutive years from 2015-2019 and promulgated as the national
agricultural industry standard [21]. Many scientists have conducted studies to reveal
the yield-increasing mechanisms of monoseeding precision sowing that are involved in
ontogenetic development and population structure [21-23]. However, we assumed that the
monoseeding pattern increased the peanut yield through the regulation of SAR. Therefore,
the purpose of this study was to decipher the physiological and molecular yield-increasing
mechanism of monoseeding.

2. Results
2.1. Plant Growth and Development

As shown in Table 1, the number of nodes shown significantly different between 2018
and 2019, while the main stem height, main stem diameter and number of branches were
insignificant. The main stem diameter, number of branches, and number of nodes were
significantly (p < 0.05) different among different growing periods and different seeding
patterns (Tables 2 and 3). However, only the growth stage had a significant effect on the
main stem height (Table 2), whereas the seeding pattern showed no significant effect on
it (Table 3). The monoseeding treatment resulted in the thickest main stem diameter and
the highest number of branches and nodes compared with those in the triple-seeding
treatments (Table 3). Non-significant differences were observed in the main stem diameter,
number of branched and the number of nodes between the double- and triple-seeding
treatments. The effect of the growth stage, treatment, and interaction between year and
growth stage, and growth stage and treatment, was significant for the main stem height,
main stem diameter, number of branches, and number of nodes (p < 0.01), whereas only
the year had a significant effect on the main stem height, main stem diameter, and number
of nodes (p < 0.01). However, the interaction of year x growth stage x treatment had no
significant effect on the main stem height, main stem diameter and number of branches
but did affect the number of nodes (Table 4).
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Table 1. Effect of different years on plant growth parameters of peanut.

Parameters
Years
Main Stem Height (cm) Main Stem Diameter (mm) Number of Branches Number of Nodes
2018 26.8+109a 31+12a 57+28a 67+26a
2019 253 +11.8a 31+13a 56+27a 79+£24Db
Mean values within a column followed by different letters are significantly different at p < 0.05, on the basis of LSD test.
Table 2. Effect of different growth stages on plant growth parameters of peanut.
Parameters
Years - - - -
Main Stem Height (cm) Main Stem Diameter (mm) Number of Branches Number of Nodes

Seedling stage 145+24d 19£02c 31x15c 48+14b
Flowering and 198 +£39¢ 24+05¢ 5.0+ 1.9 be 61+12b
pegging stage
Pod filling stage 280+35Db 34+£07Db 6.1+20ab 83+f18a
Maturity stage 416+65a 46+09a 83+25a 99+18a

Mean values within a column followed by different letters are significantly different at p < 0.05, on the basis of LSD test.

Table 3. Effect of seeding pattern on plant growth parameters of peanut.

Treatment Main Stem Height (cm) Main Stem Diameter (mm) Number of Branches Number of Nodes
M 222+93a 38+14a 79+25a 89+25a
D 257 +109a 31+11ab 55+21b 71+£23ab
T 301+13.1a 24+08b 3.6£16b 58+ 18b

M, monoseeding, D, double seeding, T, triple seeding. Mean values within a column followed by different letters are significantly different
at p < 0.05, on the basis of LSD test.

Table 4. Mean square of ANOVA of the effect of year, growth stage, seeding pattern and their interaction on plant
growth parameters.

Parameters

Main Stem Height (cm) Main Stem Diameter (mm) Number of Branches = Number of Nodes
Year (Y) 49.9 ** 0.0 ** 0.2NS 10.9 **
Growth stage (G) 2464.1 ** 17.8 ** 114.5 ** 83.2 **
Treatment (T) 379.1 ** 6.9 ** 148.8 ** 83.0 **
YxG 53.2 ** 0.1* 1.2** 3.7 %
YT 0.1NS 0.0 ** 4.1 2.7NS
GxT 29.1** 0.5** 2.0 1.0**
YxGxT 0.7 NS 0.0NS 0.2NS 2.5

** significant at the p < 0.01 levels, respectively. NS, non significant.

2.2. Chlorophyll Content and Net Photosynthetic Rate

In 2018, the leaf SPAD value was significantly higher than that in 2019 (Table 5). The
leaf SPAD value in the maturity stage was significantly higher than that in the flowering
and pegging stage (Table 6). The SPAD value and net photosynthetic rate (Pn) in the
monoseeding treatment shown the highest value when compared with those in the double-
and triple-seeding treatments, respectively (Table 7).

Table 5. Effect of different years on leaf SPAD value of peanut.

Years SPAD
2018 412+25a
2019 3724+4.0Db

Mean values within a column followed by different letters are significantly different at p < 0.05, on the basis of
LSD test.
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Table 6. Effect of different growth stages on leaf SPAD value of peanut.

Growth Stages SPAD
Flowering and pegging stage 374 +£45Db
Maturity stage 408+ 22a

Mean values within a column followed by different letters are significantly different at p < 0.05, on the basis of
LSD test.

Table 7. Effect of seeding pattern on leaf chlorophyll content and net photosynthesis rate of peanut.

Net Photosynthetic Rate(Pn)

Treatment SPAD (umol CO, m~2 5-1)
M 419+29a 215+12a
D 38.6 35D 194+0.7Db
T 36.3+34Db 16.8£0.7c

M, monoseeding, D, double seeding, T, triple seeding. Mean values within a column followed by different letters
are significantly different at p < 0.05, on the basis of LSD test.

2.3. Dry Matter Accumulation

The dry matter accumulation of different organs was significantly different among the
three seeding treatments during different growing stages in both years (Table 8, p < 0.01).
The dry matter accumulation of different organs in the monoseeding treatment was higher
than that in the double- and triple-seeding treatments in the same growth period in both
years. The effects of growth stage, treatment, and the interactions of year x growth stage
and growth stage x treatment on root dry weight, leaf dry weight, and stem and petiole dry
weight were significant (p < 0.01), whereas only the year has significant effect on root dry
weight and stem and petiole dry weight (p < 0.01). However, the effect of the interactions
of year x treatment and year x growth stage X treatment was not significant for root dry
weight, leaf dry weight, and stem and petiole dry weight. There were significant differences
in pod weight among the three seeding treatments in both years (p < 0.01), but year and
year X treatment displayed non-significant impact. Furthermore, the pod weight in the
monoseeding treatment increased by 34.04% and 123.38% (2018) and by 29.27% and 109.20%
(2019) compared with that of the double- and triple-seeding treatments, respectively.

Table 8. Effect of seeding pattern on dry matter accumulation of peanut at different growth stages in 2018 and 2019.

Root Dry Stem and Petiole Leaf Dry Pod Dry
Year Growth Stage  Treatment Weight Dry Weight Weight Weight
(g/Plant) (g/Plant) (g/Plant) (g/Plant)
M 09+00a 46+02a 6.8+t04a -
Seedling stage D 0.6 £0.0Db 39+00Db 56+04Db -
T 04+00c 31+£03c 47=£01c -
Flowering and M 1.0+01a 74+01a 11.6 £03a -
2018 . D 0.8+0.0b 57+00Db 9.8+02b -
pegging stage T 0.6+ 0.0 c 46+04c 7.7+ 0.1 ¢ -
M 33+£02a 163+ 07a 141+£05a 441+06a
Maturity stage D 24+02b 122+ 03b 119+02b 329 £3.6Db
T 1.8+0.1c 101 +0.7c 9.1£03c 19.8+25¢c¢
M 05+£00a 29£01a 41+02a -
Seedling stage D 03+00Db 22+02b 31+01b -
T 03+00c 1.7+00c 20£03c -
Flowering and M 13+01a 78+ 00a 93*x11a -
2019 . D 1.0£00b 52+0.1Db 64+02b -
pegging stage T 0.7+01c¢ 39+00¢ 49+01c -
M 29+00a 183+13a 13.6+£02a 436 +38a
Maturity stage D 21+01b 148+ 0.0b 120+ 03b 33.8+0.8Db
T 1.6 +£0.0c 119+0.1c 88+08¢c 209+13c
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Table 8. Cont.

Root Dry Stem and Petiole Leaf Dry Pod Dry
Year Growth Stage  Treatment Weight Dry Weight Weight Weight
(g/Plant) (g/Plant) (g/Plant) (g/Plant)
Mean Square
Year (Y) 0.1* 0.INS 32.2 % 0.1NS
Growth stage (G) 11.4 ** 384.2 ** 154.7 ** -
Treatments (T) 1.8** 41.4** 41.6 ** 562.7 **
Y xG 0.2 ** 10.4 ** 6.2 ** -
YxT 0.0NS 0.INS 0.0NS 0.7 NS
GxT 0.3 ** 6.4 ** 22 -
YxGxT 0.0NS 0.2NS 0.2NS -

M, monoseeding, D, double seeding, T, triple seeding. Mean values within a column followed by different letters are significantly different
at p < 0.05, on the basis of LSD test. Mean square (MS) for all these main effects and interactions are shown. -, means that the data of pod
cannot be collected during the nutrition growth stage, ** significant at the p < 0.01 levels. NS, non-significant.

2.4. Expression of Shade-Avoidance Response Genes

Five genes that play a major role in crop SAR (Phy A, Phy B, PIF 1, PIF 4, and PAR1)
were selected to verify peanut response to shade avoidance. As shown in Figure 1, at the
flowering and pegging stage, monoseeding increased the expression of Phy B by 25.52%
and 23.93% in 2018, compared with the double- and triple-seeding treatments, respectively.
However, the monoseeding treatment significantly decreased the expression of Phy A by
13.92% and 20.67%, compared with the double- and triple-seeding treatments, respectively.
We also observed similar effects of seeding pattern on the expression of PIF 1, PIF 4, and
PAR1 genes. Monoseeding decreased the expression of PIF 1 by 23.89% and 32.36%, of PIF
4 by 22.04% and 32.73%, compared with the double- and triple-seeding treatments, respec-
tively. In addition, the expression of PARI in the monoseeding treatment decreased by
29.80% and 43.43%, compared with the double- and triple-seeding treatments, respectively.

2.5. Yield and Yield Components

As the seeding number increased, the pod yield significantly decreased (p < 0.01)
(Table 9). The pod yield in the monoseeding treatment was higher than that in the double-
and triple-seeding treatments by 13.68% and 32.04%, respectively. Significant differences
were also observed on yield components among seeding treatments. The pod number per
plant, 100 pod weight and shelling percentage in the monoseeding treatment shown the
significantly highest when compared to those in the double- and triple-seeding treatments.

Table 9. Effect of seeding pattern on yield and yield component of peanut.

Treatment  Pods Number per Plant 100 Pod Weight (kg)  Shelling Percentage (%)  Pod Yield (kg/hm?)

M
D
T

23.61 £049a 021 +001a 76 £0.76 a 11,683.75 + 145.58 a
1915+ 0.70b 0.19£0.01b 73£059b 10,277.00 &+ 290.87 b
14.52 £3.48 ¢ 0.16 £0.01 c 70+ 0.74 c 8848.75 £ 238.05 ¢

M, monoseeding, D, double seeding, T, triple seeding. Mean values within a column followed by different letters are significantly different
at p < 0.05, on the basis of LSD test.
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Figure 1. Effects of seeding pattern on the expression of Phy A, Phy B, PIF 1, PIF 4 and PAR 1 genes
at the flowering and pegging stage in 2018. Mean values marked followed by different letters differ
significantly at p < 0.05. M, monoseeding, D, double seeding, T, triple seeding.

3. Discussion

The present study revealed that monoseeding might be a useful strategy to minimize
the SAR of peanut at the same population density as used for the traditional seeding
methods and thus increase peanut yield. Monoseeding decreased the main stem height
but increased the main stem diameter, number of branches and nodes, SPAD values, and
Pn, which is similar to the results in both herbaceous and woody species [24-26]. Higher
yield was achieved through increasing the number of pods per plant, 100-pod weight, and
shelling percentage in the monoseeding treatment. Furthermore, the expression levels of
SAR genes were also found to be associated with monoseeding.

Many researchers have found that yield can be increased by minimizing the SAR
in crops [12,27]. Here, main stem height decreased but main stem diameter, number of
branches, and number of nodes increased compared to the traditional seeding patterns
(Table 1), which reduces the competition among plants. Similarly, another study revealed
that monoseeding reduces the competition among individuals at the same population
density [21]. Moreover, the leaf and root dry biomass were simultaneously reduced in
the multiple seeding groups as a result of the reallocation of resources due to the low
R/FR ratio [15,28]. We found that the dry matter of different organs in the monoseeding
treatment was higher than that in the double- and triple-seeding treatments. This result
may be due to the increased reallocation of assimilates to the organs rather than stem
elongation compared with that under the traditional seeding patterns.

Leaf chlorophyll content reduction is another phenomenon of SAR [8]. When the R/FR
ratio is low, chlorophyll synthesis decreased and the plant accumulates less chlorophyll,
which is partly mediated by phytochromes. The response of phytochromes to FR and R
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radiation plays an important role in adjusting the SAR at high population density [29,30].
Phytochromes are encoded by a small gene family (Phy A, Phy B, and Phy C) in an-
giosperms, which interact with bHLH transcription factors (PIFs) to control many aspects
of photomorphogenesis [31].

Under shaded conditions, the pool of PIFs increases, which regulates the gene ex-
pression that promotes the SAR [32]. However, the expression of PIF 1 and PIF 4 under
monoseeding significantly decreased compared to that in the double- and triple-seeding
treatments in our study. This result indicated that monoseeding might reduce the shade for
peanut neighbors, enabling plants to absorb more R light and thereby inhibiting the SAR
at the same population density as used for the traditional seeding patterns. The decrease
in PIFs observed at high PAR was accompanied by an increase in Phy B, which plays a
major role in SAR inhibition [9]. We also found that expression of Phy B was increased and
PIF 1 and PIF 4 expression levels were decreased in the monoseeding treatment, thereby
inhibiting the SAR in peanut. These results are in accordance with those of Franklin [33]
regarding Arabidopsis. Therefore, the regulation of SAR under monoseeding could be due
to the decreased expression of PIF 1 and PIF 4 and the increased expression of Phy B. How-
ever, in the double-seeding treatment with low R/FR, the phytochrome photo-equilibrium
shifted to the inactive Pr forms, which no longer interact with PIF 4 and promote the SAR.

Phy A is the only phytochrome to rapidly decrease at a high R/FR ratio [34]. Previous
research indicated that Phy A can reduce the SAR at a low R/FR ratio [35]. In our study,
the expression of Phy A significantly decreased in the monoseeding treatment compared
to that in the double-seeding treatment, indicating that plants under monoseeding might
receive more R radiation from sunlight and convert it into the biological active Pfr form,
which interacts with PIF 4, triggering additional phosphorylation and alleviating SAR.

PAR was detected initially as an early repressed gene in the photoreceptor signaling
pathways and acts as a negative factor of the SAR [36]. At a low R/FR ratio, the expression
of PAR 1 and PAR 2 increases, which suppresses several auxin-mediated SARs [37]. In
contrast, the expression of PAR1 decreased in the monoseeding treatment compared to that
in the double-seeding pattern in our study, suggesting that monoseeding induce the SAR
through the low expression level of PARI.

Previous studies have shown that yield remains stable as the plant population reaches
the extent of the traditional seeding patterns [38,39]. However, the peanut yield record
(10,500 kg ha~1), which lasted for 8 years under the traditional seeding pattern, has been
broken using the monoseeding pattern at the Shandong Academy of Agricultural Science
in 2015 [21]. In our study, monoseeding at the same population density as used for the
traditional seeding patterns increased pod number per plant and 100-pod weight, and thus
achieved higher pod yield than double-seeding pattern. A probable reason for this that
monoseeding reduced the competition among individuals and increased the light received
by the plants, which in turn induced the SAR in peanut plants. In our study, monoseeding
improved the stand establishment through regulating the SAR and thus produced higher
pod yields. Seeds should be dried before shell-peeling and carefully selected for bright
color and high plumpness. The above results suggested that monoseeding might be an
important change in peanut planting pattern in China and will be widely promoted in
the future.

4. Materials and Methods
4.1. Experimental Design

The field experiments were carried out during 2018 and 2019 at the experimental
station of South China Agricultural University in Guangzhou (23°5’ N, 113°23’ E), Guang-
dong, China. The area has a tropical ocean monsoon climate with an average 21.9 °C annual
temperature and 1780 h annual sunlight. The annual average rainfall and evaporation are
1696 and 1591 mm, respectively. A commercial peanut cultivar (Arachis hypogaea ‘Huayu
22’) was selected in this study, which is grown at large scale in China. Plants were spaced
with 40 cm between rows, 10 cm within rows for monoseeding (planting one seed at a hole,
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M), and 20 cm within rows for double- (planting two seed at a hole, D) and triple-seeding
(planting three seed at a hole, T), which generated three treatments, i.e., plant density of
about 25,000 ha~! for M, 25,000 ha~! for D, and 37,500 ha~! for T (Figure S1). A random-
ized block design with three replications was conducted in our experiments. Each plot
consisted of six 10 m rows.

Seeding was conducted on 8 March 2018 and 7 March 2019. Peanut seeds were
dropped into the hole at a distance of 10 cm within rows for monoseeding, and 20 cm
within rows for double- and triple-seeding. A compound fertilizer, which consists of
81 kgha ! N, 81 kg ha~! P,0s, and 81 kg ha~! K,O, was used before sowing. Disease,
weeds, and pests were controlled according to local agronomic practices.

4.2. Data Collection
4.2.1. Plant Traits

At the seedling, flowering and pegging, pod filling, and mature stages, 10 labeled
plants were selected from each plot, and the main stem height, stem diameter at 10 cm,
number of branches, and number of main stem nodes were recorded.

4.2.2. Dry-Matter Accumulation

We collected six plant samples from each plot at the seedling, flowering and pegging,
and mature stages, respectively. The plant samples were separated into leaves, roots, and
stems. Each fresh organ was dried at 105 °C for 30 min followed by 80 °C to a constant
dry weight.

4.2.3. Chlorophyll Content and Photosynthetic Parameters

The SPAD value and photosynthetic parameters were determined for six selected
plants from each plot at the flowering and pegging (24 April 2018, and 25 April 2019), and
pod filling stages (15 June 2018, and 15 June 2019). Due to the amount of rainfall prior to the
measurement days (23 April (10.0 mm) and 13 June (22.4 mm) in 2018, 22 April (24.4 mm)
and 13 June (14.8 mm) in 2019, data from the weather station in our experiment station),
the soil in the fields was wet during the measurements. The SPAD value in the leaves
(third upper fully expanded leaves of the main stem) was determined using a chlorophyll
meter (SPAD-502, Konica Minolta Sensing Inc., Osaka, Japan). The net photosynthetic
rate (Pn) of the third upper fully expanded leaves was measured using a LI-6400 portable
photosynthesis system (LI-COR, Lincoln, NE, USA) with a 6 cm? leaf-area chamber by using
a red-blue LED array (6400-02B) between 9:00 and 11:00 a.m. The measurement conditions
inside the leaf chamber were kept constant (light intensity was at 1400 umol m~2 s}, and
the internal CO, concentration was at 400 pmol mol~!). The leaf temperature (measured by
a thermocouple inside the chamber) ranged from 28.40 to 31.60 °C and the vapor pressure
deficit, which was calculated based on the above leaf temperature and air temperature,
ranged from 1.46 to 2.49 kPa. The data were recorded after the gas exchange parameters
stabilized (about 3-5 min).

4.2.4. RNA Extraction and qRT-PCR Analysis

Total RNA was extracted from 250 mg fresh leaves of each plot at the flowering and
pegging stage using the TRIzol reagent (Invitrogen, USA ). Then 2ug of RNA was reverse
transcribed to cDNA with SuperScriptlll RTS First-Strand cDNA Synthesis Kit (Thermo
Fisher, China). Five genes (Phy A, Phy B, PIF 1, PIF4, and PAR 1) related to the SAR were
retrieved from A. hypogaea database (peanutbase.org, version KYV3) [40] and UBI 2 was
used as a reference gene which reported by Luo et al. [41]. Primer pairs were designed
through primer-BLAST (https:/ /www.ncbi.nlm.nih.gov/tools/primer-blast/(accessed on
30 January 2020)) using the following parameters: PCR product size between 100 and
200 bp; melting temperature (Tm) between 57 and 63 °C; (Table S1). Thermal cycling was
run on a BIO-RED IQ2 Sequence Detection System at a denaturation step at 94 °C for
3 min, 35 cycles (94 °C for 30 s, 60 °C for 30 s, and 72 °C for 25 s, followed by one step at
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72 °C for 10 min. CT values were obtained through analyzing amplification plots with
a 0.2 fluorescence signal threshold. All CT values of genes were normalized to the CT
value of the UBI2 gene. The PCR efficiency (E) was calculated according to the method
of Ramakers et al. [42]. The gene of interest (GOI) was calculated as: GOI = (1 + E)~ACT,
where ACT = CTGOI - CTreference~

4.2.5. Peanut Yield and Yield Components

At harvest, 1.25 m of four rows was delimited in each plot and the pod yields were
determined. Six consistent plants were sampled from each plot to count the number of
pods per plant. All pods from the peanut plants were collected and air-dried for 15 days.
The 100-pod weight and shelling percentage were measured according to Zhang et al. [43].

4.3. Statistical Analysis

Data processing was conducted in SPSS 16.0 (SPSS, Chicago, IL, USA). All data are
presented as the mean (& SD) of six replicates. The difference between mean values greater
than the least significant difference (LSD) (p = 0.05) was considered as significant. A three-
way analysis of variance (ANOVA) with a randomized block design was used to assess the
effect of treatments. Originpro 9.0 was used for drawing figures.

5. Conclusions

Monoseeding at the same population density as traditional seeding patterns reduced
the main stem height but increased the main stem diameter, number of branches and
nodes, and dry matter accumulation via the rapid upgraded chlorophyll content and net
photosynthesis rate. Furthermore, the Phy B expression increased, and concomitantly, the
expression of Phy A, PIF 1, PIF4, and PAR 1 decreased in the monoseeding treatment in
our study. These changes coordinated with plant responses might explain the improved
growth of peanut plants in monoseeding through regulating shade avoidance responses.
Monoseeding increased the pod yield through upgrading the pod number per plant
and 100-pod weight compared with the traditional seeding pattern. The overall results
suggested that monoseeding at the same population density as used for traditional seeding
methods represents a novel alternative seeding pattern able to increase the pod yield for
peanut production by regulating SAR.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10112405/s1, Figure S1: Cultivation schematic model of peanut in the field, Table S1:
Primers used for qRT-PCR analysis.

Author Contributions: Conceptualization, T.C., J.Z., SW.,, and L.Z.; Formal analysis, T.C., X.W., and
Y.C.; Funding acquisition, J.Z., SSW., and L.Z.; Investigation, T.C., X.W., and R.Z.; Methodology, X.W.,
and L.Z.; Project administration, T.C. and L.Z.; Resources, J.Z. and R.Z.; Software, R.Z.; Supervision,
Y.C. and H.Z,; Validation, H.Z.; Writing—original draft, T.C., ].Z., S.W., and L.Z.; Writing—review and
editing, S.W. and L.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China (2020YFD1000905),
the Key Science and Technology Planning Project of Guangdong Province (2019B020214003), and the
Guangdong Technical System of Peanut and Soybean Industry (2020K]136-05).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data have been presented in the manuscript and Supplementary
Materials, so the study did not report other data.

Acknowledgments: We are grateful to the editor and the anonymous reviewers.

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


https://www.mdpi.com/article/10.3390/plants10112405/s1
https://www.mdpi.com/article/10.3390/plants10112405/s1

Plants 2021, 10, 2405 10 of 11

References

1. Boccalandro, H.E.; Ploschuk, E.L.; Yanovsky, M.].; Sanchez, R.A.; Gatz, C.; Casal, ].J. Increased phytochrome B alleviates density
effects on tuber yield of field potato crops. Plant. Physiol. 2003, 133, 1539-1546. [CrossRef]

2. USDA-ERS. Recent Trends in GE Adoption. Available online: https://www.ers.usda.gov/data-products/adoption-of-genetically-
engineered-crops-in-the-us/recent-trends-in-ge-adoption/ (accessed on 8 February 2020).

3. Adams, C.; Thapa, S.; Kimura, E. Determination of a plant population density threshold for optimizing cotton lint yield:
A synthesis. Field Crop. Res. 2019, 230, 11-16. [CrossRef]

4. Schmitt, H.R.; Donley, J.L.; Antonucci, R.R.; Hutchings, J.B.; Kinney, A.L.; Pringle, J.E. A hubble space telescope survey of
extended [O 111] 5007 A emission in a far-infreaed-selected samples of seyfert galaxies: Results. Astrophys. |. 2003, 597, 768-779.
[CrossRef]

5. Pantazopoulou, C.K.; Bongers, EJ.; Pierik, R. Reducing shade avoidance can improve Arabidopsis canopy performance against
competitors. Plant. Cell Environ. 2021, 44, 1130-1141. [CrossRef] [PubMed]

6.  Ballaré, C.L,; Casal, ].J. Light signals perceived by crop and weed plants. Field Crop. Res. 2000, 67, 149-160. [CrossRef]

7. Huché-Thélier, L.; Lanrent, C.; Jose, L.G.; Philippe, M.; Soulaiman, S.; Nathalie, L. Light signaling and plant responses to blue and
UV radiations-Perspectives for applications in horticulture. Environ. Exp. Bot. 2016, 121, 22-38. [CrossRef]

8. Smith, H.; Whitelam, G.C. The shade avoidance syndrome: Multiple responses mediated by multiple phytochromes. Plant. Cell
Environ. 1997, 20, 840-844. [CrossRef]

9.  Fraser, D.P; Hayes, S.; Franklin, K.A. Photoreceptor crosstalk in shade avoidance. Curr. Opin. Plant. Biol. 2016, 33, 1-7. [CrossRef]

10. Gommers, CM.M,; Visser, RJ.W.; Onge, K.R.S.; Voesenek, L.A.C.; Pierik, R. Shade tolerance: When growing tall is not an option.
Trend Plant. Sci. 2013, 18, 65-71. [CrossRef] [PubMed]

11. Daniel, H.C.; Ravi, K.; Aashish, R.; Julie, M.P.; Brad, T.T.; Yasunori, I.; Ciera, C.M.; Kristina, Z.; John, ].H.; Maloof, ].N.; et al.
Light-Induced Indeterminacy Alters Shade-Avoiding Tomato Leaf Morphology. Plant. Physiol. 2015, 169, 2030-2047. [CrossRef]

12. Page, W.M,; Scott, A.F; Kevin, L.C.; John, EM.; Willam, L.R. Opportunities to improve adaptability and yield in grasses: Lessons
from sorghum. Crop. Sci. 2002, 42, 1791-1799.

13.  Kroon, H.D.; Huber, H.; Stuefer, ].E; Groenendael, ] M.V. A modular concept of phenotypic plasticity in plants. New Phytol. 2005,
166, 73-82. [CrossRef]

14. Iwabe, R.; Koyama, K.; Komamura, R. Shade Avoidance and Light Foraging of a Clonal Woody Species, Pachysandra terminalis.
Plants 2021, 10, 809. [CrossRef] [PubMed]

15.  Vandenbussche, F; Pierik, R.; Millenaar, EE,; Voesenek, L.A.; Straeten, D.V.D. Reaching out of the shade. Curr. Opin. Plant. Biol.
2005, 8, 462-468. [CrossRef]

16. Zhang, Y.; Mayba, O.; Pfeiffer, A.; Shi, H.; Tepperman, ].M.; Speed, T.P.; Quail, PH. A quartet of PIF bHLH factors provides a
transcriptionally centered signaling hub that regulates seedling morphogenesis through differential expression patterning of
shared target genes in Arabidopsis. PLoS Genet. 2013, 9, e1003244. [CrossRef] [PubMed]

17. Carriedo, L.G.; Maloof, ].N.; Brady, S.M. Molecular control of crop shade avoidance. Curr. Opin. Plant. Biol. 2016, 30, 151-158.
[CrossRef] [PubMed]

18. Li, T; Dai, J.; Zhang, Y.; Kong, X.; Li, C.; Dong, H. Topical shading substantially inhibits vegetative branching by altering leaf
photosynthesis and hormone contents of cotton plants. Field Crop. Res. 2019, 238, 18-26. [CrossRef]

19. Ding, Z.; Zhang, Y.; Xiao, Y.; Liu, F; Wang, M.; Zhu, X,; Liu, P; Sun, Q.; Wang, W.; Peng, M.; et al. Transcriptome response of
cassava leaves under natural shade. Sci. Rep. 2016, 6, 31673. [CrossRef] [PubMed]

20. Marshall, D.E. Horicultural requirements for mechanical pepper harvesting. Proc. 1st Int. Conf. on Fruit, Nut and Vegetable
Harvesting Mechanization, Bet Dagan, Israel. Am. Soc. Agric. Eng. Publ. 1984, 389-396. Available online: https:/ /aces.nmsu.edu/
pubs/research/horticulture/CTF13/welcome.html (accessed on 8 February 2020).

21. Zhang, J.L.; Geng, Y.; Guo, F; Li, X.; Wan, S.B. Research progress on the mechanism of improving peanut yield by single-seed
precision sowing. J. Integr. Agric. 2019, 18, 2-10.

22. Zhang, J.L.; Guo, F; Yang, D.Q.; Meng, ].].; Yang, S.; Wang, X.Y.; Tao, S.X.; Li, X.G.; Wan, S.B. Effects of single-seed precision
sowing on population structure and yield of peanuts with super-high yield cultivation. Sci. Agric. Sin. 2015, 48, 3757-3766.

23. Liang, X.Y,; Guo, E; Zhang, ].L.; Meng, ].].; Li, L.; Wan, S.B.; Li, X.G. Effects of single-seed sowing on canopy microenvironment,
photosynthetic characteristics and pod yield of peanut (Arachis hypogaca). Chin. J. Appl. Ecol. 2015, 26, 3700-3706.

24. Deguchi, R,; Koyama, K. Photosynthetic and morphological acclimation to high and low light environments in Petasites japonicus
subsp. giganteus. Forests 2020, 11, 1365. [CrossRef]

25. Wan, Y,; Zhang, Y,; Zhang, M.; Hong, A.; Liu, Y. Shade effects on growth, photosynthesis and chlorophyll fluorescence parameters
of three Paeonia species. Peer J. 2020, 8, €9316. [CrossRef] [PubMed]

26. Wang, A.Y,; Hao, G.Y.; Guo, ].].; Liu, Z.H.; Cao, K.F. Differentiation in leaf physiological traits related to shade and drought
tolerance underlies contrasting adaptations of two Cyclobalanopsis (Fagaceae) species at the seedling stage. Forests 2020, 11, 844.
[CrossRef]

27. Nilsson, M.C.; Wardle, D.A. Understory vegetation as a forest ecosystem driver: Evidence from the northern Swedish boreal
forest. Front. Ecol. Environ. 2005, 3, 421-428. [CrossRef]

28. Liu, J.L.; Mahoney, KJ.; Sikkema, PH.; Swanton, C.J. The importance of light quality in crop-weed competition. Weed Res. 2009,

49,217-224. [CrossRef]


http://doi.org/10.1104/pp.103.029579
https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-us/recent-trends-in-ge-adoption/
https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-us/recent-trends-in-ge-adoption/
http://doi.org/10.1016/j.fcr.2018.10.005
http://doi.org/10.1086/381224
http://doi.org/10.1111/pce.13905
http://www.ncbi.nlm.nih.gov/pubmed/33034378
http://doi.org/10.1016/S0378-4290(00)00090-3
http://doi.org/10.1016/j.envexpbot.2015.06.009
http://doi.org/10.1046/j.1365-3040.1997.d01-104.x
http://doi.org/10.1016/j.pbi.2016.03.008
http://doi.org/10.1016/j.tplants.2012.09.008
http://www.ncbi.nlm.nih.gov/pubmed/23084466
http://doi.org/10.1104/pp.15.01229
http://doi.org/10.1111/j.1469-8137.2004.01310.x
http://doi.org/10.3390/plants10040809
http://www.ncbi.nlm.nih.gov/pubmed/33924069
http://doi.org/10.1016/j.pbi.2005.07.007
http://doi.org/10.1371/journal.pgen.1003244
http://www.ncbi.nlm.nih.gov/pubmed/23382695
http://doi.org/10.1016/j.pbi.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/27016665
http://doi.org/10.1016/j.fcr.2019.04.019
http://doi.org/10.1038/srep31673
http://www.ncbi.nlm.nih.gov/pubmed/27539510
https://aces.nmsu.edu/pubs/research/horticulture/CTF13/welcome.html
https://aces.nmsu.edu/pubs/research/horticulture/CTF13/welcome.html
http://doi.org/10.3390/f11121365
http://doi.org/10.7717/peerj.9316
http://www.ncbi.nlm.nih.gov/pubmed/32551203
http://doi.org/10.3390/f11080844
http://doi.org/10.1890/1540-9295(2005)003[0421:UVAAFE]2.0.CO;2
http://doi.org/10.1111/j.1365-3180.2008.00687.x

Plants 2021, 10, 2405 11 of 11

29.
30.

31.
32.
33.
34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

Li, J.; Li, G.; Wang, H.; Deng, X.W. Phytochrome signaling mechanisms. Arab. Book/Am. Soc. Plant. Biol. 2011, 9, e0148. [CrossRef]
Lorrain, S.; Allen, T.; Duek, P.D.; Whitelam, G.C.; Fankhause, C. Phytochrome-mediated inhibition of shade avoidance involves
degradation of growth-promoting bHLH transcription factors. Plant. . 2008, 53, 312-323. [CrossRef]

Leivar, P.; Monte, E.; Oka, Y.; Liu, T.; Carle, C.; Castillon, A.; Huq, E.; Quail, PH. Multiple phytochrome-interacting bHLH
transcription factors repress premature seedling photomorphogenesis in darkness. Curr. Biol. 2008, 18, 1815-1823. [CrossRef]
Ciolfi, A.; Sessa, G.; Possenti, M.; Salvucci, S.; Carabelli, M.; Morelli, G.; Ruberti, L. Dynamics of the shade-avoidance response in
Arabidopsis. Plant. Physiol. 2013, 163, 331-353. [CrossRef] [PubMed]

Franklin, K.A. Shade avoidance. New Phytol. 2008, 179, 930-944. [CrossRef]

Franklin, K.A.; Quail, PH. Phytochrome functions in Arabidopsis development. J. Exp. Bot. 2010, 61, 11-24. [CrossRef] [PubMed]
Johnson, E.; Bradley, M.; Harberd, N.P.; Whitelam, G.C. Photoresponses of light-grown Arabidopsis (phytochrome A is required
for the day length extensions). Plant. Physiol. 1994, 105, 141-149. [CrossRef] [PubMed]

Zhou, P; Song, M.; Yang, Q.; Su, L.; Hou, P,; Guo, L.; Zheng, X,; Xi, Y.; Meng, F.; Xiao, Y.; et al. Both PHYTOCHROME RAPIDLY
REGULATEDI1 (PAR1) and PAR2 promote seedling photomorphogenesis in multiple light signaling pathways. Plant. Physiol.
2014, 164, 841-852. [CrossRef] [PubMed]

Roig-Villanova, I.; Bou-Torrent, J.; Galstyan, A.; Carretero-Paulet, L.; Portolés, S.; Rodriguez-Concepcién, M.; Martinez-Garcia, J.F.
Interaction of shade avoidance and auxin responses: A role for two novel atypical bHLH proteins. EMBO ]. 2007, 26, 4756-4767.
[CrossRef]

Suprapto, A.; Sugito, Y.; Sitompul, S.M. Sudaryono Study of growth, yield and radiation energy conversion efficiency on arieties
and different plant population of peanut. Procedia Environ. Sci. 2013, 17, 37-45. [CrossRef]

Dai, J.L.; Li, WJ].; Tang, W.; Zhang, D.M.; Li, Z.H.; Lu, H.Q.; Eneji, A.E.; Dong, H.Z. Manipulation of dry matter accumulation and
partitioning with plant density in relation to yield stability of cotton under intensive management. Field Crop. Res. 2015, 180,
207-215. [CrossRef]

Bertioli, D.J.; Jenkins, J.; Clevenger, ]J.; Dudchenko, O.; Gao, D.; Seijo, G.; Leal-Bertioli, S.C.M.; Ren, L.; Farmer, A.D.; Pandey,
M.K,; et al. The genome sequence of segmental allotetraploid peanut Arachis hypogaea. Nat. Genet. 2019, 51, 877-884. [CrossRef]
Luo, M.; Dang, P.; Bausher, M.G.; Holbrook, C.C.; Lee, R.D.; Lynch, R.E.; Guo, B.Z. Identification of transcripts involved in
resistance responses to leaf spot disease caused by Cercosporidium personatum in peanut (Arachis hypogaea L.). Phytopathology
2005, 95, 381-387. [CrossRef]

Ramakers, C.; Ruijter, ].M.; Deprez, R.H.; Moorman, A.F. Assumption-free analysis of quantitative real-time polymerase chain
reaction (PCR) data. Neurosci. Lett. 2003, 339, 62—66. [CrossRef]

Zhang, G.C; Dai, L.X,; Ding, H.; Ci, D.W.; Ning, T.Y,; Yang, ].S.; Zhao, X.H.; Yu, H.Q.; Zhang, Z.M. Response and adaptation to
the accumulation distribution of phtosynthetic product in peanut under salt stress. J. Integr. Agric. 2020, 19, 690-699. [CrossRef]


http://doi.org/10.1199/tab.0148
http://doi.org/10.1111/j.1365-313X.2007.03341.x
http://doi.org/10.1016/j.cub.2008.10.058
http://doi.org/10.1104/pp.113.221549
http://www.ncbi.nlm.nih.gov/pubmed/23893169
http://doi.org/10.1111/j.1469-8137.2008.02507.x
http://doi.org/10.1093/jxb/erp304
http://www.ncbi.nlm.nih.gov/pubmed/19815685
http://doi.org/10.1104/pp.105.1.141
http://www.ncbi.nlm.nih.gov/pubmed/12232194
http://doi.org/10.1104/pp.113.227231
http://www.ncbi.nlm.nih.gov/pubmed/24335334
http://doi.org/10.1038/sj.emboj.7601890
http://doi.org/10.1016/j.proenv.2013.02.009
http://doi.org/10.1016/j.fcr.2015.06.008
http://doi.org/10.1038/s41588-019-0405-z
http://doi.org/10.1094/PHYTO-95-0381
http://doi.org/10.1016/S0304-3940(02)01423-4
http://doi.org/10.1016/S2095-3119(19)62608-0

	Introduction 
	Results 
	Plant Growth and Development 
	Chlorophyll Content and Net Photosynthetic Rate 
	Dry Matter Accumulation 
	Expression of Shade-Avoidance Response Genes 
	Yield and Yield Components 

	Discussion 
	Materials and Methods 
	Experimental Design 
	Data Collection 
	Plant Traits 
	Dry-Matter Accumulation 
	Chlorophyll Content and Photosynthetic Parameters 
	RNA Extraction and qRT-PCR Analysis 
	Peanut Yield and Yield Components 

	Statistical Analysis 

	Conclusions 
	References

