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Abstract. With advantages, such as high efficiency of water use and drought-resistance, broomcorn
millet (Panicum miliaceum; Poaceae) will be a potential crop to be developed in the future. Finding
methods to achieve high yield and good quality for broomcorn millet is essential to relieve the pressure of
growing population and deteriorating environment. Since photosynthetic pigments play important roles in
photosynthesis and the blooming stage is a vital stage in determining yield, at this stage, we measured
photosynthetic pigment contents of five varieties and analyzed the relationship between photosynthetic
pigment contents, photosynthesis and yield. The results showed that photosynthetic pigment contents
could influence the photosynthetic efficiency of broomcorn millet and there was a positive relationship
between that and crop yield. But there was no direct relationship between that and crop yield, which could
make it clear that photosynthetic pigment contents influence the yield by regulating photosynthesis.
Besides, healthy and nutritious food has been sought by people. As a kind of healthy food, we analyzed
the carotenoid contents in broomcorn millet and explored the relationship between yield and carotenoid
contents. We found no significant correlation between qualities and yield, which provide a new idea that
we can enhance yield and quality at the same time.
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Introduction

Broomcorn millet is one of the oldest cultivated cereal, which has existed for 10000
years (Lu et al., 2009). As an extensively cultivated crop, it has the lowest requirements
compared with many major cereals in water availability. Besides, it has other
advantages, such as, high efficiency of water use (Diao, 2017; Hou et al., 2017), high
drought-resistance, C4 photosynthetic pathway (Pinto et al., 2014; Xue et al., 2019)
short growing season, heat resistance and superficial root system (Amadou et al., 2013;
Habiyaremye et al., 2017). With the population growing rapidly and the environment
deteriorating gradually, there is an augment in food demand (Challinor et al., 2014;
Leipe et al., 2019). Confronted with the challenge in food security and environmental
pollution, broomcorn millet may arise to be the greatest potential crop in the
development of agriculture in the future. In addition, broomcorn millet is of great
nutritious and its edible value (Habiyaremye et al., 2017; Azad et al., 2019), medicinal
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value and energy value (Zhang et al., 2014; Dong et al., 2019) have also been gradually
recognized and exploited.

The continuous decline of cultivated land, the increasing population and climate
warming (Princiotta et al., 2014) have attracted people's attention to crop yield for a
long time. The yield of crop is influenced by its internal factors and external factors,
including genotype, agronomic characters, photosynthesis, water content, temperature
and climate. Among those factors, photosynthetic efficiency is an important one, and it
has a positive influence on the formation of yield. Then a unique C4 photosynthetic
pathway has arisen to be a research hotspot in recent studies. Most studies have shown
that C4 plants have a high photosynthetic rate, and the photosynthesis of C4 can
improve the water use efficiency of plants. As a C4 plant, broomcorn millet is one of
the favorite cereals because of its high drought resistance, high photosynthetic
efficiency and high efficiency of water use. In addition, although most studies have
been done to explore regulation enzymes in C4 photosynthetic pathway (Wang et al.,
2014; Shi et al., 2020), almost no study has been made to explore the photosynthesis by
analyzing physiological indices, such as the relationship between photosynthetic
efficiency and photosynthetic pigment contents. It is well known that photosynthetic
pigments, especially chlorophyll, plays a key role in the photosynthesis, and based on
this idea, we intended to learn whether there is a direct relationship between them.

Besides, people have paid more and more attention to the nutrition and health of
crops, and thus it is rather important to improve crop quality. Research shows that
carotenoids are antioxidants and can prevent various eye and cardiovascular diseases.
Broomcorn millet is rich in carotenoids. However, most tests showed that the yield of
crop contradicts crop quality. So we intended to analyze whether high yield and high
carotenoid contents can coexist in broomcorn millet, and provide a basis for further
study of broomcorn millet yield and quality.

Materials and methods
Plant material

All broomcorn millet varieties, including Jinshu 2 (JS2), Jinshu 5 (JS5), Jinshu 7
(JS7), Nongjiazhong (NJZ) and Yidianhong (YDH), are from Shanxi Province, China.
The varieties with good characters and qualities were selected in this study. All
broomcorn millet varieties were sown on the 4" May, 2017 at the field research station
in Shanxi Agricultural University. The area is located at 112°28°N, 37°12’E belonging
to temperate continental climate, with an altitude of 803 m, annual rainfall of about
462.9 mm, average annual temperature of 9.9°C and frost-free period of about 176 d.
Each variety is planted in a plot with an area of 50 m? (5x10). The sowing time of
broomcorn millet in spring is generally in the middle and late May. The sowing depth of
broomcorn millet is 3 ~ 5 cm. According to the soil moisture content, sowing can be
done in advance or later, shallow sowing should be done when the soil moisture content
is good, deep sowing should be done when the soil moisture content is poor, and
moderate suppression should be done, and attention should be paid to taking advantage
of the rain to rob the soil moisture for sowing. Water management: Irrigation was
carried out twice in the whole growth period, once in the jointing stage (10th June) and
once in the filling stage (20th July). Other cultivation measures are the same as those of
general field production management. We made the following experimental design for
five varieties of broomcorn millet (Fig. 1).
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Figure 1. Experimental design for five varities of broomcorn millet

Photosynthetic pigment contents analysis

The photosynthetic pigment contents of five broomcorn millet varieties were
measured at the blooming stage (30" July). The reciprocal first leaf of three healthy and
consistent plants was selected for each variety, each of which was taken from the
middle of the leaf to remove the midvein, and grind it with liquid nitrogen. Every
sample (0.2 g for each of the three duplicates for each variety) was transferred to a new
10 mL centrifuge tube and mixed with 10 mL solution of 95% ethyl alcohol, then
extracted in an oscillator for 24 h until the tissue faded. Centrifuged and measured. The
content of photosynthetic pigments was determined at the wavelength of 470 nm,
665 nm and 649 nm with 95% ethanol as blank (Egs.1-4) (Rasool et al., 2020).

_ (13.95x A, —6.88x A,5) x 0.01

Chla 02 (Eq.1)
24.96 -7.32 0.01
Chlb = ( X Psag - X Pggs) X (Eq.2)
Caro = (2000 x A, —7.32x Chla —104 x Chlb) x0.01 (Eq3)
- 0.2x 229 g
Chl = Chla + Chib (Eq.4)

Analysis of photosynthetic indices

Three plants in the same growth were measured by using the LI-6400 portable
photosynthesis analyzer in each variety. Photosynthetic indices and chlorophyll
fluorescence kinetic parameters of reciprocal first leaf were analyzed at 8:30 on a sunny
morning. Photosynthetic indices include Net Photosynthetic Rate (Photo), Transpiration
Rate (Trmmol) and Stomatal Conductance (Cond) (Huang et al., 2016).
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Analysis of kernel traits

Three kernel traits, including spike weight per plant (SWPP), grain weight per plant
(GWP) and weight of 1000 grain (KGW), were analyzed with five varieties at the
mature stage, and five plants were measured in every variety.

Analysis of total carotenoids

Millet (0.6 g for each of the three duplicates for each variety) was ground into
powder, transferred to a 10 mL centrifuge tube, and mixed with 6 mL water-saturated
n-butanol fully. After shaken about 3 h in room temperature, centrifuged at 8000 r/min
for 10 min. 0.6 ml supernatant was transferred to a new centrifuge tube to have a
high-performance liquid chromatography (HPLC) analysis. The surplus supernatant was
to measure by ultraviolet-visible spectrophotometer (MAPADA UV-1200 type), and the
extract was measured at 450 nm. The whole experiment was carried out under dark
conditions due to the easy decomposition of carotenoids. Total carotenoid content (Eq.5)
was calculated according to the formula, in which A represents the absorption value at
450 nm wavelength; V represents the extraction volume (mL); m represents the sample
mass (g); and 0.250 represents the conversion coefficient (Dong et al., 2014).

4
0.25 (Eq.5)

m

Total carotenoid content=

Analysis of high-performance liquid chromatography (HPLC)

By using the chromatographic instrument (Liu et al., 2016), carotenoids were
separated by C30 column (250 mm x 4.6 mm, 5 pm, YMC Company, Japan); with
mobile phase A, methanol : methyl tert-butyl ether (MTBE) : H20 (81:15:4, V/V/V) and
mobile phase B, MTBE : methanol (90:10,V/V); with grads elution; at a flow rate of 1
mL/min; monitoring wavelength was 450 nm; injection volume was 20 uL; column
temperature was 35 °C. Lutein and zeaxanthin were thoroughly separated with the
average retention time of 9 min and 10 min, respectively. X represents the concentration
of injection volume (pg/mL), Y represents peak area (mAU-min). The regression
equation of lutein and zeaxanthin were obtained by analysis (Sigma company) (Egs.6-7).

Lutein : Y =2.2707 X (R = 0.9991) (Eq.6)

Zeaxanthin : Y = 2.5785 X (R* = 0.99932) (Eq.7)

Beige analysis

After husking the broomcorn millet, the color of millets was determined with a non-
contact colorimeter (X-Rite VS450 colorimeter). Through using CIE L"a"b” colorimeter
system, determination of index L”, a", b and the orange index of CCI was calculated
(Eq.8), where L" denotes the brightness; a” shows the level of red / green (red), and the
positive numbers represent reddish and negative numbers represent greenish color, the
greater the absolute is, the darker the color will be. b™ shows yellow / blue degree, and
positive numbers express yellow, and negative bias blue, the greater the absolute value is,
the darker of color will be. Positive CCI expresses red, a negative value indicates the blue
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and green, and O presents the mixed color in red, yellow, blue and green (Zhou et al.,
2010; Fu et al.,, 2012). Each species was set up with 3 biological repeats for beige
determination.

1000xa”

CCIZﬁ
L xb

(Eq.8)

Data analysis

All figures and tables were finished by using Excel 2003. One-way analysis of
variance (ANOVA), the Duncan’s multiple range tests and Pearson correlation tests
were used to assess each of the parameters through SPSS statistics software (Version 19,
SPSS, Chicago, IL, United States).

Results
Photosynthetic pigment contents analysis at the blooming stage

Photosynthetic pigment contents, including Chlorophyll A (Chla), Chlorophyll B
(Chlb), Carotenoid (Caro) and total Chlorophyll contents (Total CHL), were analyzed
during the blooming stage (30" July). Except for obvious aggrandizement in Chlb
content in YDH (Fig. 2B), each variety had the same position in different
photosynthetic pigment contents, and various photosynthetic pigment contents in JS7
were maximum and JS5 had minimum contents among all measured varieties. Then the
analysis of photosynthetic pigment contents exhibited a slight difference in JS2 and NJZ,
but no significant difference was found in two varieties (Fig. 2).
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Figure 2. Photosynthetic pigment contents analysis with five varieties at the blooming stage. (A)
Chlorophyll A (Chla) contents of five varieties. (B) Chlorophyll B (Chlb) contents of five
varieties. (C) Carotenoid (Caro) contents of five varieties. (D) Chlorophyll contents of five
varieties. Note: The error bars indicate standard error. Different lowercase letters indicate
significant difference at P<0.05
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Photosynthetic indices analysis of five varieties at the blooming stage

Photosynthetic indices, including Net Photosynthetic Rate (Photo), Transpiration
Rate (Trmmol), and Stomatal Conductance (Cond), were measured. Three plants with
the same growth were measured by using the LI1-6400 portable photosynthesis analyzer
in each variety, respectively. Photosynthetic indices of reciprocal first leaf were
analyzed at 8:30 on a sunny morning. The data revealed there were some distinctions in
all varieties with three photosynthetic indices. Obviously, JS5 and YDH were different
from other varieties, and JS7 had a maximum value in Photo (Fig. 3A-1). Then no
marked difference was found between JS2 and YDH in Trmmol (Fig. 3A-3), and they
significantly differed from other varieties in Trmmol and Cond (Fig. 3A-2, Fig. 3A-3).

However, the data of Cond exhibited an obvious distinction between JS2 and YDH in
Cond (Fig. 3A-2).
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Figure 3. Photosynthetic indices analysis of five varieties in the blooming stage. (A-1) Net
Photosynthetic Rate (Photo) of five varieties. (A-2) Stomatal Conductance (Cond) of five
varieties. (A-3) Transpiration Rate (Trmmol) of five varieties. Note: The error bars indicate
standard error. Different lowercase letters indicate significant difference at P<0.05

Correlation analysis between photosynthetic pigment contents and photosynthetic
indices at the blooming stage

Photosynthetic pigments occupied an important position in the photosynthesis of
plants, and Chlorophyll played a main role in these pigments. To investigate whether
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there was a correlation between photosynthetic pigment contents and photosynthetic
indices, a correlation analysis was done (Table 1). Except for Chlb, a significant
correlation was detected between photosynthetic pigment contents and Photo. Besides,
an obvious correlation was revealed with each other in the photosynthetic pigment
contents, but Chla was not markedly correlated with Chlb.

Table 1. Correlation analysis between photosynthetic pigment contents and Photo

Pearson Chla Chlb Caro Photo
Chla 1
Chlb 0.266 1
Caro .881** .652** 1
Photo 794** 0.466 .868** 1

“#*” means significant correlation at P<0.01

Comparison of three kernel traits with five varieties at the mature stage

Most traits could influence the formation of yield and there was a direct correlation
between kernel traits (spike weight per plant, grain weight per plant and weight of 1000
grain) and yield, so kernel traits were important to reflect the yield of crop. Five
varieties were investigated in the mature stage and the result revealed that some
distinctions were found in three kernel traits with five varieties. Then JS7 had a
significantly higher yield than other varieties and YDH had a lower yield than others.
Comparing GWP, the KGW of all varieties had a reduction, but YDH was different
from them and it showed an obvious increase (Fig. 4).
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Figure 4. Three kernel traits comparison with five varieties in the mature stage. SWPP: spike
weight per plant; GWP: grain weight per plant; KGW: weight of 1000 grain. Note: The error
bars indicate standard error. Different lowercase letters indicate significant difference at
P<0.05

Correlation analysis between three kernel traits comparison and photosynthetic
indices at the blooming stage

Photosynthesis has been reported to play a crucial role in the formation of yield, so
the correlation was analyzed between three kernel traits and photosynthetic indices. The
analysis showed there was a marked correlation between Photo and SWPP. Besides, a
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very significant correlation was detected between GWP and SWPP, Cond and Trmmol,
but no significant correlation was found between GWP and KGW, KGW and SWPP
(Table 2).

Table 2. Correlation analysis between three kernel traits and photosynthetic indices

Pearson Photo Cond Trmmol SWPP GWP KGW
Photo 1
Cond 0.416 1
Trmmol 0.357 .989** 1
SWPP .887* 0.436 0.325 1
GWP 0.843 0.469 0.358 .978** 1
KGW 0.515 0.215 0.145 0.597 0.74 1

“*x*” means significant correlation at P<0.01; “*” means significant correlation at P<0.05, the same as

below

Correlation analysis between three kernel traits comparison and photosynthetic
pigment contents in the blooming stage

By this investigation, we found that photosynthetic pigment contents can directly
influence the photosynthesis, and the photosynthesis played a crucial role in the
formation of yield. To find out whether photosynthetic pigment directly affects crop
yield analysis was done between photosynthetic pigment contents and three kernel traits

(Table 3).

Table 3. Correlation analysis between three kernel traits comparison and photosynthetic
pigment contents

SWPP GWP KGW Chla Chlb Caro
SWPP 1
GWP .978** 1
KGW 0.597 0.74 1
Chla 0.769 0.667 0.071 1
Chlb 0.356 0.336 0.368 0.359 1
CAR 0.821 0.757 0.33 .927* 0.654 1

“**” means significant correlation at P<0.01; “*” means significant correlation at P<0.05, the same as
below

Extract and analysis of carotenoid and beige in five variety seeds

Carotenoids have a maximum absorption peak at 450 nm, so total carotenoid
contents were measured at 450 nm, and the difference in every component of carotenoid
was analyzed. On the whole, lutein and zeaxanthin were major components and the
accumulation of lutein was greater than that of zeaxanthin. Some distinctions can be
seen in every index among all varieties. JS5 had a maximum accumulation in lutein,
zeaxanthin and carotenoid, while JS7 had a minimum accumulation in these
components (Table 4).
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Table 4. Carotenoid content analysis of five variety grains in the mature stage

TCC (ng/g) LC (ng/g) ZC (ng/g) (LC+ZC)/ITCC(%0)
JS2 11.720+0.040c 8.522+6.026b 2.552+1.804b 94.484
JS5 16.133+0.589a 12.371+8.747a 3.095+2.188a 95.860
JS7 11.720+0.069c 8.103+5.730b 2.207+1.560b 87.969
NJZ 15.440+0.101a 11.855+8.383a 2.924+2.068a 95.723
YDH 12.880+0.040b 9.339+6.603b 2.492+1.762b 91.850

TCC: Total Carotenoids; LC: Lutein; ZC: Zeaxanthin. Different lowercase letters in the same column
indicate significant difference at P<0.05

The color is a vital factor when people purchase crop, so colors of millets were

determined with using the non-contact colorimeter (X-Rite VS450 colorimeter).
Through analyzing the beige indices, the difference of millet color in all varieties could
be seen. Compared with other varieties, the brightness of JS2 and JS7 had a remarkable
difference. Then a” and b” of JS2 were the least bright and significantly differed in all
varieties. Except for JS7, the result of CCl showed a slight but not significant

distinction in all materials (Table 5).

Table 5. Beige of millet analysis of five variety seeds at the mature stage

L" a’ b CClI
JS2 62.766+0.286b 6.546+0.083¢C 39.988+0.396d 2.609+0.035b
JS5 66.994+0.149a 7.444+0.148b 42.804+0.572bc 2.596+0.455b
JS7 63.174+0.254b 7.868+0.096a 43.504+0.383ab 2.864+0.043a
NJZ 67.550+0.249a 7.84+0.086a 44.122+0.237a 2.631+0.038b
YDH 67.242+0.303a 7.182+0.136b 42.156+0.452c 2.53340.035b

Different lowercase letters in the same column indicate significant difference at P<0.05

Correlation analysis between carotenoid contents and kernel traits

The correlation between carotenoid contents and kernel traits was analyzed (Table 6).
An obviously positive correlation could be seen in different carotenoid contents and a
negative correlation was found between carotenoid contents and kernel traits, although
the correlation was not significant.

Table 6. Correlation analysis between carotenoid contents and kernel traits

SWPP GWP KGW TCC LC ZC
SWPP 1
GWP 978** 1
KGW 0.597 0.74 1
TCC -0.419 -0.293 -0.052 1
LC -0.437 -0.326 -0.124 997** 1
ZC -0.466 -0.399 -0.319 .933* .956* 1

“**” means significant correlation at P<0.01; “*” means significant correlation at P<0.05
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Discussion
Relationship between photosynthetic pigment contents and photosynthetic indices

Chlorophyll is a photosynthetic pigment to participate in the absorption, transfer and
transformation of light energy (Soares et al., 2020). In addition, it is a significant
deciding factor in the efficiency of photosynthesis (Kumar et al., 2020). Through this
experiment, we intended to explore whether there was a relationship between
photosynthetic indices and photosynthetic pigments. The analysis results about
photosynthetic indices and photosynthetic pigment contents showed they were
corresponding to each other in every variety and a significant correlation could be
detected between photosynthetic indices and photosynthetic pigment contents. That can
explain that photosynthetic efficiency will increase with the accumulation of
photosynthetic pigment contents. Besides, our result was the same as Soares’s result.
Their experience showed that photosynthetic pigment contents directly influenced
photosynthetic efficiency (Soares et al., 2020). Based on this result, we could enhance
crop photosynthesis efficiency by postponing the degradation or wreck in
photosynthetic pigments.

Relationship between photosynthesis and yield

Photosynthesis was one main process to accumulate dry matter, and dry matter
served as the basis in the formation of yield (Buesa et al., 2020). So photosynthesis
played an important role in the formation of yield. In order to further confirm that
photosynthesis was connected with yield, we measured three kernel traits, and analyzed
the correlation with each other. The result confirmed the correctness of our guess and
that the rising rate of photosynthesis could enhance crop yield. Based on the result, we
raised another guess: whether there was a direct relationship between photosynthetic
pigment contents and vyield. Unexpectedly, the correlation was lower and not
remarkable between photosynthetic pigment and yield. The research explained that
photosynthetic pigments did not have a direct influence on yield. However, our result
was different with Gutierrez et al. (2010) and Hamblin et al. (2014), and they had a
contrary conclusion. Gutierrez et al. (2010) found there was a positive relationship
between chlorophyll contents with grain yield, while Hamblin et al. (2014) showed that
decrease in chlorophyll contents could lead to high yields.

Relationship between quality and yield of broomcorn millet

In addition to yield, qualities and nutrition of crop have also been extensively
concerned. Broomcorn millet has a long history as human food and is one of the
important coarse cereals. As an important crop, it is rich in carotenoids, which are good
for human health. Carotenoids mainly include zeaxanthin and lutein, and play a
fundamental role in human nutrition. Carotenoids can prevent various eye and
cardiovascular diseases. Most likely, it can be used as an antioxidant and to regulate the
immune system which makes it effective against several types of age-related diseases
(Tan and Norhaizan, 2019; Bernstein and Arunkumar, 2020). As important nutrition
most studies have been done on maize (Owens et al., 2014; Chang et al., 2015). From
previous experience, we found JS7 had a higher yield than other varieties, but it still
remains unclear whether there is a positive relationship between yield and carotenoid
contents. Millet color is an important factor for people to consume and it is affected by
carotenoids. So we compared five varieties in carotenoid contents and the beige of
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millet. The results showed that JS7, a high yield variety, had a middle level in the grain
beige and had a maximum in CCI, but its zeaxanthin, lutein and total carotenoid content
had a minimum value. Then, in order to further analyze the relationship between
carotenoid contents and yield, the correlation was detected and the result showed that
there was a negative correlation between them, but the negative correlation was not
significant. Thus, there was no direct relationship between carotenoid contents and yield,
and we may provide a new idea that the yield can be increased by keeping high
carotenoid contents, or enhancing carotenoid contents but maintaining the crop high
yield.

Conclusions

In summary, we found photosynthetic pigment contents were related to
photosynthetic efficiency, and they had a positive relationship, which could be used in
agricultural production. Nevertheless, photosynthetic pigment contents do not directly
influence the crop yield, and they may adjust yield via affecting photosynthetic
efficiency. Then the analysis in carotenoid contents showed that there was no direct
relationship between carotenoid contents and yield, so it was possible to enhance the
carotenoid contents and yield at the same time, which provides a new idea, compared
with the old thought that high yield is contradictory with good qualities in crop
production. Carotenoids were also correlated with the accumulation of some important
quality traits, such as starch, reducing sugar and crude protein (Xu et al., 2010), which
further proves that it is possible to breed high-yield and high-quality varieties in the
breeding practice of high carotene type varieties. Our results need to be further
confirmed by molecular biology, crossbreeding, and other methods, which can provide
scientific basis and parent materials for breeding of high quality, high yield and high
carotene type varieties.
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