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Program Book

The 2nd International Symposium on Broomcorn Millet & 
World Millet Summit 2015 

Theme : Creation of Values of Coarse Grains in Gangwon Province 
through Re-lightening   of Millet Industry

Date : Feb. 25(Wed) – 28(Sat,)
Place : Chuncheon Bear’s Hotel(Feb. 25-26)
                60th Anniversary Hall, Kangwon National University(Feb. 27)



Feb. 25 18:30 – 21:00 at Bear’s Hotel

18:00-18:30  Registration 
18:30-19:00  Openning Ceremony
  (Chairman Kooyeon Lee, Kangwon National University, Korea) 
 Chai Yan: Opening address (President, IBMRA)
 Choel Ho Park: Welcoming address (Chairman, Organizing committee)
 Seung Ho Shin: Congratulatory address (President, KNU)
 Hyeok Yeol Kwon: Congratulatory address (Chairman, Agriculture & Forestry committee of  Gangwon Provincial Council)
19:00-21:00  Welcoming dinner

Feb. 26  09:00 – 14:00 at Bear’s Hotel 

Symposium II. World Millet Summit 2015
Theme : Current status and prospect of coarse grains in the world

1st Session 
(Chairman : Seong Tak Yoon, Dankook University, Korea Hisayoshi Hayashi; University of Tsukuba, Japan)

09:00-09:25   Emiko Takei: Millet research and local production in Japan(Osaka Gaukuin Univ. Japan)
09:25-09:50  Dipak Santra: Current status in research and industry of millet in USA(University of Nebraska, USA)
09:50-10:00  Break
10:00-10:25  Jaemin Cho: Industry trends & productivity improvement of coarse cereal crops in Korea
 (National Institute of Crop Science, Korea) 
10:25-10:50  Chai Yan: Current status in millet science and industry in China(North West A&F Univ. China)
10:50-11:30  General Discussion
(Chairman: Sun Hee Woo(Chungbuk National Univ.) 
Hisayoshi Hayashi(Univ. of Tsukuba, Japan), Shinya Kasajima(Tokyo Agri. Univ. Japan), 
Seong Tak Yoon(Dankook University, Korea), Cheol Ho Park(Kangwon National University. Korea), 
Feng Baili(NorthWest A&F Univ. China)

Feb. 26.  11:30 – 12:30  Lunch
Feb. 26.  12:30 – 14:00  Demonstration of Korea traditional Broomcorn millet dishes &  
      Poster presentation

The 2nd International Symposium on Broo
Feb. 25 13:30 – 18:20 at Bear’s Hotel

Symposium I. Vision and strategies of coarse grains in Gangwon province
 
13:50-14:00  Opening (Chairman, Hyeong Min Seo (IBB-Kangwon National Univ.)

1st Session Chairman, Gyu Cheol Kyeong (Chuncheon MBC)
14:00-14:25  Cheol Ho Park(KNU) & Jin Sun Chang(Gangwon Provincial ARES)
              Current status in production, research, and subject of coarse grains in Gangwon province 
14:25-14:50  Sun Hee Woo (Chungbuk National University)
              Strategies for promoting competitiveness of coarse grains in  Gangwon province 
14:50-15:15  In Je Sung (IBB-Kangwon National Univ.)
  Strategies of international cooperation for activation of millet industry
15:15-15:30  Break

2nd Session Chairman, Myeong Hyeon Lee(Hallym Sungshim College)
15:30-15:55  Bu Gyo Park (Bongyangri Agri. Group)
              Case study I. Production and marketing of coarse grains in Bongyangri
15:55-16:20  Ho Sik Chang (Bongpyeong Agri. Cooperation)
              Case study II. Buckwheat processing & development of Tartary buckwheat tea
16:20-16:45  Kwang Jin Chang (Korea National University of Agriculture & Forestry)
               Characteristics and development strategy of Qinoa, a new small grain crop 
16:45-17:10  Jeong Sun Lee (Hallym Sungshim College)
              Utilization of coarse grains in Gangwon province for globalization of Korean food
17:10-17: 35 Break
17:35-18:20  General discussion (Chairman, Yong Soon Choi, KNU)
              Hyeok Yeol, Kwon(Chairman, Agriculture & Forestry Commitee, Gangwon Provincial Council), 
  Jong Won Ryu(Sangji Univ.), Im Soo Song(Formery, member of provincial council), 
  Sung Hwan Lee(Setin Biotech.), Yong Sup Lim(Nami Landscape & Tourism Institute), 
  Jin Sun Chang(Gangwon Provincial ARES) 



Feb. 26. 14:00 – 18:00 at Bear’s Hotel

Symposium III. The 2nd International Symposium on Broomcorn Millet
Theme : Advances in research of Broomcorn millet

1st Session Food culture & Food education
(Chairman : Yong Soon Choi, Kangwon National University, Korea; Feng Baili,  NorthWest A&F Univ. China)

14:00-14:25  Hisayoshi Hayashi: Educational activities for ‘Shokuiku’ using diversity of millets in elementary  
 schools in Japan

14:25-14:50  Gao Jinfeng: Starch physicochemical properties of waxy Proso millet
14:50-15:15  Hyeon Suk Kim: Food culture of Broomcorn millet from old literatures on cook
15:15-15:30  Break
15:30-15:55  Deok Ja Lee: Traditional treatment as a medicine by using Broomcorn millet in Korea
15:55-16:20  Ju Gang Ko: Local dishes of Broomcorn millet in Youngwol county

2nd Session Crop Physiology
(Chairman : Seong Tak Yoon, Dankook National University, Korea; Hisayoshi Hayashi, University of Tsukuba, Japan)

16:20-16:45  Qu Yang, Su wang, Gao Jinfeng, Gao Xiaoli, Wang Pengke, Feng Baili, Chai Yan: Photosynthesis 
 characteristics and yield of broomcorn millet under harvesting rainwater model based on furrow 
 and ridge with plastic-film mulched in semi-arid region of Northern Shaanxi
16:45-17:05  Su Wang, Qu Yang, Feng Baili, Chai Yan: Photosynthesis characteristics and yield of broomcorn 
 millet under film mulching on ridge-furrow for harvesting rainwater model in semi-arid region of 
 Northen Shaanxi, China
17:05-17:30  Zhang Ji-ru-fei, Zhou Yu, Yang Pu, Wang Peng-ke, Gao Jin-feng, Gao Xiao-li, Feng Baili: Study 
 on physiological changes and correlation with resistance level to the head smut of broomcorn millet 
 after an infection with Sphacelotheca destruensin
17:30-17:55  Zhou Da, Yang Pu, Zhao Weijie, Zhou Yu, Yang Qinghua, Chao Guimei, Su Wang and Feng Baili: 
 Research on activities of key enzymes for starch synthesis and grain-filling characteristics under 
 water stress in Broomcorn millet

Feb. 27. 09:00-10:30 at 60th Anniversary Hall, KNU

3rd Session (Bio-activity & Food processing)
(Chairman : Myeong Hyeon Wang, Kangwon National University, Korea; Dipak Santra, Univ. of Nebraska, USA)

09:00-09:25  Timnoy Salitxay, Phonesavanh Phouthaxay, Amal Kumar Ghimeray, 
 Pankaja Sharma Ghimeray Cheol Ho Park: Comparative study of phenolic compounds and  
 antioxidant activity in different millet lines.
09:25-09:50  Zhao Wei-jie, Li Xia, Zhou Da, Liu Jia-jia, Yang Qing-hua, Wang Peng-ke, Gao Xiao-li, 
 Feng Baili: Effect of water deficit on antioxidant activity of Broomcorn millet
09:50-10:15  Chao Gui-mei, Wang Ying, Gao jin-feng, Feng Bai-li: Effects of food additives on pasting 
 properties of Proso millet (Panicum miliaceum L.) starch
10:15-10:30  Break

mcorn Millet & World Millet Summit 2015 



Feb. 27. 10:30-12:10 at 60th Anniversary Hall, KNU

4th Session Cultivation (I)
(Chairman : Heon Ryeol Park, ChoongAng University, Korea; Emiko Takei, Osaka Gakuin Univ. Japan)

10:30-10:55  Miao Jiayuan, Zhang Yuyu, Liu Fengqin, Wang Meng, Xue Zhihe, Gao Jinfeng, Yang Pu, 
 Feng Baili: Effects of different mulching treatments on Broomcorn millet group canopy 
 vertical structure
10:55-11:20  Su Wang, Zhang Yan-ping, Qu Yang, Li Cui, Miao Jia-yuan, Gao Xiao-li, LIU Jian-hua, 
 Feng Bai-li: Effects of mulching pattern on soil water, broomcorn millet growth,  
 photosynthetic characteristics and yield in the dryland of Loess Plateau in China
11:20-11:45  Qu Yang, Gao Jin-feng, Gao Xiao-li, Wang Peng-ke, Feng Bai-li, Chai Yan: Border effect 
 and physiological characteristics of broomcorn millet under harvesting rainfall model based 
 on furrow and ridge with plastic-film mulched in the semi-arid region of Northern ShaanXi, 
 China
11:45-12:10  Zhang Dong-qi, Zhao Dan, Yang Qing-hua, Liu Jia-jia, Liang Ji-bao ,
 Gao Xiao-li: Effects of different sowing dates on the physiological characteristics and 
 group dynamic variation of Proso millet
12:10-13:20 Lunch

Feb. 27. 13:20-18:40 at 60th Anniversary Hall, KNU

5th Session Cultivation (II)
(Chairman : Shinya Kasajima, Tokyo Agri. Univ. Japan; Chai Yan, NorthWest A&F Univ. China)

13:20-13:45  Cui Wen-wen, Gao Xiao-li: Influence of different cropping patterns on soil enzyme activities 
 and yield of broomcorn millet
13:45-14:10  Zhao Wei-jie, Yang Qing-hua, Liu Jia-jia, Zhou Da, Li Xia, Gao Jinfeng, Yang Pu, 
 Feng Baili: Compensation effects of rewatering on root and shoot functions of Broomcorn 
 millet under water stress
14:10-14:35  Zhang Yu-yu, Miao Jia-yuan, Wang Meng, Han Hao-kun, Zhang Dong-qi, Xue Zhi-he, 
 Feng Bai-li: Effect of different mulching treatment on "W" ridgeon soil temperature of 
 broomcorn millet in rain-fed farming area
14:35-15:00  Zhang Pan-pan, Jin Xijun, Ke Xiwang, Yin Lihua, Song Hui, Zheng Dian-feng, 
 Feng Bai-li: Effects of different fertilization levels on field microclimate characteristic and 
 yield in Proso millet
15:00-15:10  Break

6th Session (Genetics and Breeding)
(Chairman : Nam Soo Kim, Kangwon National Univ. Korea; Sun Hee Woo, Chungbuk National Univ. Korea)

15:10-15:35  Yue Xu, Chunxiang LI, Yingnan Wang, Ping Lu, Minxuan Liu, Xiyan Cui, Hui Zhou: Origin 
 of Broomcorn millet (Panicum miliaceum L.) in Eurasia: Evidence from nuclear ribosomal 
 DNA sequences of Broomcorn millet in China and comparison with other countries
15:35-16:00  Natesan Senthil: Genomics tools for millet improvement; current status and future prospects
16:00-16:25  Zhou Yu,Yang Pu, Gao Xiao-li, Gao Jin-feng, Wang Peng-ke, Feng Bai-li: Genetic diversity 
 and virulence analysis of Sporisorium destruens isolated from Broomcorn millet in China
16;25-16:50  Tae Wook Jeong & Ji Yeon Go: Breeding and cultivation of Broomcorn millet in Korea
16:50-17:00  Break
17:00-17:25  Tianyu Yang: Broomcorn millet variety improvement and development in China
17:25-17:50  Dipak Santra: Proso millet (Panicum miliaceum L.) genetics, genomics and breeding 
 research in the USA
17:50-18:15  Chai Yan: Genetic diversity analysis of Sporisorium destruens isolated from broomcorn 
 millet and highland barley
18:15-18:40  Xuehai Zhu: Study on two-line hybrid seeds of dwarf strains in Broomcorn Millet

Feb. 28 Post tour: Millet market and fercilities at local and Seoul

大会报告

16:00-16:25  Zhou Yu,Yang Pu, Gao Xiao-li, Gao Jin-feng, Wang Peng-ke, Feng Bai-li: Genetic diversity 
p p p

g g g g g
and virulence analysis of Sporisorium destruens isolated from Broomcorn millet in China
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Day 1-Friday September 9, 2016
 Introductory Session

08:00

-08:20

Title: History, current status, and future task of Buckwheat industry in Bongpyoung town

�i �eon ��an�, �on�pyeon� �i�� Sc�oo	, Korea
Session chair: 

Cheol-Ho Park, Korea


rac�-�iotec�no	o�y
08:20

-08:40

 

Jinfeng  Gao, China

08:40

-09:00

  

Title: Isolation and functional analysis of FeDREB1 in Buckwheat (Fagopyrum esculentum)

�u �an�, 
ort��est ��F �niversity, ��ina           Session chair:

Nikhil Kumar Chrungoo, India
Title: The introducution of molecular breeding programm of Buckwheat in Korea

��an� Soo ��o, �i��	and ��ricu	ture �esearc� Institute, �D�, Korea
Co-chair:

09:00

-09:20

Title: Tartary Buckwheat transcription factors and their functional regulation 

�i �u, Sic�uan ��ricu	tura	 �niversity, ��ina

09:20

-09:40

Title: Ef�cient promotion of the sprout growth and �avonoids accumulation of tartary Buckwheat by 

associated fungal endophytes 

�ian� �in ��ao, ��en�du �niversity, ��ina

Session chair: 

Sang-Un Park, Korea    

Co-chair: 

Chao-Feng Huang, China
09:40

-10:00

Title: Analysing structural diversity of seed storage protein gene promoters: Buckwheat a case study 

�pasna ��ettry, 
ort� �astern �i		 �niversity, India

�penin� �eremony
10:00

-10:05
Dr. Gwang Soo Cho, Highland Agriculture Research Institute, RDA, Korea

Announcing the opening 

ceremony of the conference

10:05

-10:10
Dr. Sun-Hee Woo, Professor, Chungbuk National University Opening Remarks

10:10

-10:15
Governor, Pyeongchang-gun, Kangwon Province Welcomes address

10:15

-10:20
Council Chairman, Pyeongchang-gun, Kangwon Province Congratulatory Message

10:20

-10:25
Director General, Highland Agriculture Research Institute, Rural Development Administratio Congratulatory Message

10:25

-10:30
Capturing a group photo Infront of conference room

10:30

-10:40
Tea Break

Track-Biotec�no	o�y
�	enary Session

10:40

-11:10

Title: Buckwheat: Practical application in food processing


ik�i	 Kumar ��run�oo,  
ort� �astern �i		 �niversity, India

Session chair: 

Jong-Soon Choi, Korea

Co-chair: 

Pu Yang, China

11:10

-11:40

Title: Functional characterization of FtMYB11 in Buckwheat 

�ei	ian� ��ou, ��inese �cademy of ��ricu	tura	 Sciences ����S�, ��ina

Concurrent Session

11:40

-12:00

Title: Molecular mechanisms of high aluminum tolerance and accumulation in buckwheat (Fagopyrum 
tataricum) 

C�ao-Fen� �uan�, 
an�in� ��ricu	tura	 �niversity, C�ina
12:00

-14:00
�unc� Break

Scienti�c �ro�ram

大会报告

小组主持人

Co-chair:

Pu Yang, China

Title: Isolation and functional analysis of FeDREB1 in Buckwheat (Fagopyrum esculentum(( )y

�u �an�� �, 
ort��est ��F �niversity, ��ina
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14:00

-17:00

Short trip to Buckwheat themed festival, Hyo-Seok Lee culture festival, Pyeongchang winter olympic 

stadium 

17:00

-18:00
Sponsor ���ibition and �eisure

18:00

-20:00
Dinner!Ban"uet �arty

Day 2-Saturday September 10, 2016
Track-�enetics and Breedin�

�	enary Session 

08:00

-08:30

Title: Enaling plant proteomics technologies

�on� Soon C�oi, Korea Basic Science Institute!C�un�nam 
ationa	 �niversity, Korea Session chair: 

Meiliang Zhou, China             

Co-chair: 

Tomoyuki Katsube-Tanaka, 

Japan

08:30

-09:00

Title: Construction of Buckwheat genome database (BGDB) 

�asuo �asui, Kyoto �niversity, �apan

09:00

-09:30

Title: Buckwheat genetic resources in China

�on��en ��an�,  C�inese �cademy of ��ricu	tura	 Sciences �C��S�, C�ina

Concurrent Session

09:30

-09:50

Title: Protective effect of �avonoids on senescent human dermal �broblasts 

�un-�u So�n, Korea Basic Science Institute, Korea Session chair: 

Won-Kon Kim, Korea    

Co-chair: 

Zongwen Zhang, China

09:50

-10:10

Title: Buckwheat productivity in Japan

�isayos�i �ayas�i, �niversity of Tsukuba, �apan

10:10

-10:30

Title: Recent progress on crossbreeding of genus Fagopyrum 
�in�-Fu C�en, �ui#�ou 
orma	 �niversity, C�ina

10:30

-10:40
Tea Break

�	enary Session 

10:40

-11:10

Title: BUCKWHEAT RENAISSANCE: Tradition and prospect for breakthrough of future cultivation

Tai�i �dac�i, Institute for �	ant Biotec�no	o�y, ��D, �td$ in �saka and Co		o"uia 
aturae in 
�iya#aki, �apan

Session chair: 

Yasuo Yasui, Japan                          

Co-chair: 

Qing-Fu Chen, China

11:10

-11:40

Title: A new common buckwheat cultivar, �Tohoku No.3’ with better quality, �tted to spring seeding in 

Tohoku area, Japan

�utaka �onda, 
���, �apan
Concurrent Session

11:40

-12:00

Title: Research on genetic characteristics of thorn Buckwheat (F. emarginatum)

�iron� �ao, S�aan�i �u	in ��ric	utura	 Sc�oo	, C�ina

12:00

-12:20

Title: Multiple-repeat genes of 13S globulin are consecutively located to form a cluster in a common 

buckwheat (Fagopyrum esculentum) genome 

Tomoyuki Katsube-Tanaka, Kyoto �niversity, �apan
12:20

-13:30
�unc� Break

Track-Germplasm resources

�lenary Session 

13:30

-14:00

Title: On the diffusion of buckwhet cultivation and the diffusion of consumption of buckwheat noodles 

��mi ��nis�i, Kyoto �niversity, �apan
Session chair: 

Clayton G. Campbell, Canada  

Co-chair: 

Jai Chand Rana, India

14:00

-14:30

Title: The investigation and collection of wild buckwheat in Sichuan China 

�u Tan�, Sic�uan Tourism �niversity, C�ina

Concurrent Session
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14:30

-14:50

Title: Research on fecundity of self-fertile common Buckwheat

�infen�  Gao, Colle�e of ��ronomy 
ort��est ��F �niversity, C�ina

Session Chair: 

Hiroyasu Michiyama, Japan  

Co-chair: 

Jerzy J�zef Grabi�ski, Poland

14:50

-15:10

Title: Wild resources and genetic diversity of buckwheat in southwest of China 

�en�-�i Din�,  Sic�uan ��ricultural �niversity, C�ina

15:10

-15:30

Title: Germplasm resources of Buckwheat in India-status and prospects 

�ai C�and �ana, IC��-
ational Bureau of �lant Genetic �esources, India

15:30

-15:50

Title: The transcriptome analysis of �avonoid synthesis pathway in different species of buckwheat seeds

�ia Gao,  C�inese �cademy of ��ricultural Sciences �C��S�, C�ina
15:50

-16:00
Tea Break

Track-Cultivation 

16:00

-16:20

Title: Problems in cultivation and utilization of buckwheat in Poland 

�er#y �%#ef Grabi&ski, I�
G, Institute of Soil Science and �lant Cultivation, �oland Session chair:  

Hisayoshi Hayashi, Japan

Co-chair: 

Young-Ho Yun, Korea  

16:20

-16:40

Title: Effect of planting density on lodging related morphology lodging rate and yield of Fagopyrum 
tataricum
'ian� Da Bin�, C�en�du �niversity, C�ina

16:40

-17:00

Title: Effect of day length and temperature on the growth, �owering and seed-setting in a rice-Tartary 

buckwheat line

�iroyasu �ic�iyama, �ei�o �niversity, �apan
17:00

-17:20
Buckwheat food product exhibition and sponsor exhibition

17:20

-18:00
�oster presentation

18:00

-08:00
Dinner/Banquet Party

Day 3-Sunday September 11, 2016
Track-��ysiolo�y

�lenary Session

08:00

-08:30

Title: Impact of selenium and iodine on buckwheat plant characteristics 

�ate�a Germ, �niversity of ��ubl�ana, Slovenia
Session chair: 

Myung Heon Lee, Korea       

Concurrent Session

08:30

-08:50

Title:  Investigation and development of buckwheat in China

Gan� ��ao, C�en�du �niversity, C�ina Session chair:

 Mateja Germ, Slovenia08:50

-09:10

Title: Contents of antocynin, chlorophyl, and phenolic compounds under different quality of LED light

�byedul Kalam �#ad, Kan��on 
ational �niversity, Korea
09:10

-09:20
Tea Break

Track-�uality and 
utrition

�lenary Session

09:20

-09:50

Title: An update on buckwheat allergy 

Dan 
orb(ck, �ppsala �niversity, S�eden
Session chair: 

Dong-Wook Kim, Korea                

Co-chair: 

Alexey Grigoryevich Klykov, 

Russia

09:50

-10:20

Title: Some case reports in chronic disease on buckwheat health effects after prolonged daily intake

Gunilla �ieslander, �ppsala �niversity, S�eden

Concurrent Session
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10:20

-10:40

Title: Buckwheat in food culture in Slovenia 

Blanka )omber�ar, T�e �ducation Centre �iramida �aribor

Session chair: 

Dan Norbäck, Sweden

Co-chair: 

Chai Yan, China

10:40

-11:00

Title: The effect of storage condition on the quality of buckwheat �ours 

'in#�on� �u, S�aan�i 
ormal �niversity, C�ina

11:00

-11:20

Title: In�uence of merosesquiterpenoids derived from marine sponges upon growth, development, 

productivity and rutin content in buckwheat 

�le�ey Gri�oryevic� Klykov, �rimorsky Scienti�c �esearc� Institute of ��riculture, �ussia

11:20

-11:40

Title: Strengthening international academic exchanges and promoting industrial developments in 

buckwheat

C�ai �an, 
ort��est � � F �niversity, C�ina

11:40

-12:00

Title: Anti-oxidant and anti-in�ammatory activities of Fagopyrum tataricum sprout extracts 

Kes�av �a� �audel, �okpo 
ational �niversity, Korea

12:00

-12:30

Acknowledgement

Best Oral and Poster Award

Future Planning/Meeting/Genearl Assembly

Other items

12:30

-14:00
Fare�ell �unc�



Abstract

Characterization of FeDREB1 promoter involved in cold- and 
drought-inducible expression from common buckwheat (Fagopyrum 

esculentum)

State Key Laboratory of Crop Stress Biology for Arid Areas, College of Agronomy, 
NorthwestA&F University, Yangling, Shanxi 712100, China

e-mail: fengbaili@nwsuaf.edu.cn

Acknowledgement

Results and Discussion

Yang Pu, Fang Zhengwu, Gao Jinfeng, Wang Pengke, Gao Xiaoli, Chai Yan, Feng Baili*

C-repeat-binding factor (CBF)/dehydration-responsive element (DREB) transcription factors play key roles in plant stress responses. However, little information is available on the

regulation of CBF/DREB expression. In this study, we isolated and characterized the FeDREB1 promoter sequence from the common buckwheat accession Xinong 9976. To identif

y the upstream region of the FeDREB1 gene required for promoter activity, we constructed a series of FeDREB1 promoter deletion derivatives. Each deletion construct was analyze

d through Agrobacterium-mediated transient transformation in tobacco leaves treated with 4 C cold or drought stress. Promoter-beta-glucuronidase fusion assays revealed that the p
CD1 (-270 bp) deletion in the upstream region of FeDREB1 could activate expression of the GUS gene at 4 C. The pCD1 (-270 bp), pCD2 (-530 bp), and pCD3 (-904 bp) deletion i

nduced low-level GUS expression under drought stress. However, the pCD4 (-1278 bp) deletion clearly activated GUS gene expression. Our results suggest that sections pCD1 (-27

0 bp) and pCD4 (-1278 bp) in the FeDREB1 gene promoter are new sources of induced promoters for adversity-resistance breeding in plant genetic engineering.

This work was supported by the National Nature Science Foundation of China (Grant No. 31071472), Young Scientists Fund of the National Natural Science Foundation of China

(Grant No. 31501365) and the Special Fund for Agro-scientific Research in the Public Interest of China (Grant No. 201303008).

Fig. 1 Schematic of FeDREB1 promoter deletion-GUS constructs.

Fig. 2 GUS expression in the transiently transformed tobacco leaves in plants treated with cold for 24 h.

Fig. 3 GUS expression in the transiently transformed tobacco leaves in plants treated with drought for 24 h.

Fig. 4 GUS activity driven by FeDREB1 promoter deletion-GUS chimeric constructs in tobacco leaf tissues.

The leaves were infiltrated with each of the deletion plasmids, pC0390::GUS, or pC35S::GUS, and then treat

ed with cold stress for 24 h (A), or treated with drought stress (B). The plasmid pC0390::GUS was used as a

negative control and the pC35S::GUS construct was used as a positive control. Data are mean values from 3 i

ndependent experiments (N = 3) and error bars represent the standard deviations of the replicates. A one-side

paired Student t-test was performed to assess significant differences between control and treatment condition

s using a statistical software package. Differences at P < 0.01(**) were considered significant.

The FeDREB1 promoter harbored numerous cis-acting elements, including 24 predicted TATA-boxes, 8 CAAT-boxes, 4 MYCCONSENSUSAT drought and low temperature-respo

nding elements (CANNTG), 1 MYBCORE drought responding element (CNGTTR), 1 MYB1AT drought responding element (WAACCA), 1 ACGTATERD1 drought-responding e

lement (ACGT), 1 LTRECOREATCOR15 low temperature-responding element (CCGAG), 1 TC-rich repeat adversity corresponding element (AGTTTCTTCA), 1 TCA1MOTIF sa

licylic acid-responding element (TCATCTTCTT), and 2 ABRE-responding elements (ACGTG).

Sequence analysis of the FeDREB1 promoter

Activation of the FeDREB1 promoter under cold stress or drought stress

We generated a set of serial deletions of the FeDREB1 promoter by PCR (Fig. 1). The deletions described relative to the FeDREB1 transcription start site, were fused with the GUS

reporter. Histochemical GUS assays showed that under control, low temperature, and drought circumstances, the wild-type and pC0390::GUS transformed plant expression vector o

f the tobacco leaves were not stained by the X-Gluc solution, but tobacco leaves that had been transformed with the pC35S::GUS plant expression vector (positive control) were stai

ned blue by X-Gluc solution under each treatment (Fig. 2 and 3). Fig. 2 shows that compared with the control, which grows under normal conditions, the pCD1::GUS transformed t

obacco leaves were dyed blue by X-Gluc under 4 C cold stress, but the pCD2::GUS, pCD3::GUS and pCD4::GUS vectors were not stained, indicating that the pCD1 (-270 bp) del

etion of FeDREB1 promoter activated the expression of the GUS genes at low temperatures, but the other 3 deletions did not show this characteristic. To more precisely measure G
US expression, we performed quantitative GUS assays. Fig. 4A shows that as well as the normal growing condition, under 4 C cold treatment, the activity of GUS in which the toba

cco leaves were transformed with pCD2::GUS, pCD3::GUS, and pCD4::GUS vectors showed no detectable activity. However, the activity of pCD1::GUS increased significantly c

ompared with the control. The GUS activity of the pCD1::GUS transformed tobacco was 32.6% that of the pC35S::GUS transformed tobacco (Fig. 4A). Under drought stress, the to

bacco leaves transformed with pCD1::GUS, pCD2::GUS, and pCD3::GUS were blue, while those transformed with pCD4::GUS were darker blue (Fig. 4). Similar to the results of t

he histochemical GUS assays, GUS activity of the pCD1::GUS, pCD2::GUS, pCD3::GUS, and pCD4::GUS transformed tobacco leaves were remarkably different from the control,

and the activity of the induced GUS consistently increased, with pCD4::GUS showing the greatest activity (Fig. 4B). Under the drought condition, the GUS activity of the pCD4::G
US transformed tobacco was 42.0% that of the pC35S::GUS transformed activity (Fig. 4B). The results of both histochemical and fluorometric assays showed no significant differen

ce in the GUS activity of pCD5::GUS transformed tobacco leaves between drought stress and the control, and between cold and the control (Fig. 4B).
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�bstract 

Tartary buckwheat(Fagopyrum tataricum Gaertn.)is a medical edible crop in the family 

Polygonaceae. As a potential functional food crop, tartary buckwheat is rich in �avonoids and 

with the function of reduces risk of cancer and cardiovascular disease. Flavonoids content in 

tartary buckwheat is a quantitative trait, which was greatly in�uenced by the environment factors 

such as temperature, light, minerals and exogenous substance. Exogenous sucrose was added 

for buckwheat seedling in the first 10 days when it germinates, to investigate the influence of 

exogenous sucrose on �avonoids content and antioxidant activity. In this study, we planted the 

tartary buckwheat variety Yu 6-21, which had high �avonoids content, on the medium contained 

exogenous sucrose. Five treatments of sucrose with the concentration of 0 g·ml
-1
, 1 g·ml

-1
, 2 g·ml

-

1
, 3 g·ml

-1
, 4 g·ml

-1
 and 5 g·ml

-1
 were conducted. For each concentration, the �avonoids content 

in the seedling increasing and reached to the peak value at the 9
th
 day after germination and then 

decreased on the medium contained sucrose. Among the different concentration, the buckwheat 

seedling had the highest content of flavonoids when the concentration is 4 g·ml
-1
 for sucrose. 

Three parameters, DPPH radical scavenging activity, ABTS radical scavenging activity and 

hydroxyl radical scavenging activity, which measuring the ability of antioxidant was investigated. 

The buckwheat seedling showed the highest DPPH radical scavenging activity, ABTS radical 

scavenging and hydroxyl radical scavenging activity at the 9
th
 day. Accordingly, the concentration 

of sucrose at 4 g·ml
-1
 had the strongest effect. Correlation analysis also showed the flavonoid 

content was highly signi�cantly associated with DPPH radical scavenging activity, ABTS radical 

scavenging activity, and hydroxyl radical scavenging activity, respectively. The results indicated 

that the addition of sucrose could significantly improve the flavonoid content and antioxidant 

activity of tartary buckwheat seedling, which provided the evidence that we could manipulate the 

medical function of tartary buckwheat only by adding multiple exogenous substances.
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�bstract 
The �ower of common buckwheat (Fagopyrum esculentum Moench) with complex morphology. 

The length of pistil and stamens are tightly associated with the self-fecundity of common 

buckwheat. In this work, we conducted SSR analysis for the �ower with different morphology 

of style in common buckwheat. The result indicated that: (1) SSR band were ampli�ed in both 

the two different type flower and one same type flower in buckwheat. 6 SSR markers, GB-

FE-014, BM85, BM87, BM84, BM071 and 1094m, that associated with style length in the same 

genetic background were screened out. One SSR marker, BM85, that linked style length in 

different genetic background were identi�ed. (2) In total, 24 band were ampli�ed in the genome 

of 5 flower type common buckwheat, of which, 11 SSR markers, BM062, BM84, BM85, 

BM87, Fes2328, BM071, Fes1002, Fes1816, Fes1497, Fes2695 and GB-FE-109, showed high 

polymorphism and have clear band. (3) The ampli�cation of marker BM85, BM87, BM84 and 

BM071 are stable and with high polymorphism in 5 different type common buckwheat. These 

result indicated that there is a high polymorphism among the �ve type common buckwheat and 

it is feasible to distinguish different type of common buckwheat by SSR markers.

Introduction
Common buckwheat (Fagopyrum esculentum Moench) is a typical self-incompatibility 

crop, the seed setting rate was only 12% under the natural condition [1]. Buckwheat the self-

incompatibility and outer cross are two main characteristics lead to the low seed setting rate, 

which is an important factor leading to the low yield [2, 3]. Common buckwheat has same-type 

flower and hetero-type flower. In the same type flowers, the pistil length is equal to stamen, 
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Genetic Diversity Analysis on the Morphological Traits of Tartary 
Buckwheat Germplasm from Major Production Regions of China 
Liang Shihan 1,2 Li Jing 1,2 Zhou Da 1,2 Ren Huili 1,2 Gao Jinfeng 1,2 Wang Pengke 1,2 Gao Xiaoli 1,2

Feng Baili 1,2 Yang Pu 1,2 * 

1 State Key Laboratory of Crop Stress Biology for Arid Areas, College of Agronomy, Northwest A & F University; 2 Shaanxi 

Research Station of Crop Gene Resources and Germplasm Enhancement, Ministry of Agriculture, Northwest A & F University, 

Yangling, 712100 

*Corresponding author, yangpu@nwsuaf.edu.cn 

Abstract Tartary buckwheat, a medicinal-edible crop, is rich in bioflavonoids and trace elements, and has many 

nutraceutical effects.. The study aims to estimate the genetic diversities of Tartary buckwheat germplasm from 

major production regions of China, and further provide theoretical basis for the breeding of Tartary buckwheat. A 

total of 339 Tartary buckwheat germplasm from China were selected and planted for 2 consecutive years in 

Yangling, Shaanxi. Nine traits include plant height, stem width, node number, preliminary branch number, 

secondary branch number, flower cluster number, 1000 seed weight, seed size and seed color were recorded and 

analyzed. The results showed that: (1) Rich genetic diversity was discovered among the germplasm, there were 

significant correlations among most agronomic traits, the variation coefficient of the number of secondary 

branches, the number of flower clusters, primary branch number, main stem diameter, plant height, 1000-grain 

weight and the number of mainstem segments decreased in turn. (2) Principal component analysis showed that the 

seven main quantitative traits are simplified into three principal components, and the cumulative contribution rate 
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Abstract: Pea (Pisum sativum L.), as a major source of plant protein, is becoming one of the
major cultivated crop species worldwide. In pea, the pericarp is an important determinant of the
morphological characteristics and seed yield. To investigate the molecular mechanism of pericarp
elongation as well as sucrose and starch accumulation in the pods of different pea cultivars, we
performed transcriptomic analysis of the pericarp of two types of pea cultivar (vegetable pea and
grain pea) using RNA-seq. A total of 239.44 Gb of clean sequence data were generated, and were
aligned to the reference genome of Pisum sativum L. In the two samples, 1935 differentially expressed
genes (DEGs) were identified. Among these DEGs, three antioxidant enzyme superoxide dismutase
(SOD) were detected to have higher expression levels in the grain pea pericarps at the pod-elongating
stages. Otherwise, five peroxidase (POD)-encoding genes were detected to have lower expression
levels in the vegetative pericarps at the development stage of pea pod growth. Furthermore, genes
related to starch and sucrose metabolism in the pea pod, such as SUS, INV, FBA, TPI, ADPase,
SBE, SSS, and GBSS, were found to be differentially expressed. The RNA-seq data were validated
through real-time quantitative RT-PCR of 13 randomly selected genes. Our findings provide the gene
expression profile of, as well as differential expression information on, the two pea cultivars, which
will lay the foundation for further studies on pod development and nutrition accumulation in the pea
and provide valuable information for pea cultivar improvement.

Keywords: pea (Pisum sativum L.); RNA-seq; transcriptome; pod elongation; gene

1. Introduction

Pea (Pisum sativum L.), belonging to the legume family, is an annual or biennial crop that originated
in the southern part of Europe, the Mediterranean coast, and West Asia [1]. Pea seeds can not only be
used as food but also as fodder, and their tender seeds, pods, and seedlings are consumed as edible
vegetables. Pea is a widely cultivated crop species and a major source of plant protein for both animal
and human consumption [2]. Moreover, the seeds are also used in treating wrinkled skin, diabetes,

Int. J. Mol. Sci. 2019, 20, 6135; doi:10.3390/ijms20246135 www.mdpi.com/journal/ijms
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acne, phlegm, and intestinal inflammation [3,4]. One study suggested that the active ingredients in
pea have important anticancer properties [5]. According to the statistics of the Food and Agriculture
Organization of the United Nations (FAO), there are 89 countries around the world that plant pea. In
2017, the area for pea cultivation reached 2.669 million hectares, and the total output was 33.29 million
tons (FAO) [6].

As a major pulse crop for its protein-rich seeds, much research has focused on the components
and development of the seed as well as the breeding of pea. For instance, in some studies on pea seed
proteins (Pisum sativum L.), researchers found that globulin or storage proteins are the predominant
proteins [7,8]. Ronald et al. also isolated and purified two major closely related albumin proteins from
pea [9]. Sucrose, starch, alkaloids, galactolipids, trigonelline, piplartine, and essential oils have also
been detected in pea seed [4].

In the context of seed development, ABI5 genes have been found to impact seed maturation and
longevity [10]. Enzymes related to glutamine metabolism are also thought to have an impact on the
senescence and seed development of pea while antioxidant enzymes regulate pod elongation [11,12].
Currently, studies of simple sequence repeats (SSRs) in the pea genome have gained increasing interest
in the field of breeding, with the identification of many novel SSRs that assist in breeding [13–15].
While there has been a lot of research on pea seeds and breeding, the studies on peel remain scarce,
despite its close ties to seed growth.

Peel is the package or wrapping around the seed, which differentiates and develops from the ovary
wall [16]. Some studies have indicated that most peels are likely to have certain characteristics, which
allows for their use in different applications, for example, in medicine, as value-added ingredients
in various food applications, or as anti-mosquito or deodorant products [17,18]. The pericarp of the
pea pod has also shown potential antihyperglycemic activity [19]. Moreover, the pea pericarp is a
homologous organ of the leaf, and has a complete photosynthetic function and assists in the growth of
seeds but does not play a protective role. Research has indicated that the pea pod has a significant
influence in seed photosynthesis in the early stages of pod development and the later stages of plant
growth [20]. Thus, the pod weight is the foundation for the formation of multiple seed pods and large
pods [20,21]. However, as the edible part of the pea is its seeds, the pericarp is often thrown away as
waste, contributing to the lack of research on the pea pod.

Nowadays, with the development of next-generation technologies, RNA-seq, with its rapidly
declining cost and increasing efficiency, is quickly becoming a mainstay in plant genetics and
biochemistry research [22,23]. Recently, Iveta and colleagues characterized the differentially expressed
genes involved in pea pod dehiscence through combined transcriptomic and metabolomic analyses [24].
While this study provided insights into pod dehiscence, other mechanisms remain unknown, such as
those involved in the biosynthesis of components that govern differences in the traits of shape and
weight between different pods. In our study, we chose two types of materials (grain pea pod and
vegetable pea pod) for transcriptomic analysis to investigate the different regulatory mechanisms of
the two different types of pea pod. Our research can provide guidelines for pea breeding and the
conversion of byproducts.

2. Results

2.1. The Phenotypic Traits of Vegetable and Grain Pea Pericarp at Five Developmental Stages

Vegetable pea and grain pea show differences in their morphology, nutrition, and taste, with
vegetable pea having a higher content of sugar than grain pea, leading to vegetable pea being
sweet [25]. In our study, vegetable pea, WDZY-14, and grain pea, WDZY-04, were used. In terms of
pod development, the two cultivars showed a significant difference in phenotypic traits. Regarding the
pea pericarp, the size in grain pea (WDZY-04) was slightly smaller than in vegetable pea (WDZY-14).
The histogram presents the distribution of the shape and weight at each stage (Figure 1D–F). At 7 days
after pollination (DAP), the two cultivar pericarps were around 6.3 and 7.6 cm in length, and 1.3 and
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1.5 cm in width for the grain pea and vegetable pea, respectively. During pea growth, the size of the
pericarp increased, and the largest size was reached at 28 DAP, at which the length and width of the
WDZY-04 pea pericarp were 7.9 and 1.54 cm, and those of WDZY-14 were 8.23 and 1.56 cm, respectively.
As for the grain pea, WDZY-04, the pericarp size changed most significantly from 7 to 28 DAP, and the
length of the pericarp at 28 DAP was almost 1.27 times that at 7 DAP. This result means that, compared
with vegetable pea, the pericarp of grain pea elongated more quickly from 7 to 28 DAP (Figure 1D).
Meanwhile, during the growth development of the two pea cultivars, the trend of the pericarp weight
was increased from 7 to 21 DAP and then decreased. The pericarp weight of WDZY-14 at each stage
was heavier than that of WDZY-04 except at 35 DAP.

The pericarp sucrose contents of the two cultivars differed at each development stage. WDZY-14
accumulated more sucrose than WDZY-04 during growth development (Figure 1B). However, the two
cultivars had a similar trend at each development stage, which is that the content of sucrose increased
from 7 to 14 DAP, where it reached its peak, followed by a decreasing trend until 28 DAP, whereby it
began to increase. Meanwhile, the starch content of the two cultivars presented a single peak pattern
during their growth development (Figure 1C). The starch content of the cultivar WDZY-04 was higher
than that of WDZY-14.

. 

(A) 

  

(B) (C) 

(D) (E) (F) 
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Figure 1. The morphology of the pea pericarp at different developmental stages and pea pericarp size
measurement. (A) The pod and pericarp of grain pea (WDZY-04) and vegetable pea (WDZY-14) at
7, 14, 21, 28, and 35 days after pollination (DAP). (B) Comparison of the sucrose contents in two pea
cultivars at five developmental stages. (C) Comparison of the starch contents in two pea cultivars
at five developmental stages. (D–F) The length, width, and fresh weight of the pea pericarp at five
developmental stages, respectively. The measurement data are shown with standard error bars from
three repeated experiments. The data are the means ± SE (n = 3). * Denotes a significant difference at
p < 0.05 (T-test).

2.2. RNA-seq of the Pea Pericarp Transcriptome

The total RNA was extracted from the pea pericarp of WDZY-14 and WDZY-04 at five growth
developmental stages. Then, cDNA libraries were prepared and sequenced using an Illumina HiSeq
4000 platform. We subsequently obtained transcriptomic data from 30 samples that contained the two
cultivars of pea pericarp at five stages and their biological replicates. As a result, 239.4 Gb of clean
data were produced, and 1641,965,412 clean reads were generated after removing adaptor sequences,
ambiguous reads, and low-quality reads (Table 1). The quality of base calling was mostly above Q30,
with >96% of the reads having a quality score above Q30. The GC content ranged from 43.05% to
44.16%. The distribution of the base qualities and base percentage composition of the reads of each
sample are shown in Figures S1 and S2.

Table 1. Statistical analysis of the pea pericarp transcriptome data of vegetable pea (WDZY-14) and
grain pea (WDZY-04) at five growth developmental stages.

Transcriptome Sample Total Clean Reads Clean Bases (bp) Q30 (%) GC (%) Total Mapped Reads (%)

WDZY-04_ I#1 50,177,200 7,327,792,349 96.765 43.575 44,475,396 (88.6%)
WDZY-04_ I#2 49,061,332 7,188,004,754 96.825 43.245 43,387,875 (88.4%)
WDZY-04_ I#3 50,406,494 7,306,478,571 96.675 43.37 44,730,739 (88.7%)
WDZY-04_ II#1 52,539,172 7,662,278,764 96.74 43.3 46,613,759 (88.7%)
WDZY-04_ II#2 43,217,524 6,246,391,018 96.585 43.475 38,215,715 (88.4%)
WDZY-04_ II#3 64,372,148 9,362,931,919 96.835 43.36 57,145,999 (88.8%)
WDZY-04_ III#1 70,119,664 10,202,409,573 96.815 43.245 62,179,404 (88.7%)
WDZY-04_ III#2 42,849,086 6,201,019,405 96.655 43.22 37,836,945 (88.3%)
WDZY-04_ III#3 50,627,610 7,391,282,480 97.485 43.045 45,179,447 (89.2%)
WDZY-04_ IV#1 46,268,006 6,789,317,950 96.42 43.15 40,851,769 (88.3%)
WDZY-04_ IV#2 55,534,482 8,050,533,372 96.705 43.16 49,204,948 (88.6%)
WDZY-04_ IV#3 44,742,284 6,511,953,243 97.725 43.335 39,799,834 (89.0%)
WDZY-04_ V#1 51,782,254 7,463,115,630 96.84 43.2 44,300,719 (85.6%)
WDZY-04_ V#2 64,122,736 9,251,735,817 96.825 43.435 54,682,602 (85.3%)
WDZY-04_ V#3 51,512,076 7,460,292,563 96.78 43.405 43,870,727 (85.2%)
WDZY-14_ I#1 53,175,366 7,763,234,698 97.45 43.96 48,054,402 (90.4%)
WDZY-14_ I#2 46,601,580 6,807,140,735 97.435 43.93 42,061,045 (90.3%)
WDZY-14_ I#3 48,438,836 7,005,642,104 97.1 43.855 43,603,612 (90.0%)
WDZY-14_ II#1 48,696,214 7,105,553,520 97.425 43.59 43,878,335 (90.1%)
WDZY-14_ II#2 88,115,270 12,807,329,980 97.37 43.63 79,369,026 (90.1%)
WDZY-14_ II#3 47,762,154 6,956,660,221 97.43 43.425 43,127,846 (90.3%)
WDZY-14_ III#1 46,007,202 6,562,236,455 97.19 43.565 40,383,101 (87.8%)
WDZY-14_ III#2 77,181,058 11,150,851,050 97.51 43.715 68,087,616 (88.2%)
WDZY-14_ III#3 73,287,766 10,600,678,854 97.46 43.68 64,597,938 (88.1%)
WDZY-14_ IV#1 46,437,750 6,721,682,138 96.93 43.925 41,388,924 (89.1%)
WDZY-14_ IV#2 52,647,274 7,628,273,045 97.44 43.43 47,093,257 (89.5%)
WDZY-14_ IV#3 56,984,532 8,236,432,557 96.845 43.255 50,542,076 (88.7%)
WDZY-14_ V#1 58,306,756 8,466,331,576 97.485 44.04 46,961,785 (80.5%)
WDZY-14_ V#2 45,359,128 6,567,548,081 97.49 44.155 36,311,644 (80.1%)
WDZY-14_ V#3 65,632,458 9,522,635,831 97.47 44.01 52,782,939 (80.4%)

Moreover, a coverage analysis of the genes and an assessment of the sequencing randomness
were conducted in our study to evaluate the quality of the sequencing. Each clean read for each sample
was evenly distributed in the gene body (Figure S3). Meanwhile, Pearson’s correlation analysis was
performed to evaluate the reproducibility of the biological replicates. As shown in Figure S4, the
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correlations between samples among the same biological replicates were good, with a value ranging
from 0.91 to 1.000. However, the correlations between samples of the biological replicates varied
significantly, with a value ranging from 0.04 to 0.88. Meanwhile, qRT-PCR analysis was used to
validate the quality of the RNA-seq data. A total of 13 genes were selected. As expected, most of these
candidate genes had similar expression tendencies (Figure 2A). While the exact change did not exactly
match that of the others, the expression trends of all genes from the qRT-PCR and RNA-seq analyses
were largely consistent (Pearson’s correlation coefficient, R2 = 0.85) (Figure 2B). The strong correlation
between the RNA-seq and qRT-PCR data indicates the reliability of the transcriptomic profiling data.

All of the clean reads were then mapped to the reference genome of Pisum sativum Linn
(downloaded from NCBI: https://www.ncbi.nlm.nih.gov/nuccore/PUCA000000000.1/), and more than
85% of the clean reads perfectly matched the reference genome (Table 1).

 
(A) 

Figure 2. Cont.
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(B) 

Figure 2. (A) qRT-PCR validation of 13 selected genes during the growth development of two pea
cultivars. Gray bars indicate the transcript abundance change based on the FPKM values (fragments per
kilobase of transcript per million fragments sequenced), according to RNA-seq (left y-axis). Blue lines
with standard errors represent the relative expression level, determined by qRT-PCR from independent
biological replicates (right y-axis). (B) Correlation analysis of 13 selected genes based on qRT-PCR and
RNA-seq data; Pearson’s correlation coefficient (r) is 0.92549 (p < 0.05).

2.3. Analysis of the Expression Level and Differentially Expressed Genes (DEGs)

To quantify the expression levels of the transcripts, the Bowtie 2 program was used with
RSEM [26,27]. Then, the numbers of mapped reads and the FPKM (fragments per kb per million reads)
values were obtained for the following analysis. The statistical results on the expression level (FPKM)
of the transcripts for each sample are shown in Table S1.

The genes that were differentially expressed in the vegetable pea pod and grain pea pod at the five
growth developmental stages were compared using |log2(fold change)| ≥ 1 and FDR (false discovery
rate), with ≤0.05 as a significant cutoff criterion. After data filtering, we detected 6842, 6287, 8767, 8101,
and 8417 differentially expressed genes (DEGs) in the two cultivars at the five stages (Table S2). Among
these DEGs, 2523, 3036, 3562, 3965, and 3766 were log2 fold change ≥1 (more expressed in the vegetable
pea pericarp), and 4319, 3215, 5205, 4136, and 4651 were log2 fold change ≤ −1 (less expressed in the
vegetable pea pericarp) (Table S2). A total of 1935 DEGs were common in both cultivars and were
putatively considered to be associated with the phenotypic trait differences in this species (Figure 3A).
Of the DEGs in the vegetable pea pericarp, 730 out of a total of 1935 were more expressed and 1158
were less expressed in the vegetable pea pericarp.

In order to understand the expression pattern of DEGs in the five stages for the two cultivars, we
conducted hierarchical clustering for the DEGs for the five compared groups (Figure 4). The differentially
expressed genes in the five groups were mainly classified into high-expression genes (red) and
low-expression genes (green). We grouped genes with a similar expression pattern into a set and used
six, five, four, four, and three model profiles to summarize the expression pattern of this subcluster
of genes. The DEGs in the five groups fluctuated obviously (more expressed or lower expressed).
The expression pattern of the sub-cluster genes in each group is shown in Figure S5.
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(A) (B) 

Figure 3. Venn diagram of DEGs and the GO annotation of DEGs in the five compared groups. (A) Venn
diagram of the number of DEGs in different development stages. (B) The GO annotation of DEGs in
the different developmental stages.

 
Figure 4. Hierarchical cluster map of differentially expressed genes in the five compared groups.
Note: Red indicates high expression and green indicates low expression. The color, from red to green,
indicates log10 (FPKM ± 1), from large to small.

2.4. GO and KEGG Classification

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses
revealed the biological processes, cellular components, molecular functions, and metabolic pathways
associated with the identified transcripts from the vegetable pea pericarp and grain pea pericarp. All of
the DEGs were divided into three GO categories: Biological process, cellular component, and molecular
function (Figure 3B). In the GO annotation, 45, 44, 46, 45, and 45 terms were categorized for the DEGs
of developmental stages I–V, respectively. In the biological process, ‘metabolic process’, ‘cellular
process’, and ‘single-organism process’ were the most highly represented terms, and ‘membrane part’,
‘membrane’, ‘organelle’, ‘binding’, ‘catalytic activity’, and ‘transporter activity’ were the most enriched
in the cellular component and molecular function of the level-two GO term (Figure 3B).

To investigate the DEG-related pathways, we conducted KEGG annotation of these transcripts.
As a result, 19 pathways belonging to 5 categories were retrieved for each compared group. Among
them, ‘carbohydrate metabolism’, ‘biosynthesis of other secondary metabolites’, ‘signal transduction’,
‘energy metabolism’, ‘folding, sorting and degradation’, ‘amino acid metabolism’, and ‘translation’
were the top three annotation terms in each group (Figure S6). Similarly, we also analyzed the total
DEGs (higher expressed and lower expressed in the vegetable pea pericarp, respectively), and the top
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three level-two GO terms of more expressed DEGs were ‘biosynthesis of other secondary metabolites’,
‘carbohydrate metabolism’, ‘signal transduction’, ‘folding, sorting and degradation’, ‘amino acid
metabolism’, ‘lipid metabolism’, and ‘translation’. The category with the highest number of lower
expressed DEGs in the five groups was ‘carbohydrate metabolism’, followed by ‘energy metabolism’,
‘amino acid metabolism’, ‘signal transduction’, ‘translation’, and ‘folding, sorting, and degradation’
(Figure S6).

2.5. DEGs Related to Pod Elongation

Reactive oxygen species (ROS) play an important role in such plant functions as cell wall
loosening and elongation [28]. The antioxidant enzymes superoxide dismutase (SOD) and peroxidase
(POD) were found to be associated with pod growth through the regulation of ROS generation and
transformation [12]. In our study, we compared the difference in growth between two cultivars of
pericarp and identified the DEGs associated with pericarp elongation. As a result, three superoxide
dismutase (SOD)-encoding genes were differentially expressed (Table 2). The gene XLOC_013249
(NR database_id: CAD42655.1), XLOC_030516 (NR database_id: XP_013461079.1, and XLOC_038705
(NR database_id: XP_004508271.1) were more highly expressed in the grain pea pericarp than in
vegetable pea pericarp at stages III and V (Table 2). The expression levels of these three genes were not
significantly different at stages I and II (supplementary dataset 1).

Table 2. DEGs and enzymes involved in pod elongation.

Function Gene_ID
(NR database _id)

Growth
Stage

WDZY
-04#1

(FPKM)

WDZY
-04#2

(FPKM)

WDZY
-04#3

(FPKM)

WDZY
-14#1

(FPKM)

WDZY
-14#2

(FPKM)

WDZY
-14#3

(FPKM)

SOD
(superoxide
dismutase)

XLOC_013249
(CAD42655.1) Stage III 0.84 0.92 1.48 0.32 0.19 0.19

XLOC_030516
(XP_013461079.1) Stage V 6.89 4.96 5.59 2.06 1.56 2.14

XLOC_038705
(XP_004508271.1) Stage V 7.67 7.41 7.77 2.66 2.17 2.11

POD
(peroxidase)

XLOC_016611
(BAD97435.1) Stage I 12.48 14.26 7.99 0.67 0.77 0.52

XLOC_007148
(BAD97436.1) Stage I 156.02 161.58 124.67 51.6 55.49 54.04

XLOC_034947
(BAD97436.1) Stage I 99.49 99.11 82.03 4.86 5.75 5.72

XLOC_037479
(BAD97439.1) Stage I 38.62 37.61 37.81 10.94 12.67 15.38

XLOC_031402
(CAA09881.1) Stage I 259.53 233.79 187.8 60.94 63.29 70.8

XLOC_006267
(BAD97438.1) Stage I 44.78 41.83 36.77 14.98 15.67 15.38

XLOC_006821
(BAD97436.1) Stage I 2.94 1.66 1.73 0 0.18 0

XLOC_006267
(BAD97438.1) Stage II 14.48 14.26 13.78 5.87 6.66 6.89

XLOC_016611
(BAD97435.1) Stage II 27.55 22.79 25.32 1.18 1.55 1.83

XLOC_016611
(BAD97435.1) Stage III 26.89 28.71 30.24 2.3 2.01 1.81

XLOC_018196
(XP_010104370.1) Stage III 0.28 0.07 0.32 0 0 0

XLOC_007148
(BAD97436.1) Stage III 16.03 14.61 14.63 2.5 1.93 1.74

XLOC_034947
(BAD97436.1) Stage III 1.18 1.42 1.45 0.38 0.09 0.15

XLOC_031402
(CAA09881.1) Stage III 40.27 39.64 36.16 6.84 6.46 5.4

XLOC_006267
(BAD97438.1) Stage III 27.95 26.15 25.67 7.26 5.53 5.6
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Table 2. Cont.

Function Gene_ID
(NR database _id)

Growth
Stage

WDZY
-04#1

(FPKM)

WDZY
-04#2

(FPKM)

WDZY
-04#3

(FPKM)

WDZY
-14#1

(FPKM)

WDZY
-14#2

(FPKM)

WDZY
-14#3

(FPKM)

POD
(peroxidase)

XLOC_016611
(BAD97435.1) Stage IV 26.56 24.06 21.55 0.91 0.69 0.74

XLOC_034947
(BAD97436.1) Stage IV 0.27 0.16 0.16 2.38 3.29 3.73

XLOC_037479
(BAD97439.1) Stage IV 0.43 1 0.48 1.61 1.62 1.81

XLOC_031402
(CAA09881.1) Stage IV 0.62 0.99 0.89 2.57 2.7 4.32

XLOC_007148
(BAD97436.1) Stage V 186.77 214.85 207.05 16.61 12.58 12.14

peroxisome

XLOC_010379
(XP_013470503.1) Stage I 0.8 1.2 1.46 0.17 0.24 0.5

XLOC_010379
(XP_013470503.1) Stage III 1.48 1.55 1.92 0.33 0.47 0.51

XLOC_010379
(XP_013470503.1) Stage IV 0.74 0.96 1.06 1.93 2.08 2.06

XLOC_010379
(XP_013470503.1) Stage V 0.49 0.33 0.28 0.77 0.55 0.72

ko(04146)

XLOC_019651
(GAU39672.1) Stage I 71.72 61.62 56.4 0 0 0

XLOC_019651
(GAU39672.1)

Stage II 36.91 42.82 46.38 0 0 0

XLOC_019651
(GAU39672.1)

Stage III 50.38 54.52 25.55 0 0 0

XLOC_019651
(GAU39672.1)

Stage IV 27.28 15.42 23.63 0 0 0

XLOC_019651
(GAU39672.1)

Stage V 38.71 26.16 19.8 0 0 0

For peroxidase (POD), we identified 12 POD-encoding genes that included 8 DEGs in vegetable pea
and grain pea. Five POD-encoding genes, XLOC_016611 (NR database_id: BAD97435.1), XLOC_006267
(NR database_id: BAD97438.1), XLOC_018196 (NR database_id: XP_010104370.1), XLOC_007148,
and XLOC_006821 (NR database_id: BAD97436.1), were more highly expressed in grain pea at
pod development stages I–V (Table 2). However, the three genes, XLOC_034947 (NR database_id:
BAD97436.1), XLOC_037479 (NR database_id: BAD97439.1), and XLOC_031402 (NR database_id:
CAA09881.1), exhibited the opposite trend at pod development stage IV, but these three genes were
also more highly expressed in grain pea at stages I and III (Table 2).

Moreover, we also analyzed peroxisome metabolism-related genes. The expression levels of the
XLOC_010379 (NR database_id: XP_013470503.1) gene encoding peroxisome biogenesis protein were
higher in WDZY-04 than in WDZY-14 at stages I and III but lower at stages IV and V. In addition, four
genes that participated in the peroxisome pathway (KEGG_id: ko04146) were detected, and it was
found that XLOC_019651 (NR database_id: GAU39672.1) was highly expressed in grain pea at stages
I–V (Table 2). Instead, the peroxisome biogenesis protein 2 (XLOC_035083, NR_id: XP_004516308.1),
peroxisome biogenesis protein 7 (XLOC_036164, NR databse_id: XP_003542988.1), and zinc finger
protein-encoding gene (XLOC_036511, NR_id: XP_013444183.1) were more expressed in the vegetable
pericarp at development stages I–V (Supplementary Dataset 1).

In order to further investigate the relationship between SOD or POD and pod elongation, Pearson’s
correlation coefficient analysis was conducted using data of the gene expression level and plant growth.
We selected the coefficients related to the phenotypes that met the requirements of statistical significance
(multiple testing corrections and an adjusted p-value < 0.05). One SOD-encoding gene showed a
significant positive correlation with pod elongation at WDZY-04, and three POD-encoding genes
showed a significant negative correlation with pod elongation at WDZY-04 and WDZY-14, respectively
(Supplementary dataset 2). To show the correlation clearly, we selected data of one SOD-encoding
gene (gene_id: XLOC_013249) and one POD-encoding gene (gene_id: XLOC_007148) to perform the
scatter diagram (Figure 5A).
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Figure 5. (A) The correlations between the expression level of POD, SOD, and pod length. (B) The
expression pattern of the key genes involved in sucrose and starch synthesis.

2.6. DEGs Related to Pod Sucrose Metabolism

Sucrose synthase (SUS) and invertase (INV) play an important role in sucrose metabolism. All of
the sugar precursors that participate in sucrose metabolism must be decomposed to hexoses, such as
glucose and fructose, or the hexoses (e.g., UDP-glucose) must be ramified by SUS or INV [29]. A total
of three encoding sucrose synthase genes were deemed to be the significant DEGs in the two compared
groups. The three genes, XLOC_034373 (NR databse_id: O24301.1), XLOC_025267 (NR databse_id:
CAC32462.1), and XLOC_002091 (NR databse_id: XP_003591492.2), were more highly expressed in the
vegetable pea pericarp at development stages I and V, respectively. The expression level of these three
genes in the vegetable pea pericarp were 1.81-, 3.12-, and 1.66-fold higher than that of the grain pea
pericarp (Table S3, Figure 5B, Supplementary Dataset 1).
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Invertase-encoding genes were also detected in our study. According to the subcellular localization,
the invertase was classified into three types: Cell wall invertase (CWIN), vacuolar invertase (VIN),
and cytoplasmic invertase (CIN) [30]. In total, eight invertase-encoding genes were identified,
four of which were highly expressed in the vegetable pea pericarp at development stages II and
V. The four genes contained one arabinanase/levansucrase/invertase (gene_id: XLOC_011127, NR
database_id: XP_003613878.1), one vacuolar acid invertase, PsI-1 (gene_id: XLOC_019198, NR
database_id: AAM52062.1), and two cell wall invertases (gene_id: XLOC_040553 and XLOC_015243;
NR database_id: AAC17166.1 and CAA84527.1).

In addition, genes of the soluble sugar metabolism pathway were analyzed. These include
fructose-bisphosphate aldolase (FBA)- and triosephosphate isomerase (TPI)-encoding genes, which
participate in fructose and mannose metabolism (ko00051), and the uridylyl transferase-encoding
gene, which participates in galactose metabolism (ko00052). Our results showed that five
fructose-bisphosphate aldolase-encoding genes, XLOC_028238 (NR database_id: P46257.1),
XLOC_023185 (NR database_id: P46256.1), XLOC_003731(NR database_id: Q43088.1), XLOC_027726,
and XLOC_033268 (NR database_id: XP_003607065.1), were differentially expressed in the grain pea
pericarp and vegetable pea pericarp at various development stages. Among them, one gene, P46257.1
(Transcript_id: XLOC_028238), was more expressed in the vegetable pea pericarp from development
stage I to stage V. With plant growth, the expression level of XLOC_028238 decreased form stage I
to II, and then increased steadily and reached the second highest at stage III, and then decreased
(Supplementary Dataset 1). Similarly, a varying trend of gene XLOC_028238 expression occurred
in grain pea, although its FPKM value was lower than that in the vegetable pea pericarp (Table S3,
Figure 5B). The other four genes were highly expressed in vegetable pea pericarp at all stages, except
for XLOC_027726, which was repressed in stage V. Moreover, one triosephosphate isomerase-encoding
gene, XLOC_011807 (NR database_id: XP_013465404.1), was identified, and it was found that this
gene was more expressed in the vegetable pea pod at stages I, II, and V but was slightly higher
expressed at stages III and IV than the grain pea pod. A total of six uridylyl transferase-encoding
genes were detected, but these genes exhibited no great difference in their expression levels in the two
compared cultivars.

2.7. DEGs Related to Pericarp Starch Synthesis

Starch includes amylose and amylopectin, and granule-bound starch synthase (GBSS),
ADP-glucose pyrophosphorylase (ADPase), soluble starch synthase (SSS), starch branching enzyme
(SBE), and starch debranching enzyme (isoamylase) are important catalytic enzymes in amylose
and amylopectin synthesis [31]. In our study, three ADPase-encoding genes, four starch branching
enzymes, three GBSSs, three phosphoglucomutases, and one soluble starch synthase-encoding gene
were identified using RNA-seq (Table S3, Figure 5B, Supplementary Dataset 1). Among these genes,
the ADPase-encoding gene, XLOC_016514 (NR database_id: CAA65541.1), was significantly higher
expressed in the grain pea pericarp than the vegetable pea pericarp at stages IV, where it was 7.19-fold
higher in the grain pea pericarp. However, the other ADPase-encoding gene, XLOC_000043 (NR
database_id: CAA65540.1), was more expressed in the vegetable pea pericarp at stage I (Supplementary
Dataset 1).

Three starch branching enzyme-encoding genes, XLOC_032511, XLOC_039401, and XLOC_024258
(NR_id: Q41058.1), were all highly expressed in the grain pea pericarp and had a low expression in the
vegetable pea pericarp from stage I to V. The expression levels of these genes in the grain pea pericarp
were 2.80- to 5.14-fold higher than those in the vegetable pea pericarp (Supplementary Dataset 1). In
addition, the GBSS- and SSS-encoding genes were also more highly expressed in the grain pea pericarp
at stages III and IV, respectively (Table S3, Figure 5B, Supplementary Dataset 1).
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3. Discussion

The pea pericarp is an important determinant of the morphological characteristics and seed
yield. Mature pericarp usually consists of three parts: The exocarp, mesocarp, and endocarp. As the
homologous organ of the leaves, the pod pericarp has a stronger photosynthetic capacity than the leaf at
the late stage of seed development, and it can continuously input nutrient products into seeds [32]. The
pod has been demonstrated to have a complete functional photosynthetic system, and its contribution
to seed yield cannot be ignored [33]. Currently, most studies on the pod have focused on soybeans,
beans, and other legumes [34,35]. By contrast, reports on the green pea pericarp are rare as it is generally
considered to be a biological waste material. Thus, the pea pericarp remains largely uncharacterized.
In our research, we selected two domestic pea cultivars, the vegetable pea cultivar WDZY-14, and
the grain pea cultivar WDZY-04, which have significant phenotypic characteristics, to investigate the
molecular mechanism of different phenotypic traits. The whole transcriptome data of the two cultivars
of pea pericarp at five developmental stages were obtained by high-throughput sequencing technology.
About 7.98 Gb of clean reads for each sample were filtered, and approximately 87.78% of the sequences
were successfully mapped to the pea reference genome (Table 1). The analysis of the differentially
expressed genes reveals that 1935 DEGs co-existed in the five developmental stages. GO and KEGG
annotation revealed that these DEGs were mainly involved in the ‘metabolic process’, ‘cellular process’,
‘single-organism process’, ‘membrane part’, ‘membrane’, ‘organelle’, ‘binding’, ‘catalytic activity’,
‘transporter activity’, ‘carbohydrate metabolism’, ‘biosynthesis of other secondary metabolites’, ‘signal
transduction’, ‘energy metabolism’, ‘folding, sorting, and degradation’, ‘amino acid metabolism’, and
‘translation’.

Reactive oxygen species (ROS) can impact metabolism and plant growth by interacting with
proteins, carbohydrates, and other components in the cell and play an important role in cell wall
loosening and elongation [36]. Research into the pericarp elongation of Pisum sativum suggested that
high levels of O2

− and ·OH may have an impact on cell wall loosening and cell elongation, and that
superoxide dismutase (SOD) and peroxidase (POD) were associated with pericarp growth through the
regulation of ROS generation and transformation [28]. A high SOD activity and low-level POD can
increase pod wall thickness by regulating ROS [12]. In our study, we identified three SOD-encoding
genes that were differentially expressed in the two cultivars. More SOD-encoding genes were expressed
in the grain pea pericarp at development stages III and IV. According to our measurements, the size of
the grain pea WDZY-04 pericarp experienced the greatest change from stage I to stage IV, especially
in the early developmental stages. Thus, we suspect that more SOD-encoding genes in the pod of
grain pea contributed to the faster pod elongation. In addition, five POD-encoding genes were lower
expressed in the vegetable pea pericarp at the developmental stage. A previous study indicated a
positive relation between pod wall thickness and SOD activity and a negative relation between pod
wall thickness and POD activity, and these two enzymes are synergic and responsible for pod growth
through the regulation of ROS generation [12]. Similar to the findings of Liu et al. [12], our Pearson’s
correlation coefficient analysis also showed a significant positive correlation between the expression
level of one SOD-encoding gene and pod elongation at WDZY-04 and a significant negative correlation
between the expression level of three POD-encoding genes at WDZY-04 and WDZY-14. Thus, we
think that the more POD-encoding genes found in the grain pea pod is one of the reasons for the
vegetable pea pod being longer than the grain pea pod. These results further suggest that POD may
have contributed to pod elongation.

Vegetable pea typically has a higher content of sugar than grain pea, so it is sweeter than grain
pea [25]. This remarkable phenotype characteristic has led to the division of the food-oriented pea
into two types (vegetable pea and grain pea). Pea pericarp consists of wrapped seeds that are directly
linked to each other, so it plays an important role in both pea seed yield and quality. The reason
for peas being sweeter is closely related to sucrose metabolism in plant cells. The distribution of
sucrose to storage organs, such as seeds, fruits, and tubers, is one of the most important factors
determining crop yield and quality, so sucrose metabolism also plays a key role in plant growth and
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development [37,38]. After unloading the phloem into sinks, sucrose must be degraded into hexoses
or their derivates to become metabolically available [39]. Sucrose synthase (SUS) and invertase (INV)
play an important role in this process. Sucrose synthase is a glycosyltransferase, and can convert
sucrose into UDP-glucose and fructose in the presence of UDP [40,41]. Invertase is a hydrolytic enzyme
that hydrolyzes sucrose into glucose and fructose [42]. In our study, we identified three sucrose
synthase-encoding genes that were more highly expressed in the vegetable pea pericarp than in grain
pea, and hypothesized that these three encoding genes are involved in sugar synthesis in pea pericarp
as one of the molecular mechanisms that contribute to the sweet taste of peas. Meanwhile, we also
identified four invertase-encoding genes that were more highly expressed in the vegetable pea pericarp,
and suggested that these genes may be one of the factors responsible for the higher sweetness of the
vegetable pea pericarp. Furthermore, the other genes related to sucrose metabolism were also analyzed.
Uridylyl transferase, fructose-bisphosphate aldolase, and triosephosphate isomerase were all more
highly expressed in the vegetable pea pericarp than in the grain pea cultivar. These results suggested
that these genes play a role in the sweet phenotype. At the same, the identified expression of these
genes, associated with sucrose metabolism in the pea pericarp, was consistent with previous studies
on pea seeds [25]. We also hypothesized that the traits of the pea pericarp could also affect the sweet
traits of pea seeds.

Similarly, considering the difference in starch content between the two peas, we identified the
DEGs related to starch metabolism in the pea pericarp to investigate the starch synthesis mechanism in
the pea pericarp and the relation between pea and the pea pericarp. Starch is the main carbohydrate
that accumulates in mature seeds. Genes involved in starch biosynthesis have been reported in a
previous study, and include SUS, GBSS, SS, BE, ADPase, and DBE [31]. However, pea pericarp and
pea starch biosynthesis remain largely unknown. We characterized the expression levels of ADPase,
GBSS, the starch branching enzyme phosphoglucomutase, and soluble starch synthase-encoding genes,
and the results revealed that most of these genes related to starch synthesis were highly expressed
in the grain pea pericarp, especially at the later stage of plant growth. At the later stage of pea
seed development, the grain pea seed accumulated a lot of starch and its starch content was higher
than that of the vegetable pea. Interestingly, we observed that the starch-related genes in the grain
pea pericarp were more highly expressed at a later development stage compared to vegetable pea,
and we also presumed that the mechanism of pea pericarp starch metabolism may affect pea seed
starch accumulation.

In short, our study determined the phenotype characteristics of two pea pericarps, and a
transcriptomic analysis was conducted. The aim was to research the molecular mechanisms involved
in different traits of the vegetable pea pericarp and grain pea pericarp. Numerous DEGs were
identified as being involved in ROS generation and sucrose and starch biosynthesis in the pea pericarp.
Taken together, these results may facilitate the understanding of the molecular mechanisms involved in
the sweetness and growth differences between the two types of peas, as well as aid in the construction
of a genetic map for pea.

4. Materials and Methods

4.1. Plant Material

The domesticated pea (Pisum sativum L.) samples, including the vegetable pea cultivar “WDZY-14”
and the grain pea cultivar “WDZY-04”, were planted in an experimental farm at Northwest
A&F University, Yangling (E108◦4′/N34◦16′/511 m), Shaanxi, China, in the 2018 growing season.
Three biological replicates were set up for each cultivar. The pea is a self-pollination species, and the
first day of the flower being fully open is defined as the first day of fertilization (0 DAP) [43]. After
pollination on 17 April (the flower fully open, 0 DAP), we collected pea pericarp at five developmental
stages according to the pea growth of the two cultivars for further study: Stage I (7 days after
pollination, 7 DAP), stage II (14 days after pollination, 14 DAP), stage III (21 days after pollination, 21
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DAP), stage IV (28 days after pollination, 28 DAP), and stage V (35 days after pollination, 35 DAP).
Each pericarp was considered one biological replicate, and we collected three pericarps in three
plants at five developmental stages. Thus, 30 samples were collected in total (two cultivars at five
developmental stages, with three replicates, e.g., the number, WDZY-04-I#1, was the cultivar, WDZY-04,
from the first replicate at stage I). Figure 1A shows the different developmental stages of the pericarp
in the two pea cultivars. After harvest, the tissues were immediately frozen in liquid nitrogen and
stored at −80 ◦C until required. For RNA extraction, we divided the pericarp and seed of the pea of
each cultivar.

4.2. Measurement of the Phenotypic Traits of the Two Cultivars

An estimation of the sugars and starches was carried out on the whole pericarps of the two
cultivars harvested at each developmental stage according to a previous methodology [44]. A total of
0.1 g (dry weight) of the samples were ground into fine powder and placed into a 10-mL centrifuge
tube, and then homogenized in 4.0 mL of ethanol (80%). After extraction in a water bath (80 ◦C) for
40 min and centrifugation, the supernatant was collected, and 4.0 mL of 80% ethanol were added to
the precipitate, for another extraction. After decolorization in an 80 ◦C water bath for 30 min, the
supernatants were prepared to a constant volume of 25 mL. After filtration, the filtrate was taken for
analysis. The soluble total sugar content and starch content were determined by the anthrone method,
and the sucrose content was determined by the resorcinol method.

4.3. Illumina Sequencing and Mapping

The total pea pericarp RNA was extracted using an RNAprep Pure Plant kit (Bio TeKe, Beijing,
China) following the manufacturer’s instructions. The purity and concentration of each RNA sample
was determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
The equal amounts of RNA from each sample were pooled for cDNA library construction. Stranded
cDNA libraries were constructed using a NEBNext Ultra Directional RNA Library Prep Kit (cat#E7420,
NEB, UK) according to the manufacturer’s protocols. Briefly, the mRNA was fragmented into 250 to
450 bp followed by first strand cDNA synthesizing. Then, dUTP was added as a marker during the
syntheses of the second strand cDNA. Finally, the double strand cDNA was digested with Uracil -
DNA Glycocasylase (UDG) before PCR reaction. In this way, only the first strands of cDNA were kept
and sequenced. Transcriptome sequencing was carried out on the Hiseq 4000 (Illumina, San Diego,
CA, USA) platform using a paired-end run (2 × 150bp).

After removing the adaptor sequences and low-quality sequences (Q < 30), the clean reads were
aligned to the reference genome sequences of the Pisum sativum Linn genome (downloaded from
NCBI: https://www.ncbi.nlm.nih.gov/nuccore/PUCA000000000.1/) using Tophat2 software with default
parameters [45]. All of the raw data, generated by sequencing, were deposited in NCBI SRA under the
following accession: PRJNA548433.

4.4. Expression Level Analysis and Gene Annotation

A fragments per kilobase per million (FPKM) analysis, which simultaneously considers the
sequencing depth and length of a count, was used to measure the gene expression levels [46]. Genes
with an expression level of at least 1 FPKM in at least one sample were retained after removing genes
with low expression levels. The differentially expressed genes (DEGs) were identified by deseq2 in R
software, with an FDR (false discovery rate) ≤ 0.05 and |log2 (fold change)| ≥1 between two samples.

Gene ontology (GO) enrichment analysis and normalized gene expression data were used to
identify the function of and relationships between differentially expressed genes. The identified DEGs
were subjected to GO (Gene Ontology: http://geneontology.org/) and KEGG pathway enrichment
analysis using phyper in R software. Moreover, the NR (NCBI nonredundant protein sequences (https:
//www.ncbi.nlm.nih.gov/refseq/about/nonredundantproteins/) and GO and KO (KEGG ORTHOLOGY,
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https://www.kegg.jp/kegg/ko.html)) annotation of transcripts were carried out using BLAST (cutoff
E-value < 1 × 10−5).

4.5. qRT-PCR Validation

A total of 13 genes were selected to validate the RNA-seq data. The HiScript® II Q RT SuperMix
for qPCR (+g DNA wiper) Kit (Nanjing, China) was used according to the manufacturer’s instructions
to generate the first cDNA after extracting the total RNA from six samples subjected to RNA-seq.
The gene-specific primers were produced by Primer 5.0 software (Premier, Canada), and the primer
sequence is listed in Table S4. The gene-specific primer was synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China). ChamQTM SYBR® Color qPCR Master Mix (10 μL; Vazyme, Nanjing, China) was
mixed with gene-specific primers, sterilized water, and the synthesized cDNA, with 20 μL as the total
reaction volume. The reaction were performed on an qTOWER 2.2 (Analytik Jena AG, Jena, Germany).
The two-step quantitative RT-PCR program began at 95 ◦C for 30 s, followed by 40 cycles of 95 ◦C
for 10 s and 60 ◦C for 30 s. Each reaction was carried out with three biological replicates and three
technical replicates. Tubulin was used as the internal reference gene. The data were analyzed using the
2−ΔΔCt method to obtain relative mRNA expression data.

5. Conclusions

We investigated the molecular mechanism responsible for the phenotypic traits of the pericarp of
two pea cultivars through a transcript analysis of five developmental stages. We analyzed the DEGs of
the two cultivars and determined their relative expression levels. Then, hierarchical clustering was
used to analyze the expression pattern of the DEGs. As a result, we identified 1935 DEGs common
to the five developmental stages of pea. Moreover, we identified important genes related to pod
elongation and starch and sucrose synthase that may influence the seed quality. Our research will
provide a basis for further studies on starch biosynthesis in pea and a reference for heredity breeding.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/24/
6135/s1.
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Changes of Yield and Traits of Broomcorn Millet Cultivars in China 

Based on the Data from National Cultivars Regional Adaptation Test 
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Abstract: Objective  The changes in yield and agronomic traits of broomcorn millet cultivars were analyzed in the national 

cultivars regional adaptation tests made in recent 17 years. The progress of broomcorn millet improvement and the capacity of the 

breeding institutions in China were investigated, aimed to provide information for further genetic improvement of broomcorn millet 

in China. Method  The multivariate regression analysis, correlation analysis and cluster analysis were employed. The phenotypical 
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外源物对苦荞芽黄酮含量及抗氧化性的影响
周达，张东旗，杨清华，刘佳佳，冯佰利，杨璞*

旱区作物逆境生物学国家重点实验室/西北农林科技大学（杨凌 712100）
摘 要 为探讨外源添加物对苦荞芽中功能价值的影响。以苦荞品种榆6-21为试验材料, 在芽期分别添加不同浓
度的蔗糖和L-苯丙氨酸, 研究了浓度和处理时间对苦荞芽的黄酮含量和抗氧化能力 (清除DPPH自由基、ABTS自
由基和羟基自由基能力) 的影响。结果表明, 随着蔗糖和L-苯丙氨酸浓度的增大升高和处理时间的延长, 苦荞芽的
黄酮含量及对自由基的清除能力均呈现先升高后降低的趋势。当蔗糖的质量浓度为4 g/mL, 处理时间为9 d; L-苯
丙氨酸的浓度为150 μmol/L, 处理时间也为第9天时荞麦芽黄酮含量最高, 抗氧化性也最强。因此, 添加外源物质可
以改变荞麦芽的黄酮含量和抗氧化性。
关键词 苦荞;蔗糖; L-苯丙氨酸;黄酮;抗氧化性

Effect on Flavonoids Content and Antioxidant Activity of Tartary 
Buckwheat Bud with Exogenous Substance

Zhou Da, Zhang Dong-qi, Yang Qing-hua, Liu Jia-jia, Feng Bai-li, Yang Pu*
State Key Laboratory of Crop Stress Biology for Arid Areas, Northwest A & F University (Yangling 712100) 

Abstract　 In order to investigate the in� uence of exogenous additives on functional value of buckwheat bud. Using Yu 6-21 

as the material, by adding different concentration sucrose and L-phenyalanine at bud stage to study the in� uence on � avones 

content, DPPH radical scavenging activity, ABTS radical scavenging, along with hydroxyl radical scavenging activity in 

tartary buckwheat sprout. Along with the increasing of sucrose and L-phenyalanine concentration, with the extension of 

treatment time, the � avones content and radical scavenging activity of tartary buckwheat sprout showed before increasing after 

decreasing, the in� uence was best when sucrose and L-phenylalanine concentration was 4 g/mL and 150 μmol/L respectively 

and treatment time was the 9
th
 day. The addition of exogenous substance could change the � avonoid content and antioxidant 

activity of tartary buckwheat bud. 

Keywords　 tartary buckwheat; sucrose; L-phenyalanine; � avonoids; antioxidant

*通讯作者

苦荞（Fagopyrum tataricum Gaertn.）耐贫瘠、耐
干旱、适应性强、生育期短，是备荒救灾最理想、最
经济的优势作物[1]。苦荞营养丰富，富含蛋白质、淀
粉、脂肪、粗纤维、维生素和矿物质等成分[2]，还具
有降血糖、降血脂、增强免疫力、杀菌、抗衰老等药
用疗效，这些生物活性与苦荞中生物类黄酮抗氧化能
力密切相关[3]。黄酮类化合物是植物在长期自然选择
过程中产生的一类次生代谢产物，是苦荞中最重要的
生物活性物质，蔗糖为次生代谢产物的合成提供碳
源 [1]，L-苯丙氨酸可以增强苯丙氨酸解氨酶（PAL）
活性，苯丙氨酸解氨酶（PAL）是黄酮合成过程中第
一个关键酶，促进了黄酮合成过程中的中间产物查尔
酮的合成，进而促进黄酮的合成[4]。
目前苦荞产品主要为初级加工产品，虽然苦荞麦

蛋白的氨基酸组成较为均衡，营养全面，但由于籽粒
中含有大量的荞麦胰蛋白酶抑制剂等抗营养因子，使
得其营养不易被人体吸收[5]。苦荞籽粒萌发时，胰蛋
白酶抑制剂的活性会降低，减少了芦丁降解。并且荞
麦芽与荞麦或荞麦产品相比，荞麦芽含有高质量蛋白

质，合理氨基酸组成，是一种具有营养保健功能的新
型蔬菜[6]。
目前对于苦荞黄酮的研究主要集中在环境条件对

苦荞黄酮含量及抗氧化性的影响[7-11]，但是，在植物
培养中加入适量目的前体也是提高次生代谢产物产量
的有效途径。吴春华等[12]研究认为白色紫邹菊不定根
在高或低浓度的蔗糖培养基中的生长及次生代谢产物
含量均降低。何含杰等[13]通过研究蔗糖浓度对三裂叶
野葛毛状根生长及其总异黄酮和葛根素产生的影响中
发现蔗糖浓度过高或过低都会影响次生产物的产生。
Van Uden等[14]认为，在金黄亚麻细胞悬浮培养中，加
入前体苯丙氨酸，细胞中5-甲氧基鬼臼毒素的含量增
加了3~5倍。Zhao Jian等[15]认为，蔗糖质量浓度从20 
g/L到60 g/L时，长春花吲哚生物碱含量明显增加，当
蔗糖质量浓度调到70 g/L时，吲哚生物碱含量明显下
降。李树敏等[16]在人参组培中加入苯丙氨酸，在5~20 
mg/L的范围内，花青苷的含量随苯丙氨酸质量浓度的
增加而增加，质量浓度为20 mg/L时，花青苷的含量是
对照组的2倍。关于外源添加物对对次生代谢产物含
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T/YCXH

T/YCXH 02—2018

Proso Millet Shaanmi 2



—

  

GB/T1.1  

 

 

 

 

 

 

GB/T1.1-2009 C  

 

 

029-87082889  



—

2

 

2  

2 2006 10-55

—09M -54[ 06M

-728-03-02] 2010-2012 2012

2016 2 1

2015002  

10-55



—

92 d 93 d

6.9 7.6

143.1 cm 151.5 cm

27.0 cm 36.8 cm

3.1 g 6.4 g

8.3 g 10.3 g

7.2 g 7.8 g

12.94 %

3.18 %

78.6 %

 

22500 kg/hm2 45000 kg/hm2

150 kg/hm2  

6

7.5 kg/hm2 15.0 kg/hm2 90 /hm2 120 /hm2  

 

2/3  

_________________________________ 










