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ABSTRACT
Broomcorn millet (Panicum miliaceum L.) is a minor crop within the same genus as the bioenergy crop switchgrass (Panicum virgatum). It is one of the oldest cultivated crops and it plays important roles in both food and culture in China. Its wide distribution and long history of cultivation have led to the accumulation of abundant genetic resources. Here we introduce briefly the history and related culture of the crop, and review the diversity of the crop for agronomic traits among the germplasm collections in China and recent developments in genetic diversity analysis. It will be helpful for facilitating further research on broomcorn millet.
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Introduction

Broomcorn millet (P. miliaceum L.), or common millet, hog millet or proso millet, is one of the oldest cultivated and first domesticated crops, mainly distributed in the semiarid region of Asia (East Asia, West Asia and South Asia) and Europe (Bellwood, 2005; Zohary and Hopf, 2000; Fuller, 2006; Crawford, 2005; Lu et al., 2009; Hunt et al., 2008, 2014). It has been cultivated for more than 10000 years in China (Chai et al., 2012a) and since the Bronze Age in western Russia (Lebedeva, 2005) and the Neolithic in the Primorye region of Russia (Sergusheva, 2013). Broomcorn millet is generally grown in rainfed agricultural regions. It is cultivated over 8.2×103 km2 in Russia (Zotikov et al., 2012) and about 7-10×103 km2 in China (Chai et al., 2012b). Well-adapted to soil that is low in nutrients, or has a high salt or sodium hydroxide content, tolerant to drought and high temperature, common millet uses water highly-efficiently with the lowest water consumption among the cereal crops (Chai, 1999a). Due to its short growing season, it can be planted late as a catch crop to replace winter wheat which has been lost due to drought. 
Long History of Cultivation
Broomcorn millet was one of the most important staple food crops in ancient northern China. Archaeobotanical evidence of broomcorn millet has been found in at least five sites of various Early Neolithic cultures in northern China from around 6000 cal BC, including Dadiwan (Gansu), Xinglonggou (Inner Mongolia), Xinle (Liaoning), Cishan (Hebei, middle Yellow River valley), and Yuezhuang (Shandong, lower Yellow River valley) (Liu et al., 2009; Zhao, 2011). Millet farming had become established as the major subsistence strategy of the Middle Neolithic Yellow River Yangshao (5000-3000 cal BC) and Late Neolithic Longshan (3000-2000) cultures, although broomcorn millet seems to have been overtaken in importance by foxtail millet (Setaria italica) during this period (Lee et al., 2007, Zhao, 2011). 
The oldest historical reports of broomcorn millet (‘su’) are from China 5000-3200 BC (Ho, 1977). About 3000 years ago (Shang Dynasty), broomcorn millet varieties were recorded in inscriptions on bones (Yu, 1957). About 1700 years ago (West Jin Dynasty), 14 varieties of broomcorn millet were recorded in the book Guangzhi written by Yigong Guo (Chai and Wang, 2012c). In an ancient Chinese book ‘Book of Poetry’, written about 1000-500 BC, broomcorn millet was mentioned in nine poems Lágler et al., 2005()
. Based on Chinese literature, the cultivation history of the crop could be divided into four stages: domestication and cultivation period, period of its cultivation as a main crop, general crop, minor crop (Table 1) (Su et al., 2012). The importance of the crop in Chinese agriculture declined over time, mainly due to the introduction of new crops with better yield into China. In the Ming and Qing Dynasties (1368-1911), with the introduction of maize, sweet potato, and potatoes, the status of broomcorn millet in agriculture decreased. In the Ming Dynasty, rice accounted for about 70% of the total crop yield, and broomcorn millet for 30%, according to the book of Heavenly Creation (Song, 1637).

The Roles of Broomcorn Millet in Food and Culture in China
Broomcorn millet played a crucial role in supporting the population, especially during hard times, throughout Chinese history. This has resulted in a number of food uses, colorful traditions and culture associated with the crop. Improved knowledge on these aspects would be helpful to understand the selective pressure that may have shaped the diversity of current germplasm collections. For non-waxy broomcorn millet, ‘Chaomi’ or dry-fried millet (stir fried without oil) is the main type of food in the Northwest of China (Inner Mongolia, Ningxia and Gansu). It can be prepared in bulk and kept for consumption over a relatively long time period, functioning like modern instant noodles, convenient for nomads such as Mongolians. ‘Suanfan’, prepared from fermented millets with a taste similar to yogurt, is consumed daily in some regions such as Hequ in Shanxi. Flour of non-waxy broomcorn millet is also used to prepare steamed buns, pancakes and cakes. Waxy millet is mainly used to prepare ‘You-gao’ or ‘oil cake’ (Zhang and Yang, 2015). Dough is made from waxy millet flour with warm water, then small buns are prepared and steamed, which are called ‘Gao’. In some areas such as the north of Shanxi, ‘Gao’ is consumed as a staple food. In many regions, ‘Gao’ is then deep fried to make ‘You-gao’, which is consumed during the Chinese Spring Festival and at celebration occasions such as wedding ceremonies. Wine is also produced from waxy broomcorn millet. 

Broomcorn millet is integral to Chinese culture in many ways. During the Chinese Spring Festival and wedding ceremonies, ‘You-gao’ is an essential in many places, especially in northern China. The pronunciation of ‘Gao’ is the same as the Chinese characters for prosperous and flourishing, so ‘You-gao’ symbolizes people’s good wishes on such occasions (Shangguan, 2014). In the northern part of Shaanxi, ‘Limu gao’ or ‘Cake for leaving mother’ made from broomcorn millet is given as a present to accompany the bridegroom to the bride’s home for the wedding ceremony (Bai and Shi, 2013). Similarly, in Hequ, Shanxi, the bride brings a jar full of broomcorn millet as a dowry from her parents. The presentation of shiny and red-yellow grains of broomcorn millet during the wedding ceremony also symbolizes parents’ wishes that their newly wedding couples will have many children, which is the most important issue within the traditional Chinese family. 
Wide Cultivation of Broomcorn Millet in China
Broomcorn millet has a wide distribution in China. Before 1979, when China started its policies of reform and opening-up, broomcorn millet was grown in almost every province. Since then, both the total cultivation area and distribution of the crop have gradually decreased, due to the shift to cultivation of major crops with much higher yield and profit. Broomcorn millet is grown from 19°15′ N (Qionghai, Hainan) to 48° N (Habahe, Xinjiang) and 49°18′ N (Haila’er, Inner Mongolia), from 76° E (Atushi and Kashi in Xinjiang) to 143° E (Tongjiang and Hulin in Heilongjiang), and from altitudes of 200 m (Rizhao, Shandong) to 3,000 m above sea level (Zhada and Pulan Tibet) (Chai, 1999b; Chai et al., 2012b). 
Based on the sowing season, there are seven cultivation zones of broomcorn millet in China (Chai et al., 2012b) (Fig. 1). These are (A) spring BM (Broomcorn millet) zone in the northeast of China, (B) summer BM zone in the north of China, (C) spring BM zone in the north of China, (D) spring & summer BM zone in the Chinese Loess Plateau, (E) spring & summer BM zone in the Northwest of China, (F) spring BM zone in the Qinghai-Tibet Plateau, (G) autumn & winter BM zone in the South of China. Of these, the first five BM zones represent the major production area, and there are just a few cultivars or genetic resources from the other two regions.
Diversity in Agronomic Traits among the Germplasm Collections in China
Due to its long cultivation history and wide distribution, broomcorn millet possesses abundant germplasm resources. The N. I. Vavilov Research Institute of Plant Industry, St Petersburg, Russia, holds over 9000 accessions collected from most regions where it was cultivated in the former USSR, and from 60 foreign countries (Kurzeva et al., 2012). About 6% of these are improved cultivars, 87.4% are local varieties, 4.8% are breeding source materials and 1.8% are mutant/genetic materials (Kurzeva et al., 2012). In the National Centre for Plant Genetic Resources of Plant Production Institute, Ukraine, there are 7169 accessions from 36 countries, of which 29% are selected varieties, 45% local varieties, 18% breeding lines, and 2.3% mutants (Kobyzeva et al., 2012). 
China has 8515 accessions, held in the National Germplasm Resources Bank, which were accumulated over a 22 year period from 1982 to 2003 (Wang et al., 2005). Of these, 8331 accessions, accounting for about 98% of the collection, are from 23 provinces of China, with the rest from 14 other countries. The distribution of the origins of the Chinese accessions is shown in Fig. 2. Among the collections from China, 99.4% are landraces, and 0.6% (54 accessions) are cultivars or breeding lines (Wang et al., 2012). These collections were characterized on a large scale between 1982 and 2003. Here we analyze the data and summarize the characteristics of broomcorn millet genetic resources in China.

Ecological Characters And Nutrient Value Diversity Of The Grains
Waxy/Non-waxy grain is a variable trait for common millet. According to the consumer’s taste, some like waxy common millet, which tastes glutinous; others prefer non-waxy. The earliest evidence we have of waxy millet is ~2000 years ago, according to historical sources. A map was drawn to show the distribution of the waxy and non-waxy types in China, proportionally by region (Fig. 3). It is notable that the proportion of waxy accessions declines along a trajectory from east to west in northern China. The Northeast of China (Heilongjiang, Liaoning and Jilin), Hebei, Shandong, Shanxi and Henan has more waxy accessions than non-waxy, whereas the Northwest of China (Gansu, Qinghai, Xinjiang), Shaanxi and Inner Mongolia showed more non-waxy accessions. The approximate dividing line is the Yellow River where it runs between Shanxi and Shaanxi. 
The average weight of 1000 grains among all the collections in China is 6.7 ± 1.2 g (Table 2). Non-waxy and waxy grains are 7.0 ± 1.1 and 6.2 ± 1.2 g/1000 grains, respectively. The accessions from Shanxi, Shaanxi and Inner Mongolia, where the millet has been more popular than the other regions as reflected partly by the number of accessions, appears to have heavier grains, which could be linked to more intense selection for grain size. 
Generally speaking, broomcorn millet palea/lemma are of six colors – yellow, white, red, brown, grey and black, accounting for about 33, 25, 20, 13, 7 and 1%, respectively, of the total collections. However, the distribution of the colors appears to be strikingly different between waxy and non-waxy accessions. Among non-waxy accessions, yellow is the prominent color, accounting for 46%, whereas the most frequent color for waxy accessions is white (37%). For the consumers, the color of the seeds after the seed coat is removed is one of the most important criteria for quality. Yellow color is preferred, reflected by the higher percentage (65%) of yellow seeds than light yellow and white ones. For non-waxy, (dark) yellow seeds accounted for 70%, and the remainder were light yellow and white, whereas for waxy collections, (dark) yellow accounted for less (62%).
A total of 342 germplasm samples from 6020 accessions showed outstanding nutrient values, among which 142 germplasm samples have protein content higher than 16% (10.32 - 17.37% with mean 14.03%), 67 have fat content higher than 4% (1.02 - 5.45% with mean 3.29%), 88 have lysine content higher than 0.22% (0.14 - 0.22% with mean 0.18%), 45 accessions have a high content of all these three nutrients (>15%, 4.0% and 0.20% of protein, fat and lysine, respectively) (Wang et al., 2012). 
Growth Duration And Plant Height
Growth duration is one of the important traits of broomcorn millet, measured by the number of days from seedling germination to maturity. Generally speaking, growth duration is affected by temperature and daylength. Those accessions from low latitude and low altitude have long growth duration and those accessions from high latitude have high altitude own short growth duration (Chai, 1999c). Among  8322 accessions, the average growth duration is 86 days，ranging from 46 to 156 days, with Shanxi having more accessions of short growth duration, and Gansu of longer duration (Table 3). Within Gansu province, the period of growth increases on a cline from west to east, and becomes shorter on a cline from south to north (data not shown). 

Among 8322 accessions, 58.8% show plant height between 100~160 cm, and 26.4% over 160 cm, the highest (up to 246 cm) is from Liaoning, the shortest (only 30 cm) from Heilongjiang. In Shaanxi, most accessions are higher than 120 cm. In contrast, in Gansu, most of accessions show height shorter than 120 cm. 
In order to investigate if there is any kind of co-selection for both light shattering and tall plant height (potential for high yield), we analyzed the shattering property of germplasms in different height groups. Interestingly, there is a clear trend – the shorter the plants, the heavier the shattering, and vice versa. This suggests that light shattering and high plants might be selected together (Fig. 4).

Panicles And Shattering
There are three types of panicle among the accessions: lateral, vertical-loose and dense panicle types in the collections (Fig. 5). Among the 8515 accessions, most belong to the lateral type, accounting for 70.8%, followed by the vertical-loose type (23.2%) and the dense panicle type (6.0%). 

Grain shattering is a major problem in broomcorn millet production. Generally, the shattering property of accessions is classified into three grades – light (shattered grains＜5%), medium (6%-10%), heavy (＞11%). The distribution of these grades among accessions showed regional differences. Those from Shaanxi were mostly light shattering, independent of waxy or non-waxy phenotypes. Of 326 non-waxy accessions, the light-shattering phenotypes account for 93.56% in Shaanxi province, of 367 waxy accessions, for 89.10%. In Shanxi and Hebei, where the waxy phenotype is culturally more valued, more accessions exhibit light and medium shattering among waxy millet than non-waxy phenotype. These regional differences in the shattering character among accessions may reflect differential selection imposed by breeders. It may also reflect the regional preference for the waxy or non-waxy phenotype. 

Disease Resistance And Abiotic Stresses Tolerance
A fungus of the genus Ustilago, causing a smut disease of grains (dustbrand), is one of the major biotic stresses of broomcorn millet. In 2008, by artificial saturated inoculation treatment of seeds, 6526 landraces from 14 provinces of China were tested for resistance to dustbrand. Among the samples tested, 11 landraces were highly resistant and 574 resistant (Wang et al., 2008). Salt tolerance was tested at the seedling stage in 6518 accessions from 14 provinces of China, 22 and 120 accessions were classified into the most tolerant and tolerant, respectively (Wang et al., 2007a). Repetitive drought treatment and physiological indices such as transpiration rate and stomatal conductance were used to screen for drought tolerant germplasm. Nine accessions were identified as highly drought-tolerant (Class I) from 500 accessions collected from Shanxi Province (Wang et al., 2007b). Twenty-eight accessions were identified as Class II drought-tolerant, 156 as Class III, 205 as Class IV. The rest of the germplasms were classified as Class V, which were drought-susceptible germplasms with only 11.5% survival rate after repeated drought treatment. All of the above germplasms with highly resistant character can be used as the parents for genetic breeding, some materials can be used in cultivation practice directly. 
Genetic Diversity

The construction of a core collection is very important for effective usage of germplasms for breeding and functional genomics. However, the identification of core germplasms for broomcorn millet has lagged far behind other crops, mainly due to scarce funding and hence far less research effort into the crop. Nevertheless, there are a few studies on the genetic diversity and construction of core collections. 

Based on the geographical origins and morphological trait cluster analysis, broomcorn millet core collections have been constructed (Hu et al., 2008; Zhang et al., 2012; Dong et al., 2012). From 8016 accessions, a primary core germplasm comprising of 780 accessions and 34 groups was constructed based on phenotyping of 11 traits (Hu et al., 2008). More traits (15, including drought tolerance) were surveyed by Zhang et al. (2012), though on only 556 accessions. Li et al. (2012) clustered 235 broomcorn millet accessions into six groups based on 9 morphological traits. They also found that the spike length has the highest diversity index and the 1000-grain weight has the lowest coefficient of variation. 

The genetic diversity of broomcorn millet using molecular markers such as AFLP (Amplified Fragment Length Polymorphism), RAPD (Random Amplified Polymorphic DNA), ISSR (Inter-Simple Sequence Repeat) and SSR (Simple Sequence Repeat) has been reported by several groups (M’Ribu and Hilu, 1994; Karam et al., 2004, 2006; Lágler et al., 2005; Hu et al., 2009; Cho et al., 2010; Hunt et al., 2011, 2013), with most of the markers from those developed from other crops and some recent ones from broomcorn millet (Cho et al., 2010; Hunt et al., 2011, 2013). 

Using SSR markers derived from other cereal crops, landrace genetic diversity of broomcorn millet among different regions was compared and the Loess Plateau was inferred as the centre of broomcorn millet domestication in China Hu et al., 2009()
. However, this study used few accessions derived from other countries beyond China and the statistical significance was not analyzed; the raised diversity among Loess Plateau landraces does not appear dramatically higher than that from other regions of China (Hunt et al., 2011). In another study, the genetic diversity and phylogeography of 98 accessions (33 from China) of broomcorn millet across Eurasia were analyzed Hunt et al., 2011

( ADDIN EN.CITE )
, using the 16 broomcorn millet specific markers developed by Cho et al. (2010)
, the major genetic split in the data divides the accessions into an eastern and a western grouping with an approximate boundary in northwestern China.

          The crop is not well studied, but its close relationship to the important energy crop switchgrass (P. virgatum) and potential C4 model plant foxtail millet (Setaria italica), both with sequenced genomes, could facilitate its research. Sequencing the entire genome of P. miliaceum would be a challenging task because of its large tetraploid genome (2n=4x=36). We have done some research work including morphological, anatomical and physiological characters on broomcorn millet (Wang et al., 2013, 2014; Liu et al., 2013; Lian et al., 2015; Ji et al., 2015) and are currently using next generation sequencing to sequence the transcriptomes (Wang et al., 2015), from which SNP markers can be developed to generate more detailed population structure of the broomcorn millet accessions.
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Legend to Figures
Figure 1.  Seven cultivation zones of broomcorn millet in China.

The region codes are as follows:
HLJ=Heilongjiang,  JL=Jilin, LN=Liaoning, XJ=Xinjiang, TB=Tibet, GS=Gansu, QH=Qinghai, SC=Sichuan, YN=Yunnan, GZ=Guizhou, CQ=Chongqing, SAX=Shaanxi, NX=Ningxia, IM=Inner Mongolia, SX=Shanxi, HEN=Henan, HUB=Hubei, HUN=Hunan, GX=Guangxi, GD=Guangdong, HN=Hainan, FJ=Fujian, JX=Jiangxi, ZJ=Zhejiang, AH=Anhui, JS=Jiangsu, SD=Shandong, TJ=Tianjin, BJ=Beijing, HB=Hebei
Figure 2. The distribution of broomcorn millet accessions in China.      

The data was summarized from the accessions’ detail of the literature cited Wang and Wei, 1985, 1987; Wang, 1994; Wang and Wen, 1999; Wang and Wang, 2004.   
The same region key is used as in figure 1.
Figure 3. The distribution of waxy and nonwaxy phenotypes of broomcorn millet in China.         The data was summarized from the accessions’ detail of the literature cited Wang and Wei, 1985, 1987; Wang, 1994; Wang and Wen, 1999; Wang and Wang, 2004.   
The same region key is used as in figure 1. 

Figure 4. The relationship between the plant height and the shattering of broomcorn millet in China. 
The data was summarized from the accessions’ detail of the literature cited Wang and Wei, 1985, 1987; Wang, 1994; Wang and Wen, 1999; Wang and Wang, 2004.   
Figure 5. Three types of broomcorn millet panicle.
Table 1. The cultivation history of broomcorn millet in china
	Historical Period 
	Development of cultivation 

	Before Shang and Zhou dynasty (–1600 BC) 
	Domestication and cultivation

	Qin and Han dynasty (221 BC – 220 AD)
	Main crop

	Sui and Tang dynasty (581 AD – 907 AD)
	General crop

	Ming and Qing dynasty (1368 AD –)
	Minor crop


The data was summarized from Su et al. (2012).
	Table 2. The diversity of grain weight (g/1000 grains) of broomcorn millet accessions in china.
　
	1000 grain weight (g/1000 grains)
	　
	Number of accessions

	
	W† 
	NW‡
	W+NW§
	　
	W 
	NW
	W+NW

	China
	6.2±1.3 
	7.0±1.1
	6.7±1.2
	
	4088
	4234
	8322

	Gansu 
	6.2±1.5
	7.0±1.4
	7.0±1.4
	
	79
	782
	871

	Shandong 
	5.1±0.6 
	5.4±0.6
	5.2±0.6
	
	353
	158
	511

	Xinjiang
	5.8±0.0
	6.2±0.6
	6.2±0.6
	
	1
	88
	89

	Liaoning 
	5.7±0.8
	6.1±1.3
	5.8±0.9
	
	107
	5
	112

	Shanxi 
	6.9±1.0
	6.6±0.9
	6.6±0.9
	
	937
	656
	1593

	Shaanxi 
	6.9±0.9
	7.3±0.8
	7.2±0.8
	
	701
	1002
	1703

	Inner Mongolia 
	7.6±1.0
	7.9±1.0
	7.8±1.0
	
	493
	676
	1169

	Abroad
	5.2±1.4
	4.4±0.8
	4.5±1.0
	　
	26
	167
	193


† W, waxy. 
‡ NW, nonwaxy.

 § W+NW, waxy+nonwaxy. 
    The data was summarized from the accessions’ detail of the literature cited Wang and Wei, 1985, 1987; Wang, 1994; Wang and Wen, 1999; Wang and Wang, 2004.
Table 3. The distribution of growth duration of broomcorn millet in china.
	The length of growth duration(days)
	Number of accessions
	Percentage (%)
	Accession origin
	Percentage (%)

	46-60
	68
	0.8 
	Shanxi
	45.6

	
	
	
	Hebei
	20.6

	61-70
	425
	5.1 
	Hebei
	29.6

	
	
	
	Shanxi
	25.2

	71-80
	1086
	13.0 
	Shanxi
	33.2

	81-90
	1946
	23.4 
	Shaanxi
	24.4

	
	
	
	Shanxi
	23.4

	
	
	
	Shandong
	22.6

	91-100
	2250
	27.0
	Shaanxi
	39.0

	
	
	
	Shanxi
	23.2

	101-110
	1088
	13.0
	Heilongjiang
	23.5

	
	
	
	Inner Mongolia
	23.4

	111-120
	1009
	12.1
	Inner Mongolia
	56.6

	
	
	
	Gansu
	20.6

	121-130
	299
	3.6
	Gansu
	72.6

	131-156
	151
	1.9
	Gansu
	81.5

	Total
	8322
	　
	　
	　


The data was summarized from the accessions’ detail of the literature cited Wang and Wei, 1985, 1987; Wang, 1994; Wang and Wen, 1999; Wang and Wang, 2004.  
