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ABSTRACT. Germplasm collections represent an important genetic 
source for crop improvements. In this study, 220 accessions of 
hulless barley were collected worldwide and their genetic diversity 
was investigated. Sixteen agronomic traits, including yield and yield 
components, grain morphology, leaf size, plant height, and lodging 
resistance, were assessed under field conditions. All studied traits 
exhibited large variation. Thousand seed weight determined yield, and 
was strongly affected by spike length and spike number. Four varieties, 
Gaoyuan Zao 1, Fu 8-4, Zang 0331, and Harry (WDM00618), showed 
high resistance to lodging. Significant correlations among the traits 
were observed, indicating trait interactions. Life cycle had the smallest 
coefficient of variation (CV) among native, foreign, and improved varieties, 
whereas the CV of cellulose content was more or less balanced. Among 
the accessions from domestic and foreign germplasm, the CV for life 
cycle remained the lowest, whereas those for carbon/nitrogen and spike 
number per plant were the highest. Interestingly, higher genetic diversity 
was observed in domestic than in foreign accessions. Together, our 
findings demonstrate that there is abundant diversity in worldwide hulless 
barley germplasm collections, which would be useful when introducing 
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their desirable traits into cultivars of hulless barley to improve yield and 
other agronomic traits.
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INTRODUCTION

Hulless barley (Hordeum vulgare L. var. nudum Hook. f.) is a crop of genus Hordeum in 
family Poaceae. This type of barley has outer hulls that are so loosely attached to the kernel that 
the kernels usually fall off during harvesting; therefore, hulless barley has also been called “naked 
barley” (Guo, 1987). Hulless barley is mainly distributed in the Qinghai-Tibet Plateau of China, and 
in Australia, Mexico, Canada, Japan, Syria, England, Ethiopia, America, Egypt, Germany, Sweden, 
and France. The Qinghai-Tibet Plateau is the largest area under cultivation for this crop worldwide, 
and possesses abundant germplasm resources. Hulless barley is used not only as a grain crop 
(which is sometimes used as organic food), biofuel, and livestock feed, but also as raw material for 
brewing products such as beer. Recently, it has been found that hulless barley is richer in dietary 
fiber, hygienic components, and feed nutrients than hulled barley. Therefore, increasing attention 
has been paid to the breeding and utilization of hulless barley, which has changed from a regional 
to a global crop.

For crop breeding, modern varieties need to be improved to obtain high yield and quality. 
However, the narrow genetic basis and genetic erosion of this crop are barriers against the further 
improvement of yield and quality, which contrasts with the increasing human population of 9.6 
billion by 2050 as predicted by the United Nations. Key steps to overcome this problem include 
the exploration, preservation, and utilization of diversity within germplasm resources (Ma, 2002). 
A large number of researchers have studied hulless barley based on morphology (Badr et al., 
2000; Meng and Zhao, 2006), biochemistry (Izydorczyk et al., 2000; Ehrenberová et al., 2006; 
Han et al., 2010), cytology (Singh et al., 1970; Søgaard and Wettstein-Knowles, 1987; Zhang, 
2000), and molecular biology (Zeng et al., 2002; Feng et al., 2003; Zhang, 2004). However, 
the use of morphological traits remains the most basic method to analyze initial germplasm 
resources.

Agronomic traits are involved in plant growth and development as well as in yield 
formation. Since the 20th century, agronomic trait identification has been a widely used approach 
because of the ease of measurement and the high relevance to yield (Özcan and Özcan, 2004; 
Fan and Jiang, 2007). Although various molecular markers have been used to identify the genetic 
diversity of plant germplasm resources, the large-scale analysis of agronomic traits remains the 
main driver for crop improvement, and therefore plays a crucial role in agricultural production. 
Dotlačil et al. (2000) and DeLacy et al. (2000) stated that morphological markers (agronomic traits) 
are still an effective means to analyze crop genetic diversity. Hence, it is important to fully evaluate 
and make use of economically important agronomic traits; by doing this, the genetic diversity of 
germplasm collections can be assessed. Parents that carry contrasting potential traits will be 
selected to hybridize with currently used cultivars, thereby broadening the genetic basis of crops. 
The present study was carried out to provide a broad survey of 16 important agronomic traits in 
220 hulless barley germplasm accessions collected worldwide. The desirable traits and genotypes 
thus identified will be useful in the breeding of novel hulless barley cultivars.
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MATERIAL AND METHODS

Plant materials

In this study, 220 hulless barley germplasm accessions collected worldwide were used, 
including 107 native varieties, 38 foreign varieties, and 75 improved varieties (Table S1).

Methods

Field trials were conducted in the farms of the Tibet Academy of Agricultural and Animal 
Husbandry Sciences, Tibet, China, according to a completely randomized block design with three 
replicates, together with a control group Zangqing 2000. Each plot included four rows, with a total 
area of 2 x 1 m. The seeds of all plant materials were sowed on April 15, 2012, and agronomic 
traits were assessed over the following three years. Sixteen traits were investigated: yield and yield 
components (thousand seed weight, grain length, grain width, spike length, spike grain number, 
and spike number), canopy architecture (plant height, tiller number, flag leaf length, awn length, and 
life cycle), and lodging resistance [stem thickness, stem wall thickness, vascular bundle number, 
carbon/nitrogen (C/N), and cellulose]. Details of trait measurements are listed in Table 1. All data 
were analyzed using Microsoft Office Excel 2014 and SPSS v20. Pearson’s correlations were used 
to test the relationships between different traits.

Trait	 Measurement

Yield	
   Thousand seed weight (TSW, g)	 After harvesting, 200 seeds were counted and oven-dried to calculate TSW
   Grain length (cm)	 After harvesting, 50 seeds were selected randomly, and measured using a caliper
   Grain width (cm)	 After harvesting, 50 seeds were selected randomly, and measured using a caliper
   Spike length (cm)	 Ten spikes were measured at maturity, from the bases to tips, excluding awns
   Spike grain number	 Ten spikes were threshed by hand
   Spike number per plant	 Ten plants were counted for tiller number at maturity
Plant architecture	
   Plant height (cm) 	 Plant height was measured of ten main shoots at maturity, from the bases to the awns
   Tiller number	 Tiller number was recorded of ten shoots at the trefoil stage
   Flag leaf length (cm)	 Flag leaf length was measured of ten shoots at the milk-ripe stage
   Awn length (cm)	 Awn length was measured of ten shoots at the milk-ripe stage
   Life cycle	 The duration from sowing to maturity was recorded
Lodging resistance	
   Stem thickness (cm)	 The 2nd internodes of stems were sampled and frozen (LEICA CM1850 UV)
   Stem wall thickness (cm)	    For each variety, three sections were used, and three images were taken of each
   Vascular bundle number	    under 50X, 63X, and 90X objectives (OLYMPUS SZX12). Based on these images,
	    stem thickness, stem wall thickness, and vascular bundle number were measured
   Carbon/nitrogen (C/N)	 The 2nd internodes of stems were used to measure total nitrogen and carbon 
	    content based on the China National Forestry Standards LY/T 1271-1999 and 
	    LY/T 1269-1999 (Buchi K-360), and potassium dichromate oxidation based on 
	    the external heating method of LY/T 1237-1999
   Cellulose (%)	 The 2nd internodes of stems were used to measure cellulose content at the 
	    dough stage using an ultraviolet spectrophotometer (Mapada UV-3100)

Table 1. Agronomic trait measurements.

RESULTS

Yield and yield components

Basic statistical analyses of yield and yield components in the hulless barley collection 

http://www.geneticsmr.com/year2015/vol14-4/pdf/gmr7165_supplementary.pdf
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are presented in Table 2. The average thousand seed weight was 39.8 g and ranged from 23.18 g 
(Zang 0328) to 51.82 g (Beiqing 3), with a coefficient of variation (CV) of 8.26%. Figure 1 shows the 
distribution of thousand seed weight among the varieties. Thousand seed weight ranged from 44 
to 47 g (comprising 59 varieties). Only two varieties showed the maximum thousand seed weight. 
The CV of grain length and width (8.26%) were close to that of thousand seed weight, whereas the 
CV of spike length and spike number per plant were much higher (39.75%). The CV of spike grain 
number (3.02%) was the smallest of all the traits analyzed. Thus, large variations were observed in 
yield and yield components in hulless barley.

Statistics	 Thousand seed	 Grain length (cm)	 Grain width (cm)	 Spike length (cm)	 Spike grain number	 Spike number
	 weight (g)

Mean 	 39.80	 0.71	 0.35	   6.15	   46.93	   4.26
Mean std. error	   0.32	 0.01	 0.00	   0.10	     1.05	   0.11
Std. deviation 	   4.82	 0.08	 0.05	   1.53	   15.56	   1.69
Variance 	 23.23	 0.01	 0.00	   2.34	 241.96	   2.86
Minimum 	 23.38	 0.50	 0.23	   3.00	     7.20	   1.00
Maximum 	 51.82	 1.00	 0.45	 11.00	   84.00	 11.00
Variation coefficient (%)	   8.26	 8.60	 7.53	 24.89	     3.02	 39.75

Table 2. Basic statistical analysis of yield-related traits.

Figure 1. Distribution of thousand seed weight among hulless barley varieties.
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Plant architecture

Table 3 lists the results of the basic statistical analyses of plant architecture. The average 
plant height was 79.9 cm, with a CV of 18.18%. The distribution of plant height among the varieties 
is illustrated in Figure 2. The plant height of major varieties (28.6%) ranged from 80 to 90 cm. Over 
half of all varieties had a plant height lower than 80 cm, including 26 improved varieties, 31 foreign 
varieties, and 46 native varieties. Figure 3 shows the distribution of total growth duration among 
the varieties. In total, 44% of the varieties had growth durations between 110 and 115 d, while an 
equal distribution of life cycle was between the ranges of 100 to 105 d and 120 to 125 d. The CV 
of plant architectural traits followed the trend life cycle < plant height < awn length < tiller number < 
flag leaf length. The CV of life cycle was the smallest (5.73%), and that of flag leaf length was the 
highest (74.53%). Thus, variation in life cycle and plant height was relatively low.

	 Plant height (cm) 	 Tiller number	 Flag leaf length (cm)	 Awn length (cm)	 Life cycle (days)

Mean 	   79.90	   6.32	   10.64	 11.39	 110.64
Mean std. error	     0.98	   0.13	     0.53	   0.17	     0.43
Std. deviation 	   14.53	   1.90	     7.93	   2.57	     6.34
Variance 	 211.17	   3.62	   62.84	   6.60	   40.23
Minimum 	     6.80	   3.00	     3.00	   1.00	 100.00
Maximum 	 117.00	 13.00	 119.00	 18.00	 125.00
Variation coefficient (%)	   18.19	 30.08	   74.53	 22.56	     5.73

Table 3. Basic statistical analysis of plant architecture-related traits.

Figure 2. Distribution of plant height among varieties.
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Lodging resistance

Table 4 shows the basic statistical analysis of lodging resistance. The average 
cellulose content was 22.78%, with a CV of 19.75%. Cellulose content ranged from 8.47 to 
32.15%. Figure 4 shows the distribution of cellulose content among the barley varieties. In 
total, 51% of the varieties had a cellulose content ranging from 22 to 28%. The average C/N 
was 153.62, with a high CV of 33.74%. The C/N fluctuated from 49 to 314. Taking cellulose 
content, C/N, vascular bundle number, stem thickness, and stem wall thickness into account, 
the four varieties with the strongest lodging resistance were Gaoyuan Zao 1, Fu 8-4, Zang 
0331, and Harry (WDM00618).

Figure 3. Distribution of life cycle among hulless barley varieties.

	 Stem thickness (cm)	 Stem wall thickness (cm)	 Vascular bundle number	 C/N	 Cellulose (%)

Mean 	   4.13	   0.65	   5.98	 153.62	 22.78
Mean std. error	   0.77	   0.01	   0.11	 3.49	 0.30
Std. deviation 	   1.14	   0.16	   1.63	 51.83	 4.50
Variance 	   1.29	   0.03	   2.67	 2686.54	 20.25
Minimum 	   2.00	   0.30	   4.00	 49.00	 8.47
Maximum 	   8.90	   1.20	 19.00	 314.00	 32.15
Variation Coefficient (%)	 27.53	 24.39	 27.30	 33.74	 19.75

Table 4. Basic statistical analysis of lodging resistance-related traits.

Correlations of major agronomic traits

Correlations among major agronomic traits are presented in Table 5. Correlation analysis 
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showed that cellulose content was significantly and positively correlated with C/N (r = 0.249) and 
awn length (r = 0.17), but negatively correlated with grain width (r = -0.276). Plant height showed 
significant positive correlations with spike grain number (r = 0.228) and stem thickness (r = 0.159), 
and negative correlations with life cycle (r = -0.236), grain length (r = -0.161), and tiller number (r 
= -0.157). Life cycle showed significant positive correlations with stem wall thickness (r = 0.33), 
grain length (r = 0.329), and tiller number (r = 0.193), and negative correlations with spike length 
(r = -0.243) and grain width (r = -0.157). Thousand seed weight showed significantly positive 
correlations with grain length (r = 0.406) and grain width (r = 0.216), and a negative correlation 
with life cycle (r = -0.344). Spike grain number was significantly and positively correlated with stem 
thickness (r = 0.171) and flag leaf length (r = 0.16), and was negatively correlated with life cycle 
(r = -0.448), grain length (r = -0.294), and stem wall thickness (r = -0.149). Significant correlations 
between traits indicate interactions between them.

Figure 4. Distribution of cellulose content among hulless barley varieties.

Comparisons of major agronomic traits between domestic (native, improved) and 
foreign germplasm

Comparisons of major agronomic traits of native, foreign, and improved varieties of hulless 
barley are presented in Table 6. The CV of life cycle was the smallest in the native (3.07%), foreign 
(1.65%) and improved (4.14%) varieties. The CV of spike number was highest (41.83%) in 107 
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Major agronomic	 Stem	 Stem wall	 Vascular	 C/N	 Cellulose	 Plant height	 Tiller	 Flag leaf
traits	 thickness	 thickness	 bundles				    number	 length

   Stem thickness	 1	 0.597**	 0.113	 0.033	 0.02	 0.159*	 0.026	 0.057
   Stem wall thickness	 0.597**	 1	 0.152*	 0.025	 0.061	 -0.094	 0.099	 0.09
   Vascular bundles	 0.113	 0.152*	 1	 -0.009	 -0.075	 -0.086	 0.052	 -0.02
   C/N	 0.033	 0.025	 -0.009	 1	 0.249**	 0.121	 -0.12	 0.102
   Cellulose	 0.02	 0.061	 -0.075	 0.249**	 1	 -0.002	 -0.103	 -0.026
   Plant height 	 0.159*	 -0.094	 -0.086	 0.121	 -0.002	 1	 -0.157*	 0.069
   Tiller number	 0.026	 0.099	 0.052	 -0.12	 -0.103	 -0.157*	 1	 -0.06
   Flag leaf length	 0.057	 0.09	 -0.02	 0.102	 -0.026	 0.069	 -0.06	 1
   Awn length	 -0.032	 -0.072	 -0.046	 0.109	 0.170*	 -0.001	 0.076	 -0.046
   Life cycle	 -0.042	 0.330**	 0.056	 -0.016	 -0.088	 -0.236**	 0.193**	 -0.115
   Thousand seed weight	 -0.03	 -0.08	 -0.008	 -0.03	 0.012	 -0.008	 -0.013	 -0.053
   Grain length	 -0.115	 0.140*	 0.065	 0.107	 0.097	 -0.161*	 0.012	 -0.026
   Grain width	 0.094	 0.034	 0.118	 0.086	 -0.276**	 0.085	 -0.006	 0.097
   Spike length	 0.065	 -0.057	 0.032	 0.093	 0.107	 -0.057	 -0.107	 0.108
   Spike grain number	 0.171*	 -0.149*	 -0.089	 -0.074	 -0.077	 0.228**	 -0.006	 0.160*
   Spike number	 -0.053	 0.011	 -0.016	 -0.102	 0.025	 -0.01	 -0.043	 -0.056
Among major agronomic	 Awn length	 Life cycle	 Thousand seed	 Grain length	 Grain	 Spike length	 Spike grain	 Spike number
traits	 (cm)		  weight (g)	 (cm)	 width (cm)	 (cm)	 number
   Stem thickness (cm)	 -0.032	 -0.042	 -0.03	 -0.115	 0.094	 0.065	 0.171*	 -0.053
   Stem wall thickness (cm)	 -0.072	 0.330**	 -0.08	 0.140*	 0.034	 -0.057	 -0.149*	 0.011
   Vascular bundle number	 -0.046	 0.056	 -0.008	 0.065	 0.118	 0.032	 -0.089	 -0.016
   C/N	 0.109	 -0.016	 -0.03	 0.107	 0.086	 0.093	 -0.074	 -0.102
   Cellulose (%)	 0.170*	 -0.088	 0.012	 0.097	 -0.276**	 0.107	 -0.077	 0.025
   Plant height (cm) 	 -0.001	 -0.236**	 -0.008	 -0.161*	 0.085	 -0.057	 0.228**	 -0.01
   Tiller number	 0.076	 0.193**	 -0.013	 0.012	 -0.006	 -0.107	 -0.006	 -0.043
   Flag leaf length (cm)	 -0.046	 -0.115	 -0.053	 -0.026	 0.097	 0.108	 0.160*	 -0.056
   Awn length (cm)	 1	 -0.08	 0.126	 0.113	 -0.061	 0.068	 -0.076	 0.022
   Life cycle	 -0.08	 1	 -0.344**	 0.329**	 -0.157*	 -.243**	 -0.448**	 -0.008
   Thousand seed weight (g)	 0.126	 -0.344**	 1	 0.071	 0.216**	 0.406**	 0.011	 0.127
   Grain length (cm)	 0.113	 0.329**	 0.071	 1	 0.232**	 0.063	 -0.294**	 0.01
   Grain width (cm)	 -0.061	 -0.157*	 0.216**	 0.232**	 1	 0.122	 0.025	 0.031
   Spike length (cm)	 0.068	 -.243**	 0.406**	 0.063	 0.122	 1	 0.056	 0.024
   Spike grain number	 -0.076	 -0.448**	 0.011	 -0.294**	 0.025	 0.056	 1	 -0.078
   Spike number	 0.022	 -0.008	 0.127	 0.01	 0.031	 0.024	 -0.078	 1

Table 5. Correlation analysis of and among major agronomic traits.

*Significant at P < 0.05, **significant at P < 0.01.

The CV of cellulose content among native, foreign, and improved varieties was 
balanced. The average cellulose content of the native varieties was less than that of the other 
two groups. The CV of plant height was 8.66%, which was much lower than that of cellulose. In 
comparison with the CV of the plant height of the native varieties, the CV of foreign varieties was 
fallen to 16.78%. The CV of thousand seed weight followed the following sequence: improved 
(8.76%) < foreign (11.72%) < native (13.8%) varieties. The average thousand seed weight of the 
foreign varieties was higher than that of the native varieties, but lower than that of the improved 
varieties.

Comparisons of major agronomic traits of varieties of different sources

Comparisons of major agronomic traits of varieties from different sources are shown in 
supplementary Table 2. Most of the varieties (82.72%) were collected from China. Among them, 

native varieties. The CV of spike grain number was highest (47.37%) in 38 foreign varieties, and 
the CV of flag leaf length was highest (117.05%) in 75 improved varieties.
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there were 133 varieties from Tibet, 27 from Qinghai, 11 from Gansu, 5 from Sichuan, 4 from 
Yunnan, and from Guizhou. The rest of the varieties (17.28%) were collected from the other 12 
countries. Seven of these varieties were distributed only in Australia and Mexico, six varieties only 
in Canada and Japan, three varieties in Syria, two varieties only in England, Ethiopia, and America, 
and one variety in Egypt, Germany, Sweden, and France, respectively.

		   Native varieties (N = 107)			     Foreign varieties (N = 38)			     Improved varieties (N = 75)

	 Mean	 Min	 Max	 CV%	 Mean	 Min	 Max	 CV%	 Mean	 Min	 Max	 CV%

Stem thickness (cm)	 4.22 	 2.00 	 8.20 	 26.72	 3.69 	 2.10 	 5.70 	 23.82	 4.21 	 2.50 	 8.90 	 29.26
Stem wall thickness (cm)	 0.66 	 0.30 	 1.20 	 23.69	 0.73 	 0.40 	 1.00 	 19.64	 0.60 	 0.35 	 1.10 	 26.03
Vascular bundle number	 6.26 	 4.00 	 19.00 	 31.41	 5.97 	 5.00 	 9.00 	 17.62	 5.57 	 4.00 	 9.00 	 22.30
C/N	 160.65 	 50.00 	 311.00 	 30.93	 147.34 	 49.00 	 249.00 	 34.97	 147.81 	 53.00 	 314.00 	 36.60
Cellulose (%)	 20.86 	 11.45 	 28.00 	 17.47	 24.65 	 15.46 	 29.98 	 17.01	 24.66 	 8.47 	 32.15 	 18.56
Plant height (cm) 	 82.70 	 6.80 	 117.00 	 20.55	 67.16 	 48.00 	 100.00 	 16.78	 82.32 	 65.00 	 105.00 	 8.66
Tiller number	 6.13 	 3.00 	 12.00 	 29.44	 7.00 	 4.00 	 12.00 	 27.19	 6.21 	 3.00 	 13.00 	 31.67
Flag leaf length (cm)	 10.93 	 3.00 	 18.70 	 29.56	 9.31 	 4.00 	 19.00 	 38.84	 10.92 	 5.00 	 119.00 	 117.05
Awn length (cm)	 10.94 	 1.00 	 14.00 	 25.13	 11.84 	 6.50 	 16.00 	 15.15	 11.77 	 8.00 	 18.00 	 21.86
Life cycle	 112.03 	 110.00 	 125.00 	 3.07	 119.08 	 115.00 	 120.00 	 1.65	 104.27 	 100.00 	 110.00 	 4.15
Thousand seed weight (g)	 38.33 	 23.38 	 50.82 	 13.08	 39.49 	 30.58 	 48.96 	 11.72	 42.09 	 31.18 	 51.82 	 8.76
Grain length (cm)	 0.72 	 0.52 	 0.85 	 9.57	 0.78 	 0.60 	 1.00 	 10.71	 0.67 	 0.50 	 0.85 	 10.40
Grain width (cm)	 0.37 	 0.28 	 0.45 	 11.66	 0.33 	 0.23 	 0.42 	 15.07	 0.33 	 0.30 	 0.40 	 11.76
Spike length (cm)	 5.98 	 3.00 	 10.00 	 26.61	 5.92 	 4.00 	 10.00 	 23.02	 6.69 	 3.00 	 11.00 	 23.81
Spike grain number	 47.17 	 7.20 	 84.00 	 28.83	 28.42 	 14.00 	 72.00 	 47.37	 55.95 	 30.00 	 78.00 	 18.28
Spike number	 4.00 	 1.00 	 11.00 	 41.83	 4.63 	 2.00 	 8.00 	 31.91	 4.43 	 1.00 	 9.00 	 40.20

Table 6. Comparison of major agronomic traits between foreign and domestic germplasm (native and improved).

The CV of life cycle was the lowest of that of all the traits of the varieties from all the 
sources. The CV of spike number was the highest (43.12%) in Tibetan varieties, while that of 
tiller number was the highest (39.57%) in varieties from Qinghai. The CV of C/N was the highest 
(30.84%) in varieties from Gansu, while CV that of spike number was the highest (35.29%) in 
varieties from Sichuan. The CV of C/N was the highest (46.10%) in Australian varieties, while 
that of spike grain number was the highest (41.67%) in Mexican varieties. The CV of C/N was 
the highest (62.55%) in Canadian varieties, while that of spike number was the highest (30.98%) 
in Japanese varieties. Thus, the spike number and C/N were found to have higher CV variables 
than the others.

The average C/N (n ≥ 6) from different regions followed the sequence Sichuan < Australia 
< Canada < Qinghai < Tibet < Mexico < Japan < Gansu. The average cellulose content was highest 
in Japanese varieties (27.56%) and lowest in those from Sichuan (16.03%). The average plant 
height was highest in Tibetan varieties (84.06 cm) and lowest in Australian ones (62.71 cm). The 
average thousand seed weight was highest in Australian varieties (42.32 g) and lowest in Canadian 
ones (35.65 g). The average spike grain number was highest in varieties from Sichuan (67.21) and 
lowest in those from Australia (17.71), with a 4-fold difference between them.

A dendrogram of the major agronomic traits of barley varieties from different regions 
is presented in Figure 5. Varieties from China were scattered into three clusters. The first one 
included the varieties from Yunnan and Gansu, which were grouped with the foreign varieties. The 
second one included the varieties from Sichuan and Guizhou, and the third included the Qinghai-
Tibet Plateau varieties. The first cluster was interesting in that the varieties from Yunnan were 
first grouped with those from Canada and then with a variety from Gansu. Thus, a richer genetic 
diversity was observed in domestic than in foreign germplasm.
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As for the foreign germplasm, there was a close relationship among the varieties from 
Japan, Ethiopia, Mexico, France, America, and Syria. The varieties from Egypt were the most 
distant from the others. The remaining varieties were from Australia, England, Sweden, and 
Germany, and had relatively far affinities. Thus, moderate genetic diversity was observed in the 
foreign germplasm pool.

DISCUSSION

Germplasm resources are key for the breeding of new varieties of plants, but few studies 
have evaluated the genetic diversity of the agronomic traits of hulless barley. In this study, we 
analyzed the correlations and diversity of 16 agronomic traits in 220 varieties, including yield and 
yield components, plant architecture, and lodging resistance. The discussion below focuses on 
yield, resistance lodging, correlation, and diversity of hulless barley.

Yield

Based on the evaluation of 16,251 accessions of barley germplasm resources, Sun et al. 
(1999) observed high thousand seed weight in varieties from areas of high altitude and latitude, 
and with a large temperature difference between day and night. This may be due to the thin air in 
these areas, as well as the high temperature during the day and the low temperature during the 
night, which would lead to weak respiration. As a result, more assimilates accumulate, resulting in 
a high yield. Lu (1996) stated that elite barley varieties should have early maturity, dwarfing habit, 
a large spike, and more grains. Agegnehu et al. (2006) reported that mixed cropping could improve 
the yield of hulless barley.

Figure 5. Dendrogram using average linkage (between origins).
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In the present study, the thousand seed weight of domestic, foreign, and improved 
varieties was 38.33, 39.49, and 48.96 g, respectively. The thousand seed weight of domestic and 
foreign varieties was similar, but was 20% lower than that of the improved varieties. This finding is 
consistent with the result of Sun et al. (1999) that not only with the thousand seed weight but also 
with the geographic distribution of thousand seed weight.

Lodging resistance

Compared to other cereal crops, hulless barley has shallow roots and a thin and soft stem, 
which render it easily lodged when the plants are subjected to strong winds and carry heavy spikes. 
Therefore, lodging was a main factor causing yield loss of hulless barley. Min et al. (2014) analyzed 
the lodging mechanisms of hulless barley and found that a reduced plant height is favorable. If 
plant height is greater than 90 cm, heavy heads, together with weak stem bases, can lead to 
lodging. Furthermore, elongated basal internode was lack of elasticity and toughness.

Based on the findings for cellulose, C/N, vascular bundle number, stem thickness, and 
stem wall thickness, \this study identified four varieties with high lodging resistance: Gaoyuan 
Zao 1, Fu 8-4, Zang 0331, and Harry (WDM00618). Xu (1989) reported that Gaoyuan Zao 1 
had dwarf plants and lodging resistance. Ding et al. (1983) reported that Fu 8-4 is also lodging 
resistant. Nevertheless, Pillen et al. (2004) reported that, in Harry, no significant correlation was 
found between lodging (at flowering and harvest) and number of ears per square meter, days from 
sowing to heading, plant height, harvest index, number of kernels per ear, above ground biomass, 
malt tenderness, grain protein content, thousand grain weight, grain water absorption, or total yield.

In addition, the poor quality of cultivated soil preparation and seeding, improper sowing 
density, unreasonable field management, and weather damage (such as from strong wind and 
rain), would also cause lodging of hulless barley. Therefore, lodging-resistant varieties, suitable 
plant density, effective crop management, and spraying potions can effectively reduce lodging in 
hulless barley, resulting in stable high yield.

Correlations

Correlation analyses of 220 varieties of hulless barley germplasm revealed trait interactions. 
Although the correlation coefficients were low, there were wide correlations among different traits. 
Hence, a trade-off of key traits should be considered during breeding.

Based on the evaluation of nine agronomic traits of 26 hulless barley cultivars from 
Qinghai, China, Chen et al. (2012) suggested that the spike number per plant and the thousand 
grain weight should be considered as a basis for selection. In addition, the negative relationships 
between spike length and thousand grain weight, and between spike number per plant and grain 
number per spike should be taken in account. Kraakman et al. (2004) reported that mean yield 
had a weak negative correlation with yield stability in 146 spring barley cultivars, as observed by 
linkage disequilibrium mapping. Kraakman et al. (2006) found that plant height was significantly 
correlated with days to heading in 148 modern spring barley cultivars using AFLP (amplified 
fragment length polymorphism) and SSR (simple sequence repeat) markers. In our study, a 
significant negative correlation between thousand seed weight and life cycle indicated that 
shorter life cycles are associated with higher yields. A significant negative correlation between 
spike grain number and life cycle indicated that shorter life cycles are associated with more 
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grains per spike. A significant positive correlation between life cycle and tiller number indicated 
that increased tiller number is associated with a longer life cycle. Considering the cool climate, 
the short frostless season, and the lack of adequate radiation in the area of Qinghai-Tibet 
Plateau, genotypes with early maturity, short stems, high tiller numbers, and more grains should 
be selected for breeding, and life cycle, plant height, tiller number, and spike grain number 
should be used as important breeding indices.

Huang and Pan (2000) investigated correlations between the grain quality and seven 
agronomic characters in 202 varieties of hulless barley, and found that yield is closely associated 
with grains per plant and grain weight, and that the key to breeding high-yield plants was to break 
any negative correlations. Based on the correlation between eight agronomic traits in 107 hulless 
barley varieties, Li (2010) reported that spike length is significantly positively correlated with spike 
grain number (r = 0.216). Correlation analysis in the present study indicated that thousand seed 
weight was negatively correlation with life cycle (r = -0.344), spike grain number was negatively 
correlated with life cycle (r = -0.448), and life cycle was positively correlated with tiller number (r = 
0.193); all of these findings were consistent with findings from previous studies.

Diversity

The Himalayas can be considered a region of domesticated barley diversification (Badr et 
al., 2000), while Tibet is a potential domestication center of cultivated barley in China (Ren et al., 
2013). Due to its complex topography and diverse climate zones, soil types, regional microclimates, 
and habitat, the Qinghai-Tibet Plateau generates abundant diversity of genetic germplasm. Orabi 
et al. (2009) documented that their high diversity and close relationship with wild barley make the 
North African landraces an interesting genetic resource for both conservation and exploitation. 
Bjørnstad and Abay (2010) reported that varieties of barley from Ethiopia form a very distinct group, 
with unique diversity in resistance to certain diseases and in morphology, and the average DNA 
marker or nucleotide diversity was substantially less than that of barley from the Fertile Crescent. 
Foreign germplasm also showed some diversity. In this study, evaluation of 220 varieties using 16 
agronomic traits indicated a richer genetic diversity in domestic than in foreign germplasm. This is 
consistent with findings from previous studies.

Pan et al. (2007) found that SSR markers, which indicate genetic diversity, are linked with 
certain important agricultural traits, including resistance to pests and diseases, naked character, 
starch traits, and malt quality in cultivated naked barley from the Qinghai-Tibet Plateau, suggesting 
that this is an important gene pool for cereal breeding. Li et al. (2009) analyzed and evaluated eight 
agronomic traits of germplasm resources and the genetic diversity of 50 barley accessions, and 
found a high diversity index among the genetic traits of these barley accessions. Yang et al. (2010) 
revealed high genetic diversity using SSR markers in cultivated hulless barley from the Qinghai-
Tibet Plateau in China. In the present study, our findings relating to plant height, spike length, 
spike grain number, and thousand seed weight were largely consistent with those reported by Li 
et al. (2009). Moreover, our results also indicate that hulless barley exhibits great diversity in many 
agronomic traits, and this diversity would be valuable for breeding in future decades.
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