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Abstract: The pea (Pisum sativum L.) is an excellent protein source for livestock and human nutrition.
However, its growth is hampered by several factors including powdery mildew (Erysiphe pisi DC) and
lodging in irrigation areas. These limitations may be solved through combining a Canada powdery
mildew-resistant pea (Mp1807) with green cotyledon cultivar (Graf) by means of sexual hybridization.
A bred semi-leafless pea, cultivar Longwan No. 6, was selected and evaluated in multiple ecological
zones to investigate and evaluate high-yield, adaptability, and resistance to root rot (Aphanomyces
euteiches Drechs. f. sp. pisi) and powdery mildew from 2012 to 2014. The results revealed that
Longwan No. 6 was characterized by lodging resistance and moderate powdery mildew resistance.
The average grain yield of Longwan No. 6 is 2855.3 kg/hm? in spring sowing and is increased
by 18.4% compared to the control cultivar (Longwan No. 1). The average grain yield of Longwan
No. 6 is 2349.9 kg/hm? in winter sowing and is increased by 12.8% when compared to the control
cultivar. The results indicated that Longwan No. 6 has a greater potential to increase yield and
wide adaptability. Adopting the Longwan No. 6 pea cultivar contributes to improvements in pea
production in irrigation areas.
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1. Introduction

Pea (Pisum sativum L.) is an annual cool-season legume. It is a valuable raw material
for starch processing and also a source of essential proteins and amino acids in human
diets [1,2]. Due to the pea’s strong diversity and adaptability, it has a long history of
utilization globally in diverse agroecology [3,4]. The pea is the fourth most important
food legume in the world and has been cultivated for more than 2000 years in China [5].
The countries with the highest pea cultivations include Canada, China, India, Russia, and
France. The yield of dry peas and green peas in China accounts for 15.2% and 23.1%,
respectively, in the world production of peas [6]. More than 5000 pea germplasm resources
have been collected in China, and about 80.0% are domestic and local and are genetically
stable [7,8]. The continuous improvement in people’s living standards and diet, the higher
market demand, and diversification have increased the demand for peas [9,10]. Germplasm
resources are the basis for crop genetic improvement, which directly affects sustainable
development of the modern seed industry [11,12]. Most countries attach great importance
to the protection and utilization of germplasm resources around the world. Therefore,
breeding a batch of pea cultivars to meet different needs is one of the ways to promote the
development and production of peas.

Pea production is also faced with many biotic and abiotic stresses that seriously limit
production capacity [11,13]. It is becoming increasingly difficult to plant legume crops
due to the effects of climate change [14]. However, the development of new breeding
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technologies has increased during the last decade, providing opportunities for world pea
production. For a long time, key breeding objectives in peas were mainly focused on
improving biotic and abiotic stress resistance [15], including root rot and powdery mildew
control [12,16,17]. Adapting to diversified germplasms as parents and performing extensive
crossbreeding for major gene traits under conducive conditions help in the yield testing of a
large number of breeding lines [15,18]. Currently, powdery mildew and lodging resistance
in peas have been improved through the deployment of the single recessive gene er-1 and
the afila gene for semi-leafless types [9,12]. Semi-leafless peas dominate worldwide modern
dry pea production. For instance, more than 80.0% of pea cultivars are of a semi-leafless
type that is resistant to powdery mildew and lodging in the United States, Canada, and
France [13,19]. Compared with conventional pea cultivars, semi-leafless peas significantly
enhance the shoot standing ability and ensure equally efficient dry matter accumulation
by the plant [20,21]. Nevertheless, compared with the major crops, there is a lack of pea
cultivars with high multi resistance, high yield, and good quality in China [22]. Meanwhile,
utilization and breeding of semi-leafless pea germplasms started relatively late in China [23].
The common cultivars are mainly trailing peas, which are suitable for planting in arid
land but are not resistant to lodging [21,24]. To enhance pea cultivar traits (e.g., high-yield,
dwarf stalk and lodging-resistance), it is of great significance for pea production to develop
the breeding of semi-leafless peas.

The aims of this study, therefore, were to breed a pea cultivar that is lodging-resistant,
high yield, and good quality. It is of practical significance to improve pea productivity
in irrigation areas. The specific breeding objective is to achieve a pea yield of more than
3000 kg/ hm?, an increase of more than 8.0%, a crude protein content of more than 23.0%,
and a crude starch content of more than 50.0%.

2. Materials and Methods
2.1. Plant Materials

The plant material introduced by the Institute of Crop Sciences, Gansu Academy of
Agricultural Sciences was used for the experiment. The Canadian pea cultivar (Mp1807)
was the female parent, a semi-leafless pea. It had yellow-white cotyledons, was 90-105 cm
high, and was late maturing (90-015 days) (Figure 1a). The significant traits of the female
line included better resistance to powdery mildew, high node position at the beginning
of the flower, and lodging resistance. The line bred by Gansu Academy of Agricultural
Sciences was the male parent. It was a trailing pea. The cotyledons of the male parent
were green (Graf). The plant was 55-65 cm high, early-maturing (75-85 days), and suscep-
tible to powdery mildew (Figure 1b). The significant traits of the male line were sturdy
dwarf stalks.

2.2. Experimental Site

The final tests of the resulting cultivar Longwan No. 6 were carried out from 2009
to 2011 at Qinwangchuan Field Station (36°30" N, 103°40" E) and Tangjiabu Field Station
(35°35’ N, 104°36’ E). Plant materials were sown in a randomized complete block design
with three replicates. Qinwangchuan Field Station is known to be infested by pea pow-
dery mildew and has been used as a screening nursery for such mildew for many years.
Tangjiabu Field Station has a high incidence of root rot. There were thirteen spring sowing
regional sites and eight winter sowing regional sites, respectively (Table 1).

Table 1. The fourth round of regional trial sites of China pea cultivars in the spring sowing group
and the winter sowing area group.

Regional Trials Sites Latitude (N) Longitude (E) Altitude (m) Precipitation (mm)
Zhangbei, Hebei 41°9’ 114042/ 1450 300
Spring sowing sites Liaoyang, Liaoning 40°42'-41°36 122°35'-123°41' 70 572

Zhuoni, Gansu 35°12/ 102045’ 2650 487
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Table 1. Cont.

Regional Trials Sites Latitude (N) Longitude (E) Altitude (m) Precipitation (mm)
Dingxi, Gansu 35°32/ 104°37 1920 350
Dalat, Inner Mongolia 40°24/ 110°21/ 1010 282
Yulin, Shanxi 38°26/ 108°14’ 1053 440
Guyuan, Ningxia 35°48' 106°02/ 2230 458
Yanchi, Ningxia 37°48’ 107°23' 1349 243
Longde, Ningxia 35°35 105°59’ 1920 766
Xining, Qinhai 36°43' 101°45 2309 380
Hualong, Qinhai 35°30 101°36’ 2765 470
Lasa, Tibet 29°39/ 91°07’ 3658 345
Wuhan, Hubei 31°22/ 114°05 20 1320
Nanjing, Jiangsu 32°01’ 120°51’ 5.3 1106
Rugao, Jiangsu 32°01’ 120°51’ 53 1120
Winter sowing sites Ankang, Shanxi 32044/ 109°04/ 295 1050
Chengdu, Sichuan 30°36’ 104°06’ 438.1 1092
Yongchuan, Chongqin 105°53 29°22' 386.3 1015
Kunming, Yunnan 25°18’ 103°02/ 1906 1035
Yuxi, Yunnan 24°24/ 102031’ 1630 965

Figure 1. The parent of Longwan No. 6; (a) is the female parent (Mp1807), and (b) is the male
parent (Graf).
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2.3. The Evaluation of Disease Resistance

The evaluation of powdery mildew and root rot resistance was carried out under nat-
ural susceptibility at Qinwangchuan Field Station and Tangjiabu Field Station, respectively.
Dingwan No. 1 (a trailing pea cultivar) and Longwan No. 1 (a semi-leafless pea cultivar)
were used as a sensitivity control and resistance control, respectively. Identification of
powdery mildew resistance referred to the method of Wang et al. [25], and identification of
root rot resistance referred to the method of Xiang et al. [26].

2.4. Breeding Process

The cross of Mp1807 x Graf was prepared by the traditional breeding method in 2000
(Figure 2). The F; and F; generations were planted in 2001 and 2002, respectively. The Fs,
F4, and F5 generations were selected from the high-incidence area of root rot and powdery
mildew at Tangjiabao Field Station and Qinwangchuan Field Station from 2003 to 2005. In
2006, the stable material (F4 generation) was evaluated in terms of comprehensive traits,
population structure, growth, and other factors in the plant-line area. The excellent lines
were selected in orderly and consistent plant rows with a seed test. In 2007, the final
selection line (F;) was selected based on field performances and indoor seed tests for the
preliminary determination of yield. The excellent line named 1702 was subjected to the
yield and resistance identification test of the semi-leafless pea group in 2008. It participated
in the cultivars comparison test to identify its main characteristics and yield traits in 2009.
Multi-ecology adaptation was carried out in Baiyin, Lanzhou, Kangle, Dingxi, Gannan, and
Wuwei Gansu provinces from 2010 to 2011. The pea cultivars participated in the fourth
round of regional trials of China pea cultivars in the spring and winter sowing area groups
from 2012 to 2014. There were 11 tested cultivars (lines) in the spring sowing group and
13 experimental sites. The winter sowing group participated in 11 cultivars (lines) and
8 experimental sites (Table 1). The test code of Longwan No. 6 is WD04-02. The original
line code is 1702.

Main process Year
Mp1807/Graf ST
(Cross combination) : i
"""" 2001 |
2002
[ FoH FsFs T
(Resistam?e tc5> root rot) ok o §, D020
powdery mildew) ‘
s Y N
FG 9
(Stable material) i
J
{ 2\
F, — m—
(Determineyield) : 2007 :
< J - -
g Ad: bili d O
i s | 2009-2011 |
identificationtest
< 4
s B meaetaes S
Regional test 2012-2014

Figure 2. Breeding process of Longwan No. 6.
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3. Results
3.1. Botanical and Biological Characteristics

Longwan No. 6 is a semi-leafless pea with limited pods. It has semi-dwarf stems and
an erect growth pattern (Figure 3). The height of Longwan No. 6 ranges from 51.7 to 69.1 cm.
Its main stem has 12.3-16.5 nodes with the first flower nodes at the 9th node. The flowering
period of Longwan No. 6 is about 18-23 days (Figure 4a). The seeds are smooth and round
in shape and have clear coats, good color, faint yellow cotyledons, and yellowish-white
hilum. The stipules are rabbit-ear-shaped, the leaf surface has fewer denudation spots, and
there is no cyanotic spot in the leaf axils. The pods are straight, blunt, and green and not
easy to split (Figure 4b). The fresh stems and pods are green. Each plant has 16.0-18.6 pods,
with a double-pod rate of 40.0-75.0%. The pods are concentrated, the maturity is consistent,
and the seeds bulge quickly. The number of flowers per inflorescence is 1 to 2. The pod
length of the plant is 5.6-6.5 cm, the number of pods is 3.5-4.4, and the pod splitting rate is
20.0%. The number of grains per plant is 21 to 65, and the yield per plantis 5.0 to 12.5 g.
One hundred grain weight (100-grain) is 22.1-28.8 g, and the seed coat rupture rate is 1%
(Figure 4c). Longwan No. 6 has cool and humid ecological habits, moderate cold resistance,
strong lodging resistance, and weak drought resistance. It is a mid-early-maturing pea
cultivar, with a growth period of 84-86 d for spring sowing sites in the north and 172-180 d
for winter sowing sites in the south.

Figure 3. Plant characteristics of Longwan No. 6; the height of Longwan No. 6 ranges from 60.0 cm.
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Figure 4. Characteristics of the flower, pod, and grain of Longwan No. 6; (a) is the flower of Longwan
No. 6; (b) is the green pod of Longwan No. 6; and (c) is the dry grain of Longwan No. 6.

3.2. Quality

Quality analysis was conducted from mixed grains of three sampling points from
the spring (Zhangbei, Lanzhou, and Lasa) and winter sowing group (Wuhan, Chongqing,
and Nanjing) pea sites by the Food Quality Supervision, Inspection and Testing Center
(Yangling) of the Ministry of Agriculture. In the spring sowing group pea sites, the results
showed that the average grain protein content of Longwan No. 6 was 21.2% (Table 2).
The average protein content was 3.4% lower than the national average (24.6%). The
carbohydrate content was 57.1%, which is 10.5% higher than the national average (46.6%).
Fat and water content were 1.9% and 10.3%, respectively. The results of the quality analysis
of the three sampling points in the winter sowing group pea sites showed that the average
protein content was 24.1%, which is 0.5% lower than the national average. The carbohydrate
content was 56.9%, which 10.3% higher than the national average. Fat and water content
were 3.1% and 10.2%, respectively.

Table 2. Quality analysis of regional trial sites of Longwan No. 6 pea cultivars.

Sites Protein Carbohydrate Fat Water Content
Spring sowing sites 21.2% 57.1% 1.9% 10.3%
Winter sowing sites 24.1% 56.9% 3.1% 10.2%
The national average 24.6% 46.6% 2.5% 10.3%

Note: The national average quality index of the peas (46.6%) was determined by regional trial sites of China
pea cultivars.

3.3. Disease Resistance

A field evaluation of natural susceptibility by the Institute of Plant Protection, Gansu
Academy of Agricultural Sciences at Qinwangchuan experimental site was conducted on
28 June 2014 (pod filling stage of pea) [11,12]. The results showed that the powdery mildew
incidence rate of Longwan No. 6 was 12.5% and the disease index was 10 (Table 3). The
powdery mildew incidence rate of the control cultivars (Longwan No.1) was 20.8%, and the
disease index was 32. Longwan No. 6 exhibited moderate powdery mildew resistance. In
2014, the occurrence and prevalence of root rot in the field were identified during the pea
growing period at Tangjiabu Field Station. The root rot incidence rate of Longwan No. 6
was 17.3%, with a disease index of 4.6. The root rot incidence rate of the control cultivars
was 24.8%, with a disease index of 5.9. This indicates that the root rot disease of Longwan
No. 6 is lower than that of the control cultivars.
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Table 3. Analysis of disease resistance in Longwan No. 6 pea cultivars.

Powdery Mildew Root Rot
Incidence Rate Disease Index Incidence Rate Disease Index
Longwan No.1 20.8% 32 24.8% 59
Longwan No. 6 12.5% 10 17.3% 4.6

Note: Longwan No.1 is the control cultivar.

3.4. Yield

The grain yield of 11 pea cultivars in spring and winter sowing is shown in Figures 5
and 6 (WD04-2 is the test code for Longwan No. 6). In the spring sowing group, the
average grain yields of WD04-2 are 3193.2, 2796.7, and 2739.3 kg/hm? from 2012 to 2014,
respectively (Figure 5). Across the three years, grain yields increased by 18.8, 16.8, and 19.8%
in WD04-2 as compared to the control cultivar (Longwan No. 1), respectively. Compared
with other cultivars, grain yields increased by 1.6-72.0%, 2.3-63.7%, and 2.6-73.1% from
2012 to 2014, respectively. In view of the winter sowing group, the average grain yields
of WD04-2 are 2826.0, 2570.7, and 1944.6 kg/hm? in the three years, respectively. Grain
yields increased by 11.3, 12.9, and 14.1% on WD04-2 as compared to the control cultivar,
respectively. Grain yields increased by 0.4-138.3%, 1.2-95.6%, 1.9-83.8% in three years,
respectively, compared to other cultivars. Longwan No. 6 ranked second out of all the
11 tested cultivars (lines) in the spring and winter sowing groups. The results indicated
that the Longwan No. 6 pea cultivar has great potential for increasing yield and wide
environmental adaptability. It is suitable for planting in the spring and winter sowing.

8000 - E
6000 — ab ; . b
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4000 — cd ¢ f
0 T | | T T T T T T | |
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6000 —
4000 = 4 i ef be cd £ 4 be de
| R R IR I I
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4000 4 a cd b de de be ab b de e
MR I I I R IS
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WD04-01

WD04-02 WDO04-03 WD04-04 WDO04-05 WD04-06 WDO04-07 WDO04-08 WDO04-09 WDO04-10 WDO04-11

Figure 5. Grain yields of the fourth round of regional trials of China pea cultivars in the spring sowing
group. The different lowercase figures above indicate significant differences between treatments
(p =0.05).
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Figure 6. Grain yields of the fourth round of regional trials of China pea cultivars in the winter sowing
group. The different lowercase figures above indicate significant differences between treatments
(p =0.05).

3.5. Comparison with Parental Characteristics

The Longwan No. 6 pea cultivar inherited some of its excellent characteristics from its
female parent (Mp1807) and male parent (Graf). It is consistent with the female parental
traits in terms of plant type, flower color, pod size, pod shape, and powdery mildew
resistance. Longwan No. 6 is a semi-leafless, white-flowered, hard-podded pea cultivar. It
is between the two parents in terms of plant height, number of nodes per plant, number of
nodes at first flower, double pod rate, 100-grain weight, and days to maturity (85-90 days).

3.6. Cultivation Techniques

The suitable sowing period of Longwan No. 6 is from mid-to-late March to early-to-
mid April. It can be sowed when the average surface temperature is stable at 3-5 °C and
the soil is thawed at 12-15 cm. The row spacing is 22-25 cm, and the plant spacing is 2-3 cm.
The seeding rate is 270-330 kg/hm?, and the seedlings are maintained at 90-120 plants/m?.
In terms of fertilizer requirements, in plots with premature senescence, topdressing N
30.0-45.0 kg/hm? is combined with irrigation or rainfall at the beginning of flowering.
Spray 1 to 2 times with potassium dihydrogen phosphate 7.5 kg/hm? mixed with 450 kg
of water at the final flowering stage. Trifluralin EC 48.0% was used as a pre-emergence
herbicide for soil surface treatment to control weeds in the field.

4. Discussion

Leguminous crops are important to human and animal life. They occupy a vital
role in the global food supply chain and sustainable agricultural production systems [18].
Leguminous crops have prominent biological features owing to their inherent ability to fix
atmospheric nitrogen [27]. These crops become an indispensable part of the sustainable
agriculture strategy throughout the world. Improving the production of leguminous crops
requires a breeding investment on a large number of species [28]. However, the grassland
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and Dingwan series of traditional pea cultivars are trailing peas in China for the most
part. These cultivars are suitable for planting in dryland [6,7]. They are not suitable for
planting in irrigation areas and often cause late maturity, lodging, rotten seedlings, and
root rot in years with high rainfall. Serious powdery mildew was caused by planting
traditionally bred pea cultivars in irrigation areas, thereby affecting yield and quality [4,12].
In addition, it is difficult to meet the needs of agricultural rotation and intercropping in
rain-fed agricultural areas and irrigated areas. In fact, lodging is present in all cultivars
with classical leaf structure irrespective of stem length and maturing [9]. The semi-leafless
type of pea was artificially mutagenized, and all pinnate compound leaves were mutated
into tendrils [21]. Tendrils are intertwined between plants to form a scaffold structure with
excellent lodging resistance [9]. This has important utilization value in the breeding of
peas, such as lodging resistance, water saving, and disease resistance [4,29]. Meanwhile,
a previous study showed that it is possible to successfully recombine the homozygous
leafless gene with already achieved desired traits within late-maturing genotypes without
losing disease resistance and resistance to lodging [9,21]. Our study also has similar results.
Longwan No. 6 inherit quality and days to maturity from their parents with normal leaf
(the male parents Graf) but at the same time acquire lodging resistance and powdery
mildew resistance from the semi-leafless pea (the female parents Mp1807).

In this study, the traditional drought-resistant and trailing pea breeding objectives
were adjusted to the semi-leafless pea breeding with concentrated pods, lodging resistance,
and suitability for mechanized operation. There is need for the development of large-scale
production of peas. In the selection of breeding technology of Longwan No. 6, drought
resistance and high-yield identification were carried out using the cycle of irrigation and
dryland. The powdery mildew resistance evaluation was carried out at the Qinwangchuan
Experimental Station in Lanzhou. The problem of single resistance or unstable resistance in
bred varieties was solved. The multi-ecological joint regional test of China indicated that
Longwan No. 6 has good disease resistance and high yield performance. Longwan No. 6
exhibited outstanding yield performance in all planting areas. The breeding of Longwan
No. 6 is a breakthrough in pea lodging resistance breeding in Northern China. Compared
with trailing pea cultivars, Longwan No. 6 has five highlighted agronomic traits: early
maturity, concentrated flowering, shade tolerance, dwarf culm, and lodging resistance.
These characteristics meet the needs of pea cultivars for rotation and intercropping in
rain-fed agricultural areas and irrigated areas. It has contributed toward developing the
rotation and intercropping systems in irrigation areas (Figure 7) and to developing the
traditional pea monoculture systems to an intercropping system. Even more importantly,
the popularization and application of this cultivar have expanded the pea production areas
from traditional dry farming areas to irrigated agricultural areas and rain-fed agricultural
areas in Gansu, Ningxia, and Qinghai provinces.

Figure 7. Intercropping patterns of Longwan No. 6 in Northern China; (a): maize-pea intercropping
pattern; (b): potato-pea intercropping pattern.
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5. Conclusions

Longwan No. 6 is resistant to powdery mildew and as such has contributed to solve
the prominent problems of pea powdery mildew in China. Meanwhile, Longwan No. 6
is resistant to lodging and has contributed to develop pea-based intercropping systems.
Thus, adopting the Longwan No. 6 pea cultivar will contribute to improvements in pea
production in arid irrigation and rain-fed areas and other similar ecological conditions.
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