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Abstract:

The development of high-protein quality leafy maize materials holds promise in maize breeding specialised for forage
and silage. In this study, leafy maize materials were developed using conventional breeding and the application of
simple sequence repeats (SSR) markers. Results from phenotyping 20 maize lines indicated that PM3, PM7, PMS,
PM9, PM10, PM12, PM14, and PM17 have average grain yields equivalent to the check CML161 and significantly
higher than CML165. Using primers phill2 and phi057, the opaque-2 gene was found in 10 lines. The protein content
of the lines ranged from 8-11%, making them suitable for breeding quality protein maize (QPM). Notably, PM?7,
PMS8, PM10, PM12, PM14, PM15, PM16, and PM17 have a quality index (QI) above the minimum of 0.8 and are
considered QPM lines. Our findings confirmed that lines PM7, PM8, PM10, PM12, and PM17 could initially be
evaluated as the most promising for QPM development. By crossing lines carrying the opaque-2 gene with the leafy
maize line (Leafy5), 11 leafy materials (LM) were successfully developed. Specifically, LM6 and LM10, with 10-12
leaves above the uppermost ear and good agronomic traits, were selected as segregating populations for background

selection using SSR markers to identify the opaque-2 gene for developing QPM leafy maize in the future.
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1. Introduction

Maize (Zea mays L.) is an important crop for food
security, nutrition, and global economic development
[1-3]. Additionally, maize is considered a potential crop
for green forage and silage due to its superior nutritional
energy value and high biomass [3-5]. Using grain-purpose
maize varieties with high whole-plant yield is not ideal for
forage and silage because the selection of traits for grain
is opposite to that for forage and silage maize hybrids [6].
Therefore, to meet the requirements of forage and silage
maize, it is necessary to research and develop specialised
maize hybrids with high biomass, dry matter yield, good
quality, and high digestibility [6-9].

For forage and silage maize breeding purposes, the
development of maize hybrids with a higher leaf number
above the primary ear is important [6, 9], as the genetic
correlation between the leafy trait and increased biomass
is positive [10-12]. Scientists have also shown that the
leafy trait in maize helps improve the quality of forage and
silage, particularly by increasing digestible matter content
[9, 10] and carbohydrates [12, 13] while reducing lignin [9].
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Current studies elucidate that the Leafy! (Lfy1) gene, which
regulates this trait in maize, is considered a dominant gene
[7] or an incompletely dominant gene [14].

In addition to high productivity, maize varieties
specialised for green forage and silage must also have good
quality, particularly in terms of protein. Protein content in
maize kernels and 45% grain silage are only 10 and 9% of
total dry matter, respectively [15], and essential amino acids
in kernels are deficient [16, 17], with tryptophan averaging
only 0.4-0.5% of the total protein available in the kernel
endosperm [18, 19]. This leads to a decrease in protein
quality and nutritional deficiency in food. The digested
protein in conventional maize reaches only about 40% of
the necessary biological value compared with milk [20, 21].
Therefore, to improve the nutritional value of forage maize,
it is essential to enhance protein quality by increasing the
content of essential amino acids, such as tryptophan and
lysine. For lowland tropical germplasm to be considered
QPM, tryptophan and lysine contents in seeds should range
from 0.5-1.1% and 2.7-4.5% of total protein, respectively,
with a quality index (QI) higher than 0.8 [19].
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It is confirmed that the recessive gene opaque-2 (0,)
is responsible for changing protein compositions and
conferring higher lysine and tryptophan contents in the
kernel endosperm compared to normal maize carrying
the dominant allele (O,) [19, 22]. The better quality of
endosperm protein controlled by the o, gene is due to
increased lysine and tryptophan contents [16, 20]. Other
genes that enhance essential amino acid content in maize
endosperm include flouryl (fl), floury2 (fl), floury3 (fl),
opaque-5 (0,), opaque-6 (o), opaque-7 (0,), opaquel5 (o ),
and others [23, 24]. Recently, the recessive gene opaque-16
(0,,) has been discovered to have higher tryptophan and
lysine contents than o,-based maize [24-26]. These findings
provide a scientific basis for QPM maize breeding.

Thus, to successfully research forage and silage-specific
maize, it is essential to develop high-protein quality leafy
maize materials. Based on this scientific basis, our study
focused on the development of maize materials that have (i)
at least eight leaves above the primary ear, high stay-green,
(i1) high protein quality, and (iii) good tolerance to common
maize diseases and pests, resistance to root and stalk
lodging, for breeding forage maize hybrids that are highly
adaptable to climate change and meet the requirements for
excellent feed quality.

2. Materials and methods
2.1. Inbred lines

Twenty-three inbred lines were used in this study. Among
these, twenty inbred lines designated as PM1 to PM20 were
collected, selected, and developed from QPM germplasm
by the Maize Research Institute, Vietham. Two QPM lines,
namely CML161 and CML165 (the female and male lines
of Maize Hybrid HQ2000, respectively), derived from the
Centre for International Maize and Wheat Research, were
used as control checks. Additionally, one leafy line with
more than eight leaves above the uppermost ear, named
Leafy5, was selected and developed by Maize Research
Institute, Vietnam.

2.2. Phenotyping maize lines

In Spring 2022, trials were conducted to evaluate
agronomic characteristics (maturity, morphological traits
of leaves, stalk, and grain yield) and tolerance of maize
lines, with checks of CML161 and CML165. These trials
followed a randomised complete block design (RCBD)
according to the Centre for International Maize and Wheat
Research’s guidelines (1985) [27]. The trials were planted
in four rows with three replications, with a plot size of 14
m? (5.0 m row length, 0.7 m distance between hills, and
0.25 m between plants). The trial was carried out at Maize
Research Institute, Vietnam’s experimental fields under
irrigated conditions and on alluvial soil. Morphological and
grain yield data were measured from ten plants in the two
middle rows of each plot.
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2.3. Sampling leaves

In Spring 2022, leaf samples from lines with good
tolerance to diseases and pests were collected when the
plants were approximately three weeks old for genotyping
with opaque-2 gene-specific SSR markers phi057 and
phill2, as applied by R. Babu, et al. (2005) [28] and
according to Centre for International Maize and Wheat
Research’s guidelines (2008, 2016) [19, 29].

2.4. Identifying opaque-2 gene using simple sequence
repeats markers

The presence of the opaque-2 (0,) gene regulating the
trait of QPM was identified using primers phi057 and
phill2 (Table 1). Detailed information on these markers is
available in the maize database (http://www.maizegdb.org).

Table 1. Simple sequence repeat markers used in identifying
opaque-2 gene of maize lines.

SSRs Forward sequence (5'-3’) Reverse sequence (3'-5°)
phill2 TGCCCTGCAGGTTCACATTGAGT ~ AGGAGTACGCTTGGATGCTCTTC
phi0s7 CTCATCAGTGCCGTCGTCCAT CAGTCGCAAGAAACCGTTGCC

DNA extraction was carried out according to the
cetyltrimethylammonium  bromide (CTAB) method
[30]. The PCR reaction was performed on an Eppendorf
X50S machine at the laboratory of Maize Research
Institute, Vietnam, using the following programme: initial
denaturation at 94°C for 2 minutes, denaturation at 94°C
for 30 seconds, annealing at 56°C for 1 minute, extension at
72°C for 1 minute, repeating the second step 29 times, final
extension at 72°C for 5 minutes, and maintaining at 4°C.
The amplified product was subjected to electrophoresis on
2% agarose gel.

2.5. Analysing protein content and quality

Kernel samples of the studied maize lines were collected
for analysing total protein, tryptophan, and lysine contents
according to official standard methods of TCVN 4328:2007,
TCVN 5283:2007, and AOAC994.12, respectively, at the
Centre for Food Quality and Safety Research (CEFORES),
Vietnam. The protein quality in maize was measured using
the QI, which is the percentage of tryptophan content
compared to the total protein of the sample. A QI of at least
0.8 is considered indicative of QPM maize [19].

2.6. Developing leafy maize materials with elevated
protein content

Based on the results of evaluating the agronomic
characteristics and tolerance of these lines combined with
identifying the opaque-2 gene using SSR markers, 10
opaque-2 gene-carrying lines and CML161 were crossed
with the line Leafy5 in Spring 2022. Eleven leafy maize
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materials were developed and individually selected for
forage maize breeding with high protein quality, named
LMI1 to LMII1. In the Autumn-Winter 2022 crop season,
with the aim of phenotypically selecting individuals of each
material with a higher leaf number above the primary ear
(at least eight leaves), these maize materials were planted
with commercial maize hybrids NK7328 and LCHO as
checks and tested for morphological and tolerance traits
according to Vietnam’s National Standard TCVN 13381-
2:2021. Special attention was given to the criteria on leaf
number above the primary ear [6, 9] and stay-green ranking
[31], which are important morphological characteristics in
breeding maize specifically for forage and silage. Individual
plants with at least eight leaves above the uppermost ear,
good growth, good tolerance to common maize diseases,
pests, root, and plant lodging were selected for self-
pollination and development of F, segregating populations
used for background selection with SSR markers to identify
the presence of the opaque-2 gene among leafy individuals
for the development of high-protein quality leafy maize.

2.7. Screening opaque endosperm maize kernels on a
light table

Light tabling was used to phenotypically select maize
kernels carrying the 0,0, genotype based on the degree
of their opaqueness. For conventional maize breeding,
this method is significantly important in successfully
developing maize germplasm at the segregating generations
of F, families [19, 29, 32]. In Spring 2023, F, seeds of leafy
maize materials were screened and around 50% of opaque
kernels (score 3) were selected according to the instructions
by B.S. Vivek, et al. (2008) [19].

2.8. Analysing data

Phenotypic data were statistically processed with
Microsoft Excel 2016, and the analysis of variance
(ANOVA) on grain yield was carried out using IRRISTATS.
Differences in mean grain yield were separated by the least
significant difference test (LSD,  .) when the F-test was
significant (P<0.05).

0.05

3. Results

3.1. Agronomic and tolerant traits of studied maize
lines

The testing results showed that the maturity of studied
lines ranged from 116 to 121 days and was comparable to
the checks (CML161 and CML165). All lines had 5-7 leaves
above the uppermost ear, average plant and ear height, and
good tolerance (score 1-2). Lines PM7, PM8, and PM17
were highly tolerant to corn borer (Ostrinia furnacalis)

MARCH 2025 ¢ VOLUME 67 NUMBER 1

LIFE SCIENCES | AGRICULTURE, BIOTECHNOLOGY m

(score 1), less infected with sheath blight (Rhizoctonia
solani), and resistant to lodging (score 1), whereas others,
including PM2, PM11, PM13, and PM20, exhibited higher
infection levels. Regarding grain yield components, the
average weight of 1,000 kernels of the lines varied broadly
from 246.4 g (PM2) to 289.9 g (PM10), while the average
number of kernel rows per ear ranged from 12.6 to 15.8
rows. There was variation in the grain yield of the studied
lines, ranging from 2.26 tons ha”-! (PM20) to 3.26 tons ha”-
' (PM10), with lines PM3, PM7, PM8, PM9, PM10, PM12,
PM14, and PM17 being equivalent to CML161 (3.24 tons
ha*-') and significantly higher than CML165 (2.34 tons
ha”-!) (Table 2).

Table 2. Major agronomic characteristics of maize lines.

Corn  Sheath Root

{\'lameof Matwity PH  EH LA b Mt Ideitg P1000 KRP? Grainyifld
ines (days)  (em)  (cm) (leaves) f) () (0 (gram) (rows) (fons.ha”)
PMI 17 647 452 56 1 | | 5L 130 254
M2 118 606 702 56 2 ] 2 560 142 297
M3 119 198 79 56 1 | 2 Mod 148 303
M4 120 186 808 56 1 | 2 BI§ 142 256
PMS 17 487 55 56 1 | 2 515 146 289
Mo 117 1095 551 67 2 | 1 Bl 154 28

M 10 1675 650 67 1 | 1 576 156 310

M 17 1094 72 67 1 | 1 586 156 3l
My 119 1672 557 56 2 | 1 208 154 323
M0 119 1658 8L 56 2 | 1 199 154 326
M1 IT5 646 56 2 | ) 539 15§ 1M
M2 118 1740 82 56 1 | 1 207 156 32
M3 119 1488 67 56 2 12 2560 126 246
M4 119 416 672 56 1 | 2 2539 142 300
PMIS 116 ML 610 56 1 1 1 MW 146 24
PMI6 118 1455 485 56 1 1 2 BLS B3 28
MIT 117 165 044 56 1 1 | 1556 150 301
PMIS 116 1367 47 56 1 1 | w4 B8 24
M9 117 1445 515 56 2 1 | M1 128 265
MO 12 1523 546 56 2 1 2 192 126 226
CML16! 119 56l 686 56 2 1 | 201 148 34
CMLI6S 120 450 593 56 2 1 ] 914 128 24
(W 3
LSD 0.47

005

PH: Plant height, EH: Ear height, LA: Number of leaves above
the uppermost ear, P1000: Weight of 1000 kernels, KRE:
Number of kernel rows per ear.
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Through evaluating the agronomic characteristics and
tolerance of 20 maize lines, we found that 16 lines, including
PM1, PM3, PM4, PMS5, PM6, PM7, PMS, PM9, PM10,
PM12, PM14, PM15, PM16, PM17, PM18, and PM19,
had higher grain yield than CML165 (2.34 tons ha”-'),
good growth, and tolerance, especially at the seedling
stage. These lines were used to analyse the presence of the
opaque-2 gene using SSR markers.

3.2. Identifying the presence of the opaque-2 gene
among the studied maize lines with simple sequence repeat
markers

The results revealed that 10 lines showed DNA bands
appearing at approximately 150 bp at the same location as
the band of the positive check CML161, indicating they are
homozygous recessive (0,0,) lines, including PMI, PMS,
PM7, PM8, PM10, PM12, PM14, PM15, PM16, and PM17.
On the other hand, implementing electrophoresis with primer
phill?2 resulted in marking six lines (PM3, PM4, PM6, PM9,
PM18, and PM19) with the appearance of a DNA band at the
position of about 160 bp corresponding to the band of the
negative check Leafy5 (without the opaque-2 gene), while
the others, along with CML161, showed no DNA band,
indicating that these lines possess the homozygous recessive
opaque-2 gene (0,0,) (Figs. 1A, 1B).

161 - PM1PM3 PM4 PM5 PME PM7 PM8 PM3 PAI10 P2 PRA4 PMAS PMIG PMI7 PRD PM1D

o - . |
- W e

- = :
e — m&;ﬁ_‘r-!“rw WP ver WOY PEY w3

161 - _PM1.PM3 PM4 PMS PMS PMT PMB PM3 putg o2 paats
1 . -==a

Fig. 1. Identifying the opaque-2 (0,0,) gene of maize lines
with simple sequence repeat markers phi057 (A) and
phi112 (B). Lane 1: 1 kb ladder; Lane 2: CML161 (QPM line);
Lane 3: Leafy5 (non-QPM line); Lanes 4, 7, 9, 10, 12, 13, 14,
15, 16, 17: PM1, PM5, PM7, PM8, PM10, PM12, PM14, PM15,
PM16, PM17 (0,0, gene); Lanes 5, 6, 8, 11, 18, 19, 20: PM3,
PM4, PM6, PM9, PM18, PM19 (0,0, gene).

Vietnam Journal of Science,

Technology and Engineering

3.3. Protein content and quality of maize lines

Analysing the protein content of 20 lines revealed
diversity from 8.20 g (PM15) to 11.57 g (PM5) in 100 g
of maize kernels. The results also indicated that in 100 g of
maize grain, opaque-2 gene lines (PM1, PMS5, PM7, PMS,
PM10, PM12, PM 14, PM15, PM16, PM17) had tryptophan
content ranging from 67.1 to 90.8 mg or 0.76 to 0.89% of
total protein and lysine from 270.4 to 308.6 mg, equivalent
to 2.60-3.30% of total protein. The results are presented in
Table 3.

Table 3. Results of analysing protein content and quality of
the studied maize lines.

Nameof  Protein Tryptophan  Tryptophan ~ Lysine Lysine Quality
lines (@100g*  (mg100g)* (% protein) (mg/l00g)* (% protein)  index
PMI 10.36 79.6 077 2982 288 077
PM2 1091

PM3 1080

PM4 982

PMS 1157 885 0.76 3005 260 0.76
PM6 843

7 10.00 803 0.80 2807 281 080
PM8 1030 843 082 2913 289 082
PMY 942

PMI0 9.24 817 088 2809 3.04 0.88
PMII 11.00

PM12 10.10 852 0.84 3020 29 0.84
PMI3 11.56

PM14 9.86 8.7 0.84 290.1 294 0.84
PMI5 8.0 67.1 082 2704 330 082
PMI6 9.80 80.6 0.82 288.7 295 0.82
PMI7 10.15 9038 089 308.6 3.04 0.89
PMI8 10.03

PM19 1022

PM20 11.51

CMLI6I*  10.8-11.2 0.84-0.88 400416 084088

*: Analysis results by Centre for Food Quality and Safety
Research (CEFORES), Vietnam; **: Analysis results under the
project “Research on breeding QPM hybrids with high yield,
good tolerance for processing livestock feed”.
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3.4. Developing leafy maize materials with high protein
quality

Based on the results of evaluating the agronomic
characteristics and tolerance of the studied lines combined
with identifying the opaque-2 gene with the SSR markers
phi057 and phill2, 10 elite lines (PM1, PMS5, PM7, PMS,
PM10, PM12, PM14, PM15, PM16, PM17) and CML161
were confirmed to carry the recessive opaque-2 gene
(Table 4). These were crossed with the line Leafy5 to
develop high-protein quality leafy materials (LM).

Table 4. Summary table of main agronomic traits, resistance
and tolerance, protein content, and quality of opaque-2
gene lines.

Name Corn ~ Sheath ~ Root  Grain Lysine

g (L]faves) b bight gyl g‘;:;"';) (Tl;yg‘/’:‘[”gl;“ (mg/100 ﬁ';::ty
lines (score) (score)  (score)  (tons.ha’) 9)

MOS6 1 L% % mE M2 07
YO A B )M LT %5 WS 0%
Mo 1 L300 100 83 %7 080
M6 1 I3 030 M3 W3 R
MO OS6 2 I 36 94 BT B9 088
M2 OS6 1 I 3 0 &2 N0 oM
MIOSE T 12 0 9% 7 N0 0
MM S6 1 Y R T ms 08
MG S6 1 )1 9 %6 T 0
M7 OS6 1 L300 105 %S M6 09

LA: Number of leaves above the uppermost ear; Score 1: The
best; Score 5: The worst.

Table 5. Morphological characteristics and resistance of
leafy maize materials.

Name'of Origh PH EH I[A Stay-green  Root lodging  Stalk lodging
materials (cm)  (cm) (leaves) (score) (score) (score)
LM1 PMI x Leafy5 N s 2 1 |

LM2 PMS x Leafy$ 0 9% 912 2 1 |

LM3 PM7 x Leafy$ 751000 15181 | |

LM4 PM8 x Leafy$ 258 IS 2 | |

LMS PMI0x LeafyS 285 110 1516 2 ) |
LM6 PMI2xLeafy5 258 115 1214 1 1 1
LM7 PMI4xLeafyS 285 100 912 2 1 |

LM§ PMISxLeafyS 290 115 1213 2 1 |

LM9 PMI6xLeafyS 245 102 89 ) | |
LM10 PMI7xLeafyS 280 120 1011 1 | |
LM1l CMLI6l x LeafyS 275 130 1213 2 1 1
Check 1 LCH9 A6 103 67 1 1 1
Check2 ~ NK7328 0513 67 1 1 |

PH: Plant height; EH: Ear height; LA: Number of leaves above
the uppermost ear; Score 1: The best; Score 5: The worst.
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The research results showed that LM3, LM6, and LM10
have a higher number of leaves above the uppermost ear
with more than eight leaves, good growth, low ear height,
good resistance to lodging (score 1), and high stay-green
(score 1) (details in Table 5).

Due to LM3 having 15-18 leaves above the ear, leading
to a long maturity of more than 130 days, it is not reasonable
for practical production. Therefore, individual plants with
only 10-12 leaves above the ear of LM6 (PM12 x Leafy5)
and LM10 (PM17 x Leafy5) were carefully selected (Figs. 2
and 3) as segregating populations for background selection
with SSR markers in identifying the presence of the
opaque-2 gene among leafy individuals for the development
of leafy maize lines with high protein quality in the next
generations.
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3.5. Screening opaque endosperm maize kernels on a
light table

Following morphological evaluation, the best individual
plants of LM6 and LM10 with 10-12 leaves above the
uppermost ear were selected as primary materials for
researching and developing high-protein quality maize
hybrids specialised for green forage and silage. The F, seeds
of these materials were screened for the opaque endosperm
ratio on a light table before planting. As a result, modified
kernels with the endosperm of around 50% opaque (score 3)
of these leafy maize materials were classified (Fig. 4).

L ’ |
o8 Tpv  Ygav

Leafy5

LM6 LM10

Fig. 4. Opaque endosperm seeds (CML161, PM12, PM17),
normal endosperm seeds (Leafy5) and variation in opaque
endosperm seeds of LM6 and LM10.

These F, seeds were grown to form F,. populations
for background selection with SSR markers to identify
the presence of the opaque-2 gene among leafy individual
plants of LM6 and LM10, combining with conventional
maize breeding for the development of high-protein quality
leafy maize lines for green forage and silage.

4. Discussion

Previous studies have confirmed that the Leafy! (Lfyl)
mutant gene, controlling the leafy trait in maize (four or
more leaves above the uppermost ear compared to normal
maize), is dominant [7] or incompletely dominant [14],
and is identified on chromosome 3, near the RFLP marker
bnl7.26 and 2 SSR markers mmc0001 and umci1578. This
trait helps increase biomass yield and quality [9, 11, 12],
making it a significant direction for maize breeding for
green forage and silage, especially in North America [6, 9].
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In addition to high whole-plant yield, forage maize
must also be of high quality. Therefore, it is essential to
use qualified maize germplasms such as mutant genes
bm (brown midrib), wx, floury-2, etc. However, applying
these genes in practice has not met expectations due to
low average productivity, poor agronomic characteristics,
high susceptibility to pests and diseases, poor resistance
to lodging, and variable quality [9]. Scientists have
demonstrated that the opaque?2 (0,) is a recessive gene that
improves protein quality in maize by increasing lysine and
tryptophan content in the kernel endosperm compared to
normal maize [16, 22, 32], and it has been used in QPM
breeding programs [19, 29, 33].

Based on the scientific foundation and genetics of these
traits, studies on developing high-protein quality leafy
maize materials for forage breeding were carried out. In any
hybrid maize breeding program, inbred lines are considered
the foundation. Therefore, evaluating agronomic traits and
tolerance is crucial to selecting the best lines suitable for
high-protein quality forage breeding. In Spring 2022, due
to low temperatures (18-20°C) during the germination and
seedling stages, the maturity of lines, including checks
CML161 and CML165, was prolonged to 121 days (PM20).
Among grain-yield components of the lines, the range of
the average weight of 1,000 kernels is more significant
than that of the number of kernel rows per ear. This can be
explained by the fact that the number of kernel rows per
ear is a heritable character [34] and is mainly inherited by
additive effects [35]. Although most of the lines have higher
grain yield than the check CML165, tolerance to diseases
and pests, and resistance to lodging (score 1-2), 16 lines
(PM1, PM3, PM4, PMS5, PM6, PM7, PMS8, PM9, PM10,
PM12, PM14, PM15, PM16, PM17, PM18, and PM19)
may be more appropriate as parental lines in breeding maize
hybrids specialised for green forage and silage.

In breeding high-protein quality maize hybrids, it is
fundamental to develop maize lines carrying the opaque-2
(0,) gene mutation that regulates an increase in lysine and
tryptophan content in the kernel endosperm compared to
normal maize [16, 19, 22]. Phenotyping combined with
applying molecular markers to confirm the presence of the
0,0, gene has been successfully used in many QPM maize
breeding programs [26, 36]. SSR markers (phi057, phill2,
and umcl066) have been applied to identify individuals
carrying homozygous recessive (0,0,) and heterozygous
(0,0,) genes [28, 37]. The SSR marker phill2 is dominant
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in distinguishing QPM from normal maize [34], because the
0,0, genotype is homozygous recessive, so both dominant
and co-dominant markers must give the same results. In
contrast, phi057 is a co-dominant marker [28], linked more
closely to the opaque-2 gene than phill2, and can detect
homozygous dominant (0,0,), heterozygous (0,0,), and
homozygous recessive (0,0,) individuals. The presence of
a DNA band in the amplified PCR product at the position
corresponding to the positive control determines the
presence of the opaque-2 gene, whereas the absence of this
DNA band indicates normal maize. Therefore, these SSR
markers used in this study help find (0,0,) homozygous
recessive gene lines accurately and effectively. The analysis
of results showed that DNA bands of 10 lines (PM1, PMS5,
PM7, PMS, PM10, PM12, PM14, PM15, PM16, PM17)
appeared at approximately 150 bp as CML161 with the
primer phi057, while others of 6 lines (PM3, PM4, PM6,
PM9, PM18, and PM19) had the position at around 160 bp
with the primer phill2. This result is similar to previous
studies on the application of phi057 and phill2 markers in
QPM maize breeding [28, 33, 38].

Besides identifying the opaque-2 gene, to develop
quality protein maize, the analysis of tryptophan and lysine
content to verify protein quality must be done. As a result,
the tryptophan content of the opaque-2 gene-carrying lines
is twice as high, while the lysine content is 1.5 times higher
than in normal maize. A reduction in lysine content during
selection is also observed in QPM breeding programs [39],
and the wide range of variation in lysine content depends on
germplasm. In contrast, the tryptophan content in total corn
kernel protein is less variable, with 0.5% on average for
conventional maize and 0.8% for QPM [18, 19]. Thus, the
tryptophan content is used as the quality index (QI) in QPM
maize breeding [19, 29, 40]. Remarkably, identifying PM7,
PM8, PM10, PM12, PM14, PM15, PM16, and PM17 with
QI above the minimum of 0.80 initially indicates that these
are QPM lines. However, the analysis results also showed
that PMS5 has high levels of tryptophan and lysine, with 88.5
and 300.5 mg respectively in 100 g kernel grain samples.
However, due to the high total protein content of 11.57 g,
the quality index (QI=0.76) is low, leading to the conclusion
that the correlation between protein content and quality, and
between total protein content and QI, is negative, similar to
previous research results [19].

Through phenotyping, genotyping, and analysing the
protein quality of 20 inbred lines, we found that PM7, PMS,
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PM10, PM12, and PM17 are the most promising lines with
high protein quality. Our studies focused on developing new
high-protein quality leafy materials by crossing homozygous
recessive gene 0,0,-carrying lines with the leafy line
(Leafy5). By evaluating the morphological characteristics
and resistance of these leafy materials, the results showed
that individual plants with eight leaves above the primary
ear in all materials were successfully developed. However,
not all plants in a given material have a higher number of
leaves above the ear, probably because the Leafyl gene
(Lfy1) regulating this trait is an incompletely dominant gene
and is mainly inherited from the genetic background [14].
Among the well-phenotyped leafy materials, LM3, with
15-18 leaves above the ear, leading to long maturity (more
than 130 days), is unsuitable for production in Vietnam [6].
Therefore, individuals of LM6 and LM10 were selected
with 10-12 leaves above the primary ear, good agronomic
characteristics, and adaptability to the ecological conditions
in Vietnam. They were developed as segregating populations
for identifying opaque-2 gene-carrying individual plants by
applying SSR markers. Combined with screening opaque
endosperm maize kernels on a light table, kernels with
about 50% opacity should be chosen before planting these
materials. As a result, both genotyping and phenotyping
help select high-protein quality individual plants more
precisely and efficiently [19]. This study provides early
results in maize breeding for green forage and silage and
paves the way for further study of high-protein quality leafy
lines in the future.

5. Conclusions

To confirm whether an inbred line is QPM, it is necessary
to both genotype the polymorphism on the opague-2 gene
and analyse protein quality using the quality index. Among
the 20 studied maize lines, PM7, PMS8, PM10, PM12,
PM14, PM15, PM16, and PM17, which carry the 0,0, gene
and have a QI greater than 0.80, are considered QPM lines.
By crossing opaque-2 gene-carrying lines and CML161
with the leafy line, 11 leafy maize materials (LM) were
successfully developed. Among them, only LM6 (PM12
x Leafy5) and LM10 (PM17 x Leafy5) with 10-12 leaves
above the uppermost ear, good agronomic traits, especially
resistance to lodging (score 1), high stay-green (score 1),
and adaptability to the tropical climate, were selected for
future development of high-protein quality leafy maize
lines.
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