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Abstract

Background: There is great productivity of rice(Oryza sativa L. spp. japonica) straw in China, which is a potential
source of biomass for biofuel and forage. However, the high levels of lignins in rice straw limited its usage and
induced the formation of agricultural waste. In order to modify the lignins contents to improve biofuel produc-

tion and forage digestibility, we selected Soybean hull peroxidase (SHP) and Glyoxal oxidase (GLOX) as candidate
genes to improve quality of rice straw. SHP, a class Il plant peroxidase, is derived from multiple sources. It has several
advantages, such as high resistance to heat, high stability under acidic and alkaline conditions, and a broad substrate
range. SHP is speculated to be useful for lignin degradation. Glyoxal oxidase (GLOX) is an extracellular oxidase that can
oxidize glyoxal and methylglyoxal in the extracellular medium to generate H,0..

Results: In the present study, the SHP and GLOX genes in pCAMBIA3301-glycine-rich protein (GRP)-SHP-GLOX, desig-
nated the K167 vector, were optimized and introduced into rice embryos using Agrobacterium-mediated transforma-
tion. Positive transgenic rice embryos were examined using molecular, physiological, biochemical and fermentation

Fermentation

tests. The outcomes suggested that SHP degraded lignin effectively.

Conclusions: This research has created a rice breeding material with normal growth and yield but stalks that are
more amenable to degradation in the later stage for use in breeding rice varieties whose stalks are easily used for
energy. Our results will improve the industrial and commercial applications of rice straw.

Keywords: Agrobacterium-mediated transformation, Lignin, Soybean hull peroxidase, glyoxal oxidase, Transgenic rice,

Background

China produces rice (Oryza sativa L. spp. japonica) straw
in large quantities, providing a crucial source of biomass
for raw materials. The straw primarily contains cellulose,
hemicellulose, and lignin. However, lignin has a complex
structure that makes its degradation difficult and, in turn,
limits the utility of rice straw. Lignin is a highly abundant
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and renewable resource across the globe that holds great
potential for the production of value-added chemicals
[1-3]. China produces lignocellulosic resources in large
quantities in the form of agricultural waste, industrial
residues, and residual wood. Crop straw accounts for a
large proportion of lignocellulosic agricultural resources
in agriculture-based countries; in addition, it is widely
used as a raw material for animal feed, fertilizer, alkali
materials and energy production [4].

The precise underlying mechanism of lignin biosyn-
thesis remains unknown. However, according to previ-
ous studies, broadly, it involves three steps: shikimate
metabolism, phenylpropane metabolism, and lignin
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synthesis pathways. Lignin production or contents
can be altered by regulating the expression of related
enzymes, which can be achieved via genetic engineer-
ing [5-7]

Lignin is formed from peroxidase-catalysed polym-
erization of lignin monomers. Peroxidase is an oxidore-
ductase enzyme that utilizes hydrogen peroxide (H,O,)
to oxidize organic compounds. It plays a crucial role in
a myriad of physiological and biochemical processes
in plants, such as photosynthesis, respiration, disease
resistance, and biotic-abiotic stress responses [8]. Per-
oxidases are ubiquitous in plants, animals, and micro-
organisms. In addition, peroxidases have found wide
applications in multiple areas, such as biodegradation,
sewage treatment, biocatalysis and biosensors. Horse-
radish peroxidase is a well-known commercial enzyme.
Soybean hull peroxidase (SHP), a class III peroxidase, is
derived from the soybean seed coat, a byproduct gener-
ated during the industrial oil production process. SHP
has multiple substrates, is resistant to high temperature
[9, 10], and functions over a broad pH range, which
makes it a valuable research tool [11]. Glyoxal oxidase
(GLOX) is an extracellular oxidase that can oxidize
glyoxal and methylglyoxal in the extracellular medium
to generate H,0O,. As a source of physiological H,O,,
GLOX is also an important class of enzymes involved in
the degradation of lignin.

Transgenic technology has been employed to enhance
the degradation of straw, which has reduced the cost of
feed production and environmental pollution [12]. SHP
is used to treat phenol-containing wastewater released by
industrial pulping processes, as SHP effectively degrades
the lignin present in this wastewater [10]. Thus, lignin
degradation has crucial implications in bioremediation
and other research investigations [13]. In the current
study, we constructed a K167 vector containing the SHP
and GLOX genes and introduced it into the rice genome
through Agrobacterium-mediated transformation to
generate transgenic rice plants with enhanced lignin
degradation.

Results

Vector construction

To verify the successful construction of the K167 vector,
first, the release of the insert was verified by electropho-
resis (Fig. 1A) and double enzyme digestion (Fig. 1B).
Subsequently, K167 was sent to Shanghai Bioengineering
Co., Ltd. for sequencing. The sequencing results com-
bined with the results of enzyme digestion proved that
K167 vectors had been successfully constructed, and
these vectors were used for subsequent Agrobacterium
transformation.
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PCR-based screening of transgenic rice plants

PCR was employed to validate the transgene insertion
using SHP-F and SHP-R primers. The amplified PCR
product of the 750 bp band size validated the SHP-pos-
itive status of the transgenic rice plants. The products of
the appropriate size were recovered and sent to Shanghai
Bioengineering Co., Ltd. for sequencing. The sequencing
results correctly verified the identity of the gene frag-
ments, indicating that the genomes of these strains all
carried foreign genes and confirming that these 21 strains
were positive transgenic plants (Fig. 1D, E).

Southern blot analysis of transgenic rice plants

Southern blotting confirmed the site of transgene inte-
gration. To extract pure rice leaf DNA, repeated extrac-
tions using RNase A were performed to eliminate RNA
contamination. Lane 1 was the positive control, and the
target gene fragment was melted and combined with the
probe, so this lane had only one band and its colour was
darker. Lane 9 was the negative control and showed no
band. K1, K2, K3, and K4 all showed two bands in the
lanes, so it can be determined that the number of cop-
ies of the target gene contained in the genomes of these
four lines was double. K5, K6, and K7 all show a single
band in the lanes, so single copies of the target gene were
contained in the genomes of these three lanes, indicating
a single copy line. The Southern blot results showed that
exogenous genes were integrated into the rice genome
(Fig. 2A).

Real-time fluorescent quantitative PCR (RT-qPCR)

of transgenic rice plants

RT-qPCR validated the presence of the SHP gene in
transgenic rice plants. GAPDH was used as an internal
reference gene, and cDNA from the wild-type rice line
was used as a negative control. RT-qPCR detection was
performed on the positive transgenic rice plants, and the
results proved that the exogenous gene had been tran-
scribed and expressed normally in rice, and the expres-
sion level showed certain differences in different periods.
The SHP gene of transgenic rice was upregulated during
the flowering and maturity stages. GLOX gene expression
was normal during the flowering period and was signifi-
cantly upregulated during the maturity period (Fig. 2B,
Q).

Basta smear experiment

The Bar gene in the K167 vector serves as a screening
marker, and it imparts resistance against the herbicide
Basta, also known as glufosinate. Bar gene expression
in transgenic rice was analysed using Basta. The resist-
ance of transgenic rice plants to Basta demonstrated Bar
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gene expression (Fig. 2D). Conversely, negative control
plants were found to be sensitive to Basta, as they did not
express the Bar gene.

Measurement of the agronomic traits

As shown in Fig. 3A-D, the wild-type and transgenic rice
both grew well and developed normally. There were no
significant differences in grain morphology, panicle shape
or whole plant morphology between the wild-type and
K-series transgenic rice lines.

The agronomic data of the transgenic lines are shown
in Table 1, and the agronomic data of the wild-type are
shown in Table 2. In terms of plant height, the wild type
was not significantly different from K8, K18, and K19
(P>0.05) but was significantly different from the other
strains (P < 0.05). In terms of ear length, the wild type and
K1, K4, K7, K8, K9, K10, K12, K14, K15, K16, and K18

were not significantly different (P> 0.05) and were signifi-
cantly different from other strains (P<0.05). In terms of
the number of tillers, the wild type was not significantly
different from K2, K3, K5, and K13 (P>0.05) but was
significantly different from the other strains (P<0.05).
In terms of total grains per ear, the wild type showed no
significant difference from K1, K4, K5, K7, K8, K16, K18,
and K20 (P>0.05) and a significant difference from the
other strains (P<0.05). In terms of the number of grains
per panicle, the wild type was not significantly different
from K1, K4, K5, K7, K8, K11, K16, and K20 (P>0.05) or
significantly different from the other strains (P<0.05).
In terms of the seed setting rate, there was no signifi-
cant difference between wild-type and all transgenic rice
(P>0.05). In terms of 1000-seed weight, the wild type
was significantly different from K2, K3, K6, K9, and K12
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Fig. 2 Southern blot, RT-qPCR and Basta smearing identification of rice. A Southern blot detection of rice. M: marker; 1: positive control; 2-8:
transgenic rice K1—K7; 9: negative control. B The expression levels of SHP and GLOX genes in rice at the flowering stage. C The expression levels
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(P<0.05) but not significantly different from the other
strains (P> 0.05).

Measurement of peroxidase activity

Peroxidase activity was detected spectrophotometri-
cally in transgenic plants, and these plants were identi-
fied through PCR-based screening using wild-type rice
plants as a control. Transgenic rice leaves demonstrated
higher peroxidase activity than the control leaves, but the
activity levels varied notably among the transgenic rice
leaves (Fig. 4A). According to SPSS analysis, the peroxi-
dase activities of wild-type rice and transgenic rice lines
were extremely different (P<0.01). Figure 4B shows that
the peroxidase activity in the leaves of the transgenic rice
at the mature stage was higher than that in the wild-type
rice, and there were also certain differences between the
different transgenic lines. Compared with the wild type,
the highest value of peroxidase activity of the transgenic
rice line K4 increased by 65.38%, and the lowest value of
K3 increased by 22.16% compared with the wild type. The
results showed that the exogenous genes SHP and GLOX
can be expressed normally and efficiently under the guid-
ance of the promoter, and the peroxidase activity of the
transgenic rice plants was significantly increased.

Determination of heterocellulose content

The heterocellulose content is the sum of the cellulose
and hemicellulose contents. However, when cellulose
and hemicellulose contents are measured separately, a
partial loss in yield is witnessed, which results in an inac-
curate measurement of lignin components. This inaccu-
racy can be eliminated by measuring the heterocellulose
content. In this study, the holocellulose contents of rice
in the flowering stage are shown in Fig. 4B. The holocel-
lulose content of wild-type rice was 61.12% +0.89%, the
highest holocellulose content in transgenic rice lines
was observed in K4, which was 62.85%+0.28%, and
the lowest holocellulose content was in K2, which was
60.48% £ 0.74%. Data analysis using SPSS 26.0 showed
that the cellulose content in wild-type rice lines was
not significantly different from that of transgenic rice
lines (P>0.05), indicating that the introduction of the
exogenous genes SHP and GLOX did not affect the syn-
thesis of cellulose in plants during blooming. The total
cellulose content of rice at the mature stage is shown
in Fig. 4C. The holocellulose content of wild-type rice
was 63.35%+0.78%, the highest holocellulose con-
tent of transgenic rice lines was found in K6, which was
66.04% £ 0.87%, and the lowest holocellulose content was
in K15, at 63.30% £ 0.52%. Data analysis using SPSS 26.0
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Fig. 3 Phenotypes of transgenic rice and wild-type rice. A Phenotypes of grains of transgenic rice. B Phenotypes of grains of wild-type rice. C
Comparison of the panicle types between wild-type rice and transgenic rice. A: Wide-type rice; B: transgenic rice. D Comparison of the shapes of
wild-type rice and transgenic rice. A: Wild-type rice of the control group; B: transgenic rice

showed that the cellulose content in wild-type rice lines
was not significantly different from that of transgenic rice
lines (P> 0.05), indicating that the expression of the exog-
enous genes SHP and GLOX did not affect the synthesis
of cellulose in plants at the mature stage.

Determination of lignin content

The lignin content of rice in the flowering stage is shown
in Fig. 4D. According to measurements, the lignin con-
tent of wild-type rice lines was 33.63% %+ 0.76%, the high-
est lignin content of transgenic rice lines was observed in
K8, which was 35.90% +0.70%, and the lowest lignin con-
tent of transgenic rice lines was found in K10, at 32.47.
%=+0.81%. Using SPSS 26.0 for data analysis, the lignin
content of wild-type rice lines was not significantly dif-
ferent from that of transgenic rice lines (P> 0.05), and the
lignin content of some transgenic rice lines was slightly
higher than that of wild-type rice. Studies have shown
that the exogenous gene SHP can promote the synthesis
of lignin in the early stage of plant development and can
effectively degrade lignin under the action of H,O, in the

later stage. Therefore, it is speculated that the expression
of the exogenous gene SHP does not affect lignin synthe-
sis in the early stage of the plant and may also promote
lignin synthesis.

The lignin content of rice in the mature stage is shown
in Fig. 4E. According to the measurements, the lignin
content of the wild-type rice lines was 35.17% =+ 0.84%.
The highest lignin content of the transgenic rice lines
was found in K9, which was 30.45% £ 0.66%, and the low-
est lignin content of the transgenic rice lines was found
in K5, which was 24.58. % +0.27%. Using SPSS 26.0 for
data analysis, the lignin content of wild-type rice lines
was significantly different from that of transgenic rice
lines (P<0.01). It can be seen from Fig. 5E that the lignin
content of transgenic rice at the maturity stage was lower
than that of wild-type rice, and there were also certain
differences between different transgenic lines. Compared
with the wild type, the highest lignin content of the trans-
genic rice line K9 was reduced by 13.42%, and the lowest
value, that of K5, was reduced by 30.11% compared with
that of the wild type. The results showed that GLOX can
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Strain Plant height(cm)

Panicle length(cm) Tiller number

Total panicle grains

Panicle grains

Seed setting rate(%) Thousand—

grain
weight(g)

K1 734410° 129+0.5° 126+£07%F 1636745037 1453344049 88.8141.10° 29.37 +0.74%9%
K2 664415 10.940.8%¢ 15940.8° 182.33£5.13% 163.33+£351°¢ 8960+1.72° 30.724+043%
K3 656405 10.7+0.79% 15.6+0.72 187.67 4252 174004265  92.744242° 31.3040.567
K4 7744124 12640.7¢ 122404%09 169,67 4 4.04¢f 15533£321%"  91.56+0.54% 29.5040.72°
K5 686+ 1.3 11.941.3%d 141407 168.33£6.119¢f 151.00£3.46%9  89.73+1.49° 29.5340.74¢
K6 7704124 11.340.5Pde 121+£15%0 182334351 167.00£529% 915841497 30.874+0.35%
K7 784414 1264079 81409 164.00£4.361 14867 £5.13f"  90.64+0.87% 29.03 4 0.35%f
K8 68.8+0.5" 124+1.3%d 135403 161.004+7.21 146.67 666" 91.10+0.832° 28,67 +0.78%f
K9 85.6+0.6° 135408 81409 180.33 £3.06™ 165.33+£4.73°  91.674153%¢ 30.8040.70%°
K10 782+1.19 12.540.9%0cde 114409  1783342.08> 162,67 +551°¢ 912042072 30.3040.70%¢
K11 707415 11441.09 12.5+£0.3%f 177.00 £ 4.58° 157.334£3.79°%  8889+047° 292340314
K12 727 £06° 13.7+08° 112409 183.00 £ 4.00%° 163.33£1.53%¢ 8927 +1.55¢ 30.8040.82%
K13 682413 11.240.8% 14.24 0.4 15567 £6.039 140004458 89.95+0.63° 28.73 +0.78%f
K14 77.6+0.7¢ 13.0£0.5%¢ 11.640.8%9 156.33£4.739 14067 £6.03"  89.96+1.79%¢ 28.834+0.23%
K15 802+ 1.0° 12.7 £0.8%¢ 1084049 176.67 4 2.52°<¢ 161.6741.53%¢  91.5341.922¢ 29.3040.60°%
K16 7724159 12.540.9%0¢de 12.6414% 167.33£6.03¢ 15067 £3.06%9 900841612 28.80+0.61%
K17 723+13 116412 122404%09  155674+6.119 14200+£656"  91.20+£067% 28.00+0.46°
K18 825+ 1.0° 12,5409 8440.7" 175.67 £ 6.81°<d 162.33+£3.06°¢ 92464+ 1.90% 29.8040.66°
K19 715407 11.74£09% 12.840.9% 157.00£6.569 14167 £802" 90204 1.58%¢ 2837 +0.50°
K20 785409 11.5+1.5% 95+04" 174.33 +6.66°%¢ 157.0045.57°%F  90.07 +1.26%° 29.37 +0.70°%
WT 7044339 141+1.2° 153426 167.20 £ 10.63¢ 151.949.85%9 90,85+ 1.53%¢ 29.5340.75€

Different lowercase letters in the same column of data indicate significant differences (P < 0.05), and the same or no letters indicate no significant difference (P > 0.05)

provide H,O, for SHP, and SHP can effectively degrade
lignin under the action of H,O,. Therefore, it is specu-
lated that the expression and interaction of the exog-
enous genes SHP and GLOX can effectively reduce the
lignin content.

Results of ethanol fermentation experiments using
transgenic plants

Determination of reducing sugar contents

The reducing sugar concentration determined after cellulase
hydrolysis is shown in Fig. 5A. The experimental data results
represent three groups of duplicates. In the no pretreat-
ment group and the ddH,O treatment group, the contents of
reducing sugars obtained from cellulase-degraded transgenic
rice and the control (WT) were essentially the same. How-
ever, after 50% sulfuric acid pretreatment, both the trans-
genic rice and the control showed an increase in the content
of hydrolysed sugars (23.2 g/L); this was significantly higher
(»<0.05) than that in the untreated group (5.8 g/L).

Determination of ethanol contents

Ethanol fermentation experiments were performed on
ddH,O-treated transgenic rice, 50% sulfuric acid-pre-
treated rice, and nonpretreated rice. Compared with the

same fermentation conditions, the three prefermentation
treatments resulted in changes in the amount of ethanol
produced. Under an initial fermentation pH of 5.0 and
temperature of 30 °C and an inoculation amount of 10%,
fermentation products were obtained at 24, 48, 72, and
96 h to determine the ethanol concentration. As shown
in Fig. 5B, the ethanol content determined at each period
of pretreatment with 50% sulfuric acid was much higher
than the corresponding value of the untreated group and
ddH,O pretreatment. The final ethanol concentration of
transgenic rice (9.1 g/L) was significantly higher than that
of nontransgenic rice (2.6 g/L) but slightly lower than the
concentration of the acid pretreatment group (9.9 g/L).

Discussion

The expression vector plays a crucial role in transgene
expression [19]. In this study, we constructed a K167
backbone vector from pCAMBIA3301, which contained
herbicide and kanamycin resistance genes. The K167
vector contained a B-glucuronidase gene in the T-DNA
region of the SHP-GLOX gene, harbouring the GRP pep-
tide. The gene cassette in the K167 vector is under the
control of the constitutive CaMV 35S promoter, which is
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Table 2 Agronomic traits of wild-type rice

Name Plant Panicle Tiller number Total panicle  Panicle grains Seed setting  Thousand-
height(cm) length(cm) grains rate(%) grain

weight(g)

WT1 68.2 125 23 178 165 92.7 30.16

WT2 80.2 16.3 12 150 137 9133 2848

WT3 73.1 13.8 18 162 148 91.36 29.28

WT4 714 12.7 19 168 154 91.67 29.74

WT5 72.5 135 20 169 150 88.76 294

WT6 68 15.8 21 159 145 91.19 289

WT7 67.5 123 23 160 145 90.63 2893

WT8 72.2 159 19 192 170 88.54 312

WT9 69.3 12.8 21 155 143 92.26 28.55

WT10 715 153 20 169 153 90.53 294

WT11 68 15.1 21 175 161 92 30.2

WT12 68.3 14.3 22 169 151 89.35 29.7

WT13 69.5 14.7 21 179 161 89.94 305

WT14 69.8 14.9 20 154 141 91.56 283

WT15 73.6 13 18 160 142 88.75 29.5

WT16 74.5 14.1 19 183 170 929 303

WT17 679 129 23 164 153 93.29 29.1

WT18 68.1 145 21 161 145 90.06 299

WT19 66.1 13.8 24 175 161 92 30.1

WT20 68.9 13.6 21 162 143 88.27 2894

error 33 12 2.6 10.63 9.85 153 0.75

average value 704 14.1 20.3 167.2 1519 90.85 29.53

active throughout plant development [20]. Thus, in this
study, we used CaMV 35S to enhance SHP and GLOX
gene expression in rice plants.

Rice is a vital food crop worldwide. The main objec-
tive of rice research is genetic engineering-mediated
improvement of the overall characteristics and resistance
to biotic and abiotic stress through genetic engineering
[21]. Agrobacterium-mediated transgenic technology
is widely used in the research and development of rice
plants [22]. It is influenced by a myriad of factors, such as
embryo pretreatment, concentration and time of infec-
tion, temperature and time of coculture, and concentra-
tion of screening agents [23-25].

In this study, rice was transfected with the SHP and
GLOX genes using Agrobacterium-mediated transfor-
mation. Large young rice embryos with vigorous growth
were selected for this transformation using phosphino-
thricin as the screening agent. In the screening stage,
the calli appeared brown in colour, and at the end of the
screening stage, resistant calli appeared yellowish in col-
our with a fluffy texture and strong regenerative capac-
ity [7, 26]. A total of 380 seeds were transformed in the
experiment. After a series of transformations, a total of

21 transformation events were obtained, and the trans-
formation efficiency was 5.53%.

Generally, a high DNA and RNA concentration with
low RNA and protein contaminants is a prerequisite for
southern hybridization. Herein, the phenol-chloroform
extraction method was used to remove impurities, such
as polysaccharides and proteins; in addition, RNase A
was used to reduce RNA contaminants from DNA pre-
cipitate after dissolution [27]. In conventional southern
blotting, radioisotopes are used to label probes that have
potential safety hazards and require proper handling
under specialized laboratory conditions. The currently
used highly symplectic labelling method is safe and effi-
cient for probe labelling. Southern hybridization can be
used to detect foreign genes in a genome and evaluate
species homology [28]. The commonly used RNA extrac-
tion reagents include TRIzol, sodium dodecyl sulfate
(SDS), and CTAB. As shown in a previous comparative
analysis of several RNA extraction methods, the SDS
extraction method yielded the highest RNA purity and
integrity [29].

In this study, we did not observe any significant phe-
notypic differences between transgenic and wild-type
rice plants. There was a significant difference (P<0.0I)
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in the control peroxidase activity in transgenic rice, with
the maximum increase compared to the control up to
65.38%. It is speculated that the exogenous genes SHP
and GLOX can be expressed normally and efficiently
under the guidance of the promoter, and the peroxidase
activity of the transgenic rice plants can be significantly
improved. There was no significant difference in the cel-
lulose content in the transgenic rice lines at the flower-
ing and maturity stages compared with that of the wild

type (P>0.05). It is speculated that the introduction of
the exogenous genes SHP and GLOX has no significant
effect on the synthesis of plant cellulose and hemicellu-
lose. The lignin content of transgenic rice lines during the
blooming stage was not significantly different from that
of the wild type (P> 0.05). The lignin content of rice at the
mature stage was determined, and it was found that the
contents of the transgenic rice lines were significantly dif-
ferent from that of the wild type (P<0.01), and the lignin



Wang et al. Plant Methods (2022) 18:85

content of the transgenic rice lines was lower than that of
the control group. It is inferred that the exogenous gene
GLOX is expressed at full maturity. At the beginning of
the period, it was expressed and provided H,O, for SHP,
which may have participated in the process of lignin
depolymerization and reduced the lignin content of the
plant. The commonly used methods to determine lignin
content are acetic acid, acid washing, and Klason meth-
ods [30]. To determine the lignin content, these three
methods were compared by determining the sacchari-
fication efficiency of various Miscanthus cultivars. The
Klason method was found to be the most effective and
suitable method for high-throughput analyses [18]. This
result suggested that SHP expression promoted lignin
synthesis as well as lignin degradation in rice plants with
GLOX expression.

Lignin has a complex structure, and it degrades slowly
under natural conditions. Conventional physical and
chemical methods used for lignin degradation have a
low efficiency of lignin removal, culminating in envi-
ronmental pollution [31]. Current strategies for lignin
removal have been primarily focused on the synthesis
of lignin monomers, and the genes associated with this
process are being studied in most plants; however, other
approaches, such as lignin polymerization, have not been
extensively investigated [32]. Peroxidase and laccase pro-
mote the polymerization of lignin monomers [28, 33] as
well as lignin degradation under certain conditions [28,
36]. Restricted genetic diversity can supply only a lim-
ited number of elite genes for modern plant cultivation
and transgenesis [37]. Thus, peroxidases are expected to
enhance lignin degradation in transgenic crops for the
effective utilization of biomass resources [38].

Conclusion

This research has created a rice breeding material with
normal growth and yield but stalks that are more likely
to be degraded in the later stage to breed rice varieties
whose stalks are easily used for energy. Our results will
improve the industrial and commercial applications of
rice straw.

Methods

K167 plasmid optimization

Escherichia coli DH5«a cells were procured from
TransGen Biotech (Beijing, China). The pCXUN plasmid
and plant expression vector pCAMBIA3301-glycine-
rich protein (GRP)-SHP-GLOX (K167) used in this study
were taken from our laboratory stocks. The GRP protein
guides the localization of the SHP-GLOX fusion protein
to the plant cell wall in peptide-producing rice [14]. K167
contains the constitutively expressed active cauliflower
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mosaic virus (CaMV) 35S promoter, which is widely used
to generate transgenic plant varieties.

Total RNA was extracted from soybean hulls, and then
reverse transcription of RNA was performed by reverse
transcription polymerase chain reaction technology to
obtain first-strand cDNA. Using the synthesized cDNA
as a template, the SHP gene was amplified by PCR. To
express the SHP gene in rice, a recombinant vector was
constructed on the basis of the pCAMBIA3301 vec-
tor. First, SHP was connected to the pMD-20 T vector,
and then the vector strains pNMCS-ZSAG12p-GRP-
GLOX-NOS, pMD 20-T-GRP0.9, pMD 20-SHP and
pCAMBIA3301 were cloned and stored in the laboratory.
After screening and identification, a new recombinant
plasmid named the GRP-SHP-GLOX expression vector
(K167) was obtained for the production of transgenic rice
(Fig. 1C). (The specific construction process is in Annex
1).

Genetic transformation of rice

Competent Agrobacterium cells were prepared from
Agrobacterium tumefaciens EHA105 colonies cultured
on YEB medium. The cells were transformed using the
electroporation method, and the transformants were
identified using PCR. The transformed A. tumefaciens
cells were preserved using a 20% glycerol solution and
stored at — 80 °C. The Oryza sativa L. spp. japonica rice
lines were transformed with the K167 vector using Agro-
bacterium strain EHA105 [15].

Identification of transgenic rice by PCR

Genomic DNA was extracted from leaves of transgenic
rice plants using the cetyltrimethylammonium bromide
(CTAB) method. The extracted DNA was subjected to
PCR-based screening with the SHP and Bar primers.

Southern blot analysis

Preparation of digoxigenin (DIG)-dUTP-labelled probe

The Bar gene in the rice genome was amplified using
PCR. The amplified PCR product was visualized using
AGE and recovered through the gel extraction procedure
and was later denatured in boiling water for 10 min. The
denatured PCR product was transferred to an ice bath for
2-3 min, and 4 pl of DIG-High Prime was added to it.
This mixture was incubated overnight at 37 °C, and the
reaction was terminated by heating at 65 °C for 10 min.
The labelled probe was stored at 4 °C until further use.

Southern blotting

The rice genome was digested overnight at 37 °C with a
restriction enzyme, Hindlll (New England Biolabs), in
a reaction containing 30 pl of genomic DNA extracted
from the rice leaves, 5 pl of HindIlI, 10 pl of buffer, and
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55 ul of ddH,O. The digested product was resolved on
a 1% agarose gel for 24 h at 25 V. The agarose gel was
later transferred to a nylon membrane, washed with 2X
saline—sodium citrate, blotted dry, and placed in a trans-
parent Ziploc bag. The DNA was fixed on the membrane
by ultraviolet irradiation for 5 min, and the membrane
was stored at 4 °C until use.

In a bag, the nylon membrane was treated with 10 ml
of preheated (37 °C water bath) hybridization solution.
Prehybridization was performed at 37 °C with shaking
at 80 rpm for 30 min. Five microlitres of Bar probe was
denatured for 5 min, cooled in an ice bath, and centri-
fuged at 12,000 rpm for 30 s. Then, 500 pl of hybridiza-
tion solution was added, and the mixture was incubated
overnight at 37 °C with shaking at 80 rpm. The film was
washed and developed as per the standard protocol
[16]. Briefly, the membrane was transferred to a new
bag, washed gently with light shaking at 65 °C, blocked
for 30 min at room temperature (24 °C), and incubated
with the antibody solution (1:10,000 dilution) for 30 min
at room temperature. After washing, the membrane was
equilibrated in the assay solution for 2—5 min followed by
incubation with the test solution for 5 min. This mem-
brane was developed by exposing it to X-ray film, the
membrane hybridized with a digoxigenin-labelled probe
overnight was observed and detected using the digoxi-
genin luminescence detection procedure with the Roche
DIG High Prime DNA Labelling and Detection Starter
Kit II (Roche Applied Science, Penzberg, Upper Bavaria,
Germany) according to the manufacturer’s instructions.

RT-qPCR
RNA was extracted from fresh rice leaves using a plant
RNA extraction kit (Kangwei Century Biotech Co.,
Taizhou City, China) according to the manufacturer’s
instructions. The diluted ¢cDNA was used as a PCR
template. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as a reference gene. The sequences of
the primers are shown in Table 3.

Table 3 Name and sequence of primer

Name Sequence of primer5’ — 3/ T™( Q)
SHP-F AGCTTCTGTTCTGGGAGGAGGTC 61.1
SHP-R AGGTTGAAGAAAGGTGCTGGAAGG 59.6
GLOX-F CGACCCGCCGTTCATGTTCAG 62
GLOX-R GACTTGGACCTTGCTCGCCTTC 61.3

18 s rRNA-F CTACGTCCCTGCCCTTTGTACA 59.5

18 s TRNA-R ACACTTCACCGGACCATTCAA 55.6
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Basta smear

A 1:5000 dilution of 10% Basta solution (Bio Basic,
Markham, ON, Canada) was prepared using deion-
ized water. Transgenic rice leaves were treated with this
diluted Basta solution, and changes at the site of applica-
tion were evaluated after 8-10 days.

Biochemical analysis of transgenic rice plants

Agronomic traits Twenty well-growing mature and con-
trol rice plants were randomly selected, and their plant
height, panicle length, effective tiller number, total grain
number, real grain number, seed setting rate per plant and
1000-seed weight were measured.

Peroxidase activity assay Crude enzyme extract was
prepared from leaves of transgenic rice, and the peroxi-
dase activity in this extract was evaluated spectrophoto-
metrically (Shanghai Jingke Industry Co., Ltd). A unit of
enzyme activity was calculated as an increase of 0.01 light
absorption units per minute (i.e., change in absorbance at
470 nm/raw weight).

Determination of hemicellulose content The hemicel-
lulose content of transgenic rice in the flowering stage
and the maturity stage was determined using the NaClO,
method, as described previously (GB2677.10-1995) [17].

Determination of lignin content

The lignin content in transgenic plants in the flowering
stage and the maturity stage was determined using the
Klason method [18].

Ethanol fermentation of different genotype plants Stems
of the same parts of the transgenic and control plants at
the mature stage were cut into sections of approximately
3 cm and divided into three groups. The first group was
immersed in ddH,O in a 45 °C water bath for 1 h. The
second group was treated with 50% sulfuric acid and
hydrolysed at 120 °C for 1.5 h. The third group was not
treated. After hydrolysis, the solution was neutralized to
pH 5.0 with sodium hydroxide. The stem sections of the
two groups were placed in an oven for drying (100 °C),
ground into a powder, and then sieved through a 40-mesh
sieve. Then, acetic acid-sodium acetate cellulase solution
(pH 4.8) was added, and the solution was immersed in
a water bath at 37 °C for 24 h. The DNS (dinitrosalicylic
acid) method was used to determine reducing sugars.
Reducing sugars were used as a carbon source after the
rice was hydrolysed; the fermentation medium was added
at a solid-liquid ratio of 1:10 and sterilized at 121 °C for
20 min. Preserved Saccharomyces cerevisiae was isolated
from the slant culture medium and cultured in a seed
medium at 28 °C with shaking at 200 rpm for 16 h and
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inoculated at a 10% inoculation amount. Under fermenta-
tion at pH 5.0 and 30 °C, the products of fermentation at
24, 48, 72, and 96 h were obtained for the detection of the
ethanol content.

Acknowledgements

We thank Dr. Yankun Yang (Jiangnan University) and Dr. Zhankuan Chen
(Henan Academy of Agricultural Sciences) for providing the idea of construct-
ing the vector.

Author contributions

QW performed physiological and biochemical analyses, designed and
coordinated the study, analyzed the data, JZ constructed and optimized

the vectors and drafted the manuscript. YL performed PCR, RT-gPCR. RW
performed Southern blot analyses, drafted the manuscript and participated in
experimental design and data analysis. All authors read and approved the final
manuscript.

Funding

This work was supported by the National Outstanding Youth Science Fund
Project of the National Natural Science Foundation of China (Project No:
51508518) and Special Fund for Agroscientific Research in the Public Interest
(Project No: 201503134).

Availability of data and materials
All data generated from this study are included in this published article and
supporting materials.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have read and agree to publish the paper.

Competing interests
The authors declare that they have no competing interests.

Author details

"Henan Key Laboratory of Bioactive Macromolecules, Laboratory of Straw
Enzymatic Technology Research, College of Life Science, Zhengzhou Univer-
sity, Zhengzhou 450001, Henan, China. “College of Life Science, Henan Agri-
cultural University, Zhengzhou 450002, Henan, China. 3Departmem of Clinical
Medicine, Nan Yang Medical College, Nanyang 473000, Henan, China.

Received: 11 April 2022 Accepted: 19 May 2022
Published online: 18 June 2022

References

1. Yadava P, Abhishek A, Singh R, Singh |, Kaul T, Pattanayak A, et al.
Advances in maize transformation technologies and development of
transgenic maize. Front Plant Sci. 2017;7:1949.

2. Song S, Zhang J, Gézaydin G, Yan N. Production of terephthalic acid from
corn stover lignin. Angew Chem Int Ed. 2019;58:4934-7.

3. Yao L, TianY, Haitao Yang. Study of the adsorption of cellulase on lignin.
Trans of China Pulp Paper. 2016;31:25-9.

4. Shrivastava B, Thakur S, Khasa YP, Gupte A, Puniya AK, Kuhad RC. White-rot
fungal conversion of wheat straw to energy rich cattle feed. Biodegrada-
tion. 2011,22:823-31.

5. Labeeuw L, Martone P, BoucherY, Case R. Ancient origin of the biosynthe-
sis of lignin precursors. Biol Direct. 2015;10:23.

6. Smith R, Cass C, Mazaheri M, Sekhon R, Heckwolf M, Kaeppler H, et al.
Ralph, suppression of CINNAMOYL-CoA REDUCTASE increases the level of
monolignol ferulates incorporated into rice lignins. Biotechnol Biofuels.
2017;10:109.

8.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

31

Page 11 of 12

deSouza RAV, de Alves MC, Carneiro NP, de Barros BA, Carneiro AA.
Agrobacterium-mediated genetic transformation of a tropical elite rice
line. Crop Breed Appl Biotechnol. 2017;17:133-40.

Talas-Ora T, Kazan K, Gztkrmz N. Decreased peroxidase activity in trans-
genic tobacco and its effect on lignification. Biotech Lett. 2001;23:267-73.
Flock C, Bassi A, Gijzen M. Removal of aqueous phenol and 2-chlorophe-
nol with purified soybean peroxidase and raw soybean hulls. J Chem
Technol Biotechnol. 1999;74:303-9.

Mceldoon JP, Pokora AR, Dordick JS. Lignin peroxidase-type activity of
soybean peroxidase. Enzyme Microb Technol. 1995;17:359-65.

. Prokopijevic M, Prodanovic O, Spasojevic D, Stojanovic Z, Radotic K,

Prodanovic R. Soybean hull peroxidase immobilization on macroporous
glycidyl methacrylates with different surface characteristics. Bioprocess
Biosyst Eng. 2014;37:799-804.

Geng Z, Rao KJ, Bassi AS, Gijzen M, Krishnamoorthy N. Investigation of
biocatalytic properties of soybean seed hull peroxidase. Catal Today.
2001;64:233-8.

Liu J, Liu H, Zhang Y, Qiu L, SuF, Li F, et al. A simple preparation method
of crystals of soybean hull peroxidase. Appl Microbiol Biotechnol.
2007;74:249-55.

Fang R, Pang Z, Gao D, Mang K, Chua N. cDNA sequence of a virus-induc-
ible, glycine-rich protein gene from rice. Plant Mol Biol. 1991;17:1255-
1257 https://doi.org/10.1007/BF00028742.

Yang M, Gao H, Ma X, Sun'Y, Shao Y, Bao G, et al. Optimization of Agro-
bacterium-mediated genetic transformation of soybean with transient
expression of GUS gene. Soybean Sci. 2019;38:353-9.

Yang L, Cui G, Wang Y, Hao Y, Du J, Zhang H, et al. Expression of foreign
genes demonstrates the effectiveness of pollen-mediated transformation
in zea mays. Front Plant Sci. 2017;8:383.

China National Pulp and Paper Research Institute. LTD. 1995 Fibrous raw
material—Determination of holocellulose.

Tim VDW, Torres AF, Dolstra O, Dechesne A, Visser RGF, Trindade LM.
Impact of different lignin fractions on saccharification efficiency in
diverse species of the bioenergy crop miscanthus. Bioenergy Res.
2016,9:146-56.

HiWang, Liang Y, Shi Z, Zhang S, Ge Y. Study on Agrobacterium tume-
faciens mediated transformation of maize immature embryos. Rice Sci.
2011;19:73-5.

Zhao X, Tang G, Shan L. The methods for functional study of plant pol-Il
promoter and related advances. Chin Bull Life Sci. 2013;25:580-7.
Zhou'Y, Shan C, ChenY, Li X, Wang X, Yang S. Analysis of supervision on
transgenic imported maize at Zhoushan port. Sci Technol Cereals Oils
Foods. 2016;24:57-62.

Wang G, Wang P, Zhang Y, Zhang Y. The advances in studies on the
system of genetic transformation of maize. Hereditas. 2001,01:69-72
(Beijing).

Fu FL, He J, Zhang ZY, Zhou SF, Zhang SZ, Li WC. Further improvement of
N6 medium for callus induction and plant regeneration from rice imma-
ture embryos. Afr J Biotech. 2011;10:2618-24.

Frame B, McMurray J, Fonger T, Main M, Taylor K, Torney F, et al. Improved
Agrobacterium-mediated transformation of three rice inbred lines using
MS salts. Plant Cell Rep. 2006;25:1024-34.

Vega J, YuW, Kennon A, Chen X, Zhang Z. Improvement of Agrobacte-
rium-mediated transformation in Hi-Il rice (Zea mays) using standard
binary vectors. Plant Cell Rep. 2008;27:297-305.

Hiei Y, Ishida Y, Kasaoka K, Komari T. Improved frequency of transforma-
tion in rice and rice by treatment of immature embryos with centrifuga-
tion and heat prior to infection with Agrobacterium tumefaciens. Plant Cell
Tiss Organ Cult. 2006;87:233-43.

Wang Z, Li N, Pan X. Transformation of ammonia fiber expansion (AFEX)
corn stover lignin into microbial lipids by Rhodococcus opacus. Fuel.
2019;240:119-25.

Dai J. Application of southern blot in the genetic transformation of crops.
J Anhui Agri Sci. 2015;43:20-3.

Sha W, Chai H. The comparison and analysis of Corn RNA extraction
methods. J Maize Sci. 2009;17:145-8.

Sun K, Xu B, Xu'Y, Gao T. Factors influencing the methane emissions from
the stored ruminant manure. J Domest Ani Ecol. 2015;36:1-511.

Yin J, LiuY, Yu F, Cai J, Liu T. Screening and identification of a lignin-
degrading bacterium and its application in composting. Soil Fertil Sci
China. 2019;03:179-85.


https://doi.org/https://doi.org/10.1007/BF00028742

Wang et al. Plant Methods

32.

33.

34

35.

36.

37.

38.

(2022) 18:85

Xiuzhi R. The development of enzymology studies in the metabolism of
lignin biosynthesis. Chin Agric Sci Bull. 2009;25:23-7.

Jackson LA, Shadle GL, Zhou R, et al. Improving saccharification efficiency
of alfalfa stems through modification of the terminal stages of monol-
ignol biosynthesis.Bioenergy Res. 2008;1:180-92.

Weng J, Li X, Bonawitz N, Chapple C. Emerging strategies of lignin
engineering and degradation for cellulosic biofuel production. Curr Opin
Biotechnol. 2008;19:166-72.

Fujiyama K, Takemura H, Shibayama S, et al. Structure of the horseradish
peroxidase isozyme C genes. Eur J Biochem. 1988;173:681-7.

Hakala TK, Lundell T, Galkin S, Maijala P, Kalkkinen N, Hatakka A. Manga-
nese peroxidases, laccases and oxalic acid from the selective white-rot
fungus Physisporinus rivulosus grown on spruce wood chips. Enzyme
Microb Technol. 2005;36:461-8.

Dong C, Qu G, Wang R, et al. Rational design of geranylgerany! diphos-
phate synthase enhances carotenoid production and improves photo-
synthetic efficiency in Nicotiana tabacum. Sci Bull. 2022;,67:315-27.
Ayyachamy M, Cliffe FE, Coyne JM, Collier J, Tuohy MG. Lignin: untapped
biopolymers in biomass conversion technologies. Biomass Conv Bioref.
2013;3:255-69.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Construction of the SHP-GLOX lignin regulation system and its application in rice straw
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Vector construction
	PCR-based screening of transgenic rice plants
	Southern blot analysis of transgenic rice plants
	Real-time fluorescent quantitative PCR (RT–qPCR) of transgenic rice plants
	Basta smear experiment
	Measurement of the agronomic traits
	Measurement of peroxidase activity
	Determination of heterocellulose content
	Determination of lignin content
	Results of ethanol fermentation experiments using transgenic plants
	Determination of reducing sugar contents
	Determination of ethanol contents


	Discussion
	Conclusion
	Methods
	K167 plasmid optimization
	Genetic transformation of rice
	Identification of transgenic rice by PCR
	Southern blot analysis
	Preparation of digoxigenin (DIG)-dUTP-labelled probe
	Southern blotting
	RT–qPCR
	Basta smear
	Biochemical analysis of transgenic rice plants
	Agronomic traits 
	Peroxidase activity assay 
	Determination of hemicellulose content 
	Ethanol fermentation of different genotype plants 



	Acknowledgements
	References




