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ABSTRACT
Highly pathogenic avian influenza (HPAI) H5N1 is an ongoing global health concern due to its severe sporadic
outbreaks in Asia, Africa and Europe, which poses a potential pandemic threat. The development of safe and
cost-effective vaccine candidates for HPAI is considered the best strategy for managing the disease and
addressing the pandemic preparedness. The most potential vaccine candidate is the antigenic determinant of
influenza A virus, hemagglutinin (HA). The present research was aimed at developing optimized expression in
Nicotiana benthamiana and protein purification process for HA from the Malaysian isolate of H5N1 as a vaccine
antigen for HPAI H5N1. Expression of HA from the Malaysian isolate of HPAI in N. benthamiana was confirmed,
and more soluble protein was expressed as truncated HA, the HA1 domain over the entire ectodomain of HA.
Two different purification processes were evaluated for efficiency in terms of purity and yield. Due to the
reduced yield, protein degradation and length of the 3-column purification process, the 2-column method was
chosen for target purification. Purified HA1 was found immunogenic in mice inducing H5 HA-specific IgG and a
hemagglutination inhibition antibody. This paper offers an alternative production system of a vaccine candidate
against a locally circulating HPAI, which has a regional significance.
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Introduction

Intermittent outbreaks of influenza A and its spread in animals
and transmission to humans have been drawing the attention of
the world media. Outbreaks of H5N1 influenza in 2003 with a
high mortality rate of roughly 60%1 and of H1N1 influenza in
2009 with over 18,000 deaths2 have posed unpredictable threats to
the global populations. Ongoing circulation of H5N1 in poultry,
especially in Asia, is of immense concern for the potential pan-
demic of highly pathogenic avian influenza (HPAI), H5N1 strain.

According to a phylogenetic analysis based on the hemagglu-
tinin (HA) gene of H5N1 avian influenza (AI) strain,3 Vietnam,
Thailand and Malaysia (VTM) virus isolates (2003–2005) were
grouped into a sublineage (Clade 1), whereas viruses isolated
from 2003 onward in Indonesia formed another independent
sublineage (Clade 2), suggesting the regional maintenance of cer-
tain sublineages in the poultry population. Since cross-clade pro-
tection against H5N1 viruses remains questionable, the wide
antigenic diversity with a high mutation rate of HA circulating
in poultry and wild birds means no one can envisage which
H5N1 subtype will cause the next potential pandemic. This sig-
nificantly challenges the current practice of reliance on a single
or limited vaccine candidate(s) for pandemic preparedness.
Therefore, it is believed that the development of a cost-effective
vaccine candidate against an HPAI strain with a regional

importance offers a significant tool to provide a higher level of
immunoprotection against AI for the VTM provinces. A Malay-
sian isolate, A/chicken/Malaysia/5744/2004 (H5N1), belongs to
the VTM sublineage and has been demonstrated to be highly
pathogenic in chicken.4 Its HA was only used to develop a
DNA-based vaccine5 and has not been expressed as a recombi-
nant protein in any heterologous hosts including plants.

The use of plants as biofactories for recombinant protein
production has gained great attention due to their pronounced
advantages over other expression systems. Plant systems offer
opportunities to produce vaccine antigens relatively fast using
straightforward, cost-effective procedures, are highly scalable,
and do not harbor mammalian pathogens.6-10 In addition, plant
cells are capable of performing eukaryotic post-translational
modifications of target proteins, including N-linked glycosyla-
tion, which are substantially similar to those found in mamma-
lian cells.11 The transient expression approach is now the most
extensively used and allows for the production of large quanti-
ties of target proteins within a short time frame,12 which is par-
ticularly important in the case of epidemics.

Over the last decade, a growing number of candidate vac-
cines produced in plant systems have reached clinical or
advanced preclinical stages of development (reviewed in
refs.13,14), including hepatitis B surface antigen,15,16 plague
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F1-V fusion antigen,17,18 anthrax protective antigen,19,20

malaria Pfs25 and Pfs230 antigens,21-23 and influenza HA.24-28

Furthermore, a veterinary vaccine against Newcastle disease
virus in poultry, produced in transgenic tobacco plant cell sus-
pension by Dow AgroSciences LLC (Indianapolis, IN) and
approved by the U.S. Department of Agriculture Center for
Veterinary Biologics,29 also shows the potential of vaccine
development in planta.

Protein extraction and purification procedures can account
for the largest percentage of the production cost; therefore, the
development of simple, low-cost and reliable systems for puri-
fying target proteins is ultimately important. Different purifica-
tion approaches have been critically reviewed by Ward and
Swiatek,30 and column chromatography is widely used in plant
molecular pharming. In this study, we engineered, expressed
and purified HA of the abovementioned Malaysian isolate in N.
benthamiana using a plant virus-based transient expression
system,31 and evaluated its immunogenicity in mice.

Results

HA-MY and HA1-MY expression

HA sequences with or without codon optimization were cloned
into the pGR-D4 vector, resulting in the constructs designated
as pGR-D4::HA-MYNATIVE or pGR-D4::HA-MYOPT, respec-
tively. The constructs were transformed into agrobacterium
and then introduced into N. benthamiana as described in Mate-
rials and Methods. Expression of the HA protein in plants
using each of these constructs was analyzed by Western blot-
ting using an anti-4xHis antibody at 4 to 8 d post infiltration
(dpi). The HA protein expression was not detected in plants
infiltrated with agrobacterium containing pGR-D4::HA-MYna-

tive (Fig. 1A), while plants infiltrated with agrobacterium con-
taining pGR-D4::HA-MYopt expressed detectable HA (Fig. 1B),
confirming the importance of codon optimization to the
expression host. However, less protein was detected in total sol-
uble protein (TSP) and TSP with 0.5% Triton X-100 (TST)
preparations of the plant extract compare with plant total pro-
tein (PTP). Protein expression was also evaluated in plants
infiltrated with pGR-D4 harboring truncated HA (HA1
domain) with codon optimization, pGR-D4::HA1-MYopt. The
HA1 protein was detected as a »50 kDa band in all fractions of
plant extract in a similar manner, suggesting that HA1 was
expressed in plants as a soluble protein up to 8 dpi (Fig. 1C).

Considering higher expression and better solubility of HA1-
MY over HA-MY in plants, further experiments were con-
ducted for HA1-MY as a target protein.

Purification and characterization of recombinant HA1-MY

HA1-MY was first purified using a 3-column chromatography
process, including immobilized metal affinity chromatography
(IMAC; Ni-charge resin column) followed by hydrophobic
interaction chromatography (HIC; Butyl column) and then by
anion exchange chromatography (AEC; Q column). Target
protein was detected in the elution (E) fraction from IMAC
and flow through (FT) fractions from both Butyl and Q col-
umns (Fig. 2A and 2B). The »75 kDa major contaminant pro-
tein (arrow in the figure) was found in E and FT fractions of
IMAC and Butyl columns, respectively (Fig. 2A), and this
major contaminant was removed during the Q column process
as the »75 kDa protein band was not observed in the FT frac-
tion while remained in the E fraction of Q column (Fig. 2A).
There was no residual target protein in the E fraction of Q col-
umn (Fig. 2A and 2B). Ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCO) is one of the most abundant proteins in
plants and acts as the major contaminant when purifying
recombinant proteins expressed in plants.32 In this study, we
also evaluated the removal of RuBisCO during the purification
process by Western blotting using an anti-RuBisCO antibody.
With the Butyl column process, RuBisCO was successfully
removed and no detectable band was observed on Western
blot, whereas TSP and the E fraction of IMAC contained
RuBisCO (Fig. 2C). However, a loss of target protein was
observed between the Butyl and Q column processes with a
more than 50% decrease in the band intensity in Western blot
analysis (Fig. 2B).

Development of a 2-column purification process

To improve the yield throughout the purification process by
decreasing the loss of target, the Butyl column process was
omitted and the Q column process was applied immediately
after IMAC with buffer exchange. Based on the SDS-PAGE
with Coomassie blue staining, the major contaminant protein
at »75 kDa in the E fraction of IMAC was removed by the Q
column process without the Butyl column process (Fig. 3A).
Western blot analysis using an anti-4xHis antibody revealed
that the HA1-MY protein was recovered from Q column

Figure 1. Immunoblot profiles of (A) HA-MYnative, (B) HA-MY and (C) HA1-MY in extracts of infiltrated N. benthamiana leaves at 8 dpi, using an anti-4xHis antibody. M:
Molecular weight marker, Lane 1: HA Indonesia 15 ng, Lane 2: HA Indonesia 60 ng, Lane 3: PTP, Lane 4: TSP, Lane 5: TST.
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without significant loss of protein, although the residual HA1-
MY protein was detected in the E fraction of Q column
(Fig. 3B). RuBisCO was detected abundantly in the E fraction
of IMAC and Q column, but not in the target fraction, FT of Q
column (Fig. 3C).

Analysis of glycosylation of HA1-MY

Although the putative molecular size of HA1-MY is 37 kDa, the
target HA1-MY protein was detected as smear bands with
molecular weight of around 45–55 kDa in both SDS-PAGE and
Western blot (Fig. 4A and 4B), suggesting that HA1-MY was
expressed in plants with different degrees of glycosylation. To
analyze glycosylation of the HA1-MY protein, purified HA1-
MY was enzymatically treated with Peptide-N-Glycosidase F
(PNGase F). The resulting products were detected by Coomas-
sie staining as smeared 45–55 kDa, a major »40 kDa and a
»35 kDa bands (Fig. 4A). The 35 kDa protein, which was not
initially seen in either SDS-PAGE gel or Western blot analysis
and appeared in SDS-PAGE only after treatment with PNGase
F, presumably is the PNGase F enzyme with a predicted

molecular size of 36 kDA (Fig. 4A). The deglycosylated
»40 kDa protein was detected by Western blot analysis
(Fig. 4B), suggesting that HA1-MY underwent host glycosyla-
tion during expression in plants. Smear bands around 45–
55 kDa were still observed after PNGase F treatment, but with
less intensity. These could be residual glycosylated HA1-MY
(due to insufficient PNGase F treatment) and HA1-MY that
degraded during the enzyme treatment (a band just below the
»40 kDa main band).

Immunogenicity of HA1-MY in mice

Immunogenicity of HA1-MY was determined by measuring
anti-H5 IgG and hemagglutination inhibition (HI) antibody
responses in sera from immunized mice. After the prime
administration, anti-H5 IgG responses were slightly increased
compare with pre-immunization, and these responses were sig-
nificantly increased after the second administration of HA1-
MY (p < 0.05, Kruskal-Wallis test, Fig. 5A). In addition,
although the serum HI antibody was not detectable after the
prime administration of HA1-MY, serum HI antibody

Figure 2. Three-column purification process analyzed by SDS-PAGE and Western blot. (A) Coomassie-stained SDS-PAGE gel, (B) Western blot analysis using an anti-4xHis
antibody, and (C) Western blot analysis using an anti-RuBisCO antibody. M: Molecular weight marker, Lane 1: E fraction from IMAC, Lane 2: FT fraction from Butyl column,
Lane 3: FT fraction from Q column, Lane 4: E fraction from Q column, Lane 5: TSP.

Figure 3. Two-column purification process analyzed by SDS-PAGE and Western blot. (A) Coomassie-stained SDS-PAGE gel, (B) Western blot analysis using an anti-4xHis
antibody, and (C) Western blot analysis using an anti-RuBisCO antibody. M: Molecular weight marker, Lane 1: E fraction from IMAC, Lane 2: FT fraction from Q column,
Lane 3: E fraction from Q column.
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responses were elicited after the second immunization, and the
responses were significantly higher than those of pre-immune
sera (p < 0.05, Kruskal-Wallis test, Fig. 5B).

Discussion

The present study was aimed at establishing efficient methods
for plant transient expression and protein purification of HA
from the Malaysian isolate of HPAI H5N1 virus strain, which
would serve as the first step toward developing a plant-based
recombinant subunit vaccine candidate in the future. We first
targeted both the entire ectodomain of HA and the HA1
domain located at N-terminus of the HA molecule before the
furin cleavage site, including globular receptor-binding
domain.33 HA is the most antigenic surface glycoprotein of
influenza viruses, and several candidate subunit vaccines based
on the ectodomain of HA produced in plants have been shown
to induce the production of virus-neutralizing antibodies in
mice34,35 and humans26 and to protect ferrets against the virus
challenge.36,37 The HA1 domain contains almost all the anti-
genic and neutralization sites that have been characterized as
conformational epitopes.38,39 Hence, this domain is believed to
be associated with neutralizing epitopes and ultimately, induc-
ing an effective protective antibody response.40,41

There are limited reports demonstrating production of the
HA1 domain in planta. Although attempts of expression of (i)
37 kDa HA1 (amino acids 1–330), (ii) 34 kDa HA1 (amino
acids 1–277) lacking a C-terminal fragment including a cleav-
age site and sequences that may confer poor solubility, and
(iii) 27 kDa HA1 (amino acids 68–277) with an N-terminal
deletion were reported,42 the 37 kDa domain did not express
in this previous study. The predicted 27 kDa domain only
showed minimal expression with a 35 kDa product, whereas
for the predicted 34 kDa domain, a 37 kDa product and a dif-
fusely migrating 45 kDa product were observed.42 In contrast,
we have shown that the HA1 domain (i.e. the 37 kDa product
in ref. 42) can be expressed at a high level. These differences
might be due to the differences in the HA amino acid
sequence among influenza strains used, since in the same
plant expression system, the HA ectodomain from different
H5N1 strains expressed as soluble protein.35,37 Further investi-
gation might support the hypothesis, and depending on the
targeted influenza strain, either the HA ectodomain or the
HA1 domain can be utilized to efficiently produce HA anti-
gens as influenza vaccine candidates.

In the process of developing the HA1-MY purification
method, 3-column purification was originally applied where
IMAC chromatography was followed by Butyl column

Figure 4. Deglycosylation of HA1-MY treated with PNGase F. (A) Coomassie-stained SDS-PAGE gel and (B) Western blot analysis using an anti-A/Vietnam/1194/04 anti-
body. M: Molecular weight marker, Lane 1: Non-treated HA1-MY, Lane 2: Mock-treated HA1-MY without PNGase F, Lane 3: PNGase F-treated HA1-MY.

Figure 5. Immunogenicity of purified HA1-MY. (A) Anti-H5 IgG responses and (B) HI antibody responses against A/Vietnam/1194/04 (H5N1, clade 1). �p< 0.05 by Kruskal-
Wallis test using GraphPad Prism ver. 6.02.
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chromatography (HIC) and then by Q column chromatogra-
phy (AEC). Given a high amount of impurities, the HIC and
AEC steps were performed in the FT mode with the aim of effi-
cient binding of major contaminants to the columns.43-45 The
least hydrophobic media (Butyl) and salt concentration as low
as 1M NaCl were used, so that target protein would be fraction-
ated in FT and not bind to the column. HIC was applied as the
second step because of its ability to remove the most significant
contaminant, RuBisCO,46 which has the similar size to HA1-
MY. RuBisCO was not detected in FT of Butyl column, con-
firming its binding to the column. AEC was then applied to
remove another major contaminant with a molecular size of
around 75 kDa, since HA1-MY (pI 8.6) has a positive charge
on its surface and would not bind to the column at pH 7.5. The
results demonstrated successful separation of target protein
from RuBisCO using Butyl column and from the 75 kDa con-
taminant using Q column.

While the 3-column purification process is effective, it is time-
consuming and a low recovery of target was observed from col-
umn to column, especially with column re-use, as reported else-
where.47,48 In order to reduce the process time and to improve
the target yield, a 2-column purification process was evaluated
for its efficiency and yield. IMAC eluent was dialyzed to remove
excessive NaCl and applied immediately onto a Q column, with-
out the Butyl column chromatography step. Based on Q column
chromatogram profiles (data not shown), products of interest
were observed in the 2 adjacent peaks in FT of Q column, sug-
gesting heterogeneity of the target protein. Protein microhetero-
geneity may arise during translational or post-translational
processing in eukaryotic systems, likely here due to differential
glycosylation, deamidation or oxidation of amino acids or pro-
teolytic cleavage by endogenous peptidases. In addition, the
charge of specific amino groups may be reversed by acylation or
carbamylation.30 On the other hand, RuBisCO was found pre-
dominantly in the E fraction of Q column demonstrating that
AEC (Q column) is comparable to HIC (Butyl column) in terms
of RuBisCO removal from HA1-MY preparation (Fig. 3C).

HA1-MY purified by the 2-column purification process
migrated in SDS-PAGE as heterogeneous proteins in the 45–
55 kDa range rather than as the predicted 38.69 kDa protein,
indicating various levels of HA1-MY glycosylation. PNGase F
treatment resulted in the appearance of one major protein of
about 40 kDa, which is close to the predicted size (Fig. 4B),
demonstrating that several intermediate glycoforms were pro-
duced in the plant system during expression. Similar findings
were obtained with yeast-expressed N1 neuraminidase (NA),49

where after PNGase F treatment, the diffuse 72 kDa N1 NA
protein reduced to 45 and 60 kDa species that were recognized
by an anti-NA antibody. PNGase F cleaves N-glycans from gly-
coproteins, except when the (1–3) core is fucosylated in the
Golgi body. Protein retention in the endoplasmic reticulum
(ER) mediated by the KDEL signal might not be completely
achieved because plant cells can express proteins in an unsyn-
chronized manner. Therefore, some proteins have occasionally
been transported across the ER to the Golgi body before being
retrieved back to the ER.50 This may result in a minor subpopu-
lation of proteins exhibiting plant-specific glycosylation such as
1,3-Fucose linked to the Asparagine-linked N-acetylglucos-
amine that is resistant to PNGase F cleavage.51

Purified HA1-MY was evaluated for immunogenicity in
mice and demonstrated the ability to induce both anti-H5 IgG
and HI antibody responses after 2 immunizations. These results
indicate that the plant-produced HA1 domain of HA from the
Malaysian HPAI H5N1 isolate, A/chicken/Malaysia/5744/2004
(H5N1), is immunogenic in mice inducing protection-related
antibody responses. However, direct comparison of HA-MY
versus HA1-MY in terms of immunogenicity was not per-
formed in this study and further investigation would provide
immunogenicity profile of the ectodomain and HA1 domain of
HA from the Malaysian HPAI strain.

In summary, we have engineered the HA1 domain of
regionally circulating HPAI H5N1 strain, expressed it in a plant
transient expression system, and successfully purified the target
protein. Plant-produced HA1-MY contained several glyco-
forms and demonstrated its immunogenicity in mice. The
results of this study suggest feasibility of cost-effective produc-
tion of vaccine candidates against regionally significant HPAI
strains that would be affordable in developing countries.

Materials and methods

Cloning and expression of the HA sequence using a plant
viral vector

The HA gene sequence of a Malaysian HPAI virus strain A/
chicken/Malaysia/5744/2004 (H5N1) encoding amino acids
17–532 (AGH30707) was synthesized with or without codon
optimization for expression in N. benthamiana (Blue Heron,
USA). The HA gene sequence encoding amino acids 17–345
(the HA1 domain of HA) was synthesized with codon optimi-
zation. For construction of the expression cassette, the patho-
genesis-related protein 1a (PR-1a) signal peptide sequence,
originated from Nicotiana tabacum (NCBI accession number:
BAA14220; amino acids 1–30) was incorporated at the N-ter-
minus of either native HA, codon-optimized HA or codon-
optimized HA1. A hexa-histidine (6xHis) tag and the ER reten-
tion signal peptide (KDEL) were added at the C-terminus. Each
resulting gene cassette was sub-cloned into the tobacco mosaic
virus-based pGR-D4 launch vector.31 Constructs were desig-
nated as pGR-D4::HA-MYnative, pGR-D4::HA-MYopt or pGR-
D4::HA1-MYopt. The constructed recombinant vectors were
transformed into Agrobacterium tumefaciens GV 3101 strain
and then introduced into N. benthamiana plants by vacuum
infiltration as described elsewhere.31,37 Expressed HA proteins
using pGR-D4::HA-MYnative, pGR-D4::HA-MYopt or pGR-D4::
HA1-MYopt were designated as HA-MYnative, HA-MY or
HA1-MY, respectively.

Western blot analysis of HA-MY and HA1-MY expression

Each target protein accumulating in plants was extracted in the
buffer (50 mM Na2HPO4, 500 mM NaCl, 20 mM Imidazole,
pH 7.5) and analyzed using SDS-PAGE and Western blot as
PTP, TSP, TST and chromatographically purified fractions.
Briefly, protein samples separated by 10% SDS-PAGE were
transferred onto polyvinylidenedifluoride (PVDF) membranes
using a mini trans-blot cell system (Biorad, Hercules, CA). For
target detection, primary mouse anti-4xHis antibody (Qiagen,
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USA), primary sheep anti-A/Vietnam/1194/04 (NIBSC, UK)
polyclonal antisera, and horseradish peroxidase-conjugated
secondary goat anti-mouse (Qiagen, USA) and donkey anti-
sheep (Jackson Immuno Research, UK) antibodies were used.
Plant-produced HA of influenza virus strain A/Indonesia/05/
05 (HA Indonesia) was used as a control H5 HA protein.37

SuperSignal� West Pico Chemiluminescent substrate solution
(Pierce, Rockford, IL) was used for signal development. Images
were captured using GeneGnome5 instrument (Syngene,
Frederick, MD).

Chromatographic purification of recombinant HA1-MY

Purification of recombinant HA1-MY was conducted using 3
chromatographic methods, including the Ni-Sepharose-based
IMAC (GE Healthcare), Butyl Sepharose-based High Perfor-
mance (HP) HIC (GE Healthcare) and Quaternary amine (Q)-
based AEC (TOSOH). At 7 dpi, infiltrated leaf tissues were har-
vested and frozen at ¡80�C. Tissues were subsequently thawed,
homogenized and extracted in 3 volumes of IMAC binding
buffer (50 mM Na2HPO4, 500 mM NaCl, 20 mM Imidazole,
pH 7.5). The extract was then centrifuged at 3,000 £ g for
20 min at 4�C and the supernatant was filtered through cheese-
cloth. The filtrate was then centrifuged at 40,000 £ g for
20 min at 4�C, and the supernatant was filtered through a
0.2 mm filter. Recombinant HA1 was subsequently purified
using IMAC. For 3-column purification process, the E fraction
of IMAC was passed through both Butyl (HIC) and Q (AEC)
columns. For 2-column purification process, the E fraction of
IMAC was dialyzed using a 10 kDa MWCO dialysis cassette to
reduce NaCl concentration to 50 mM. The dialysis cassettes
were put into 1L start buffer for AEC and stirred slowly with a
magnetic stirrer at 4�C for 2–3 hr. The buffer was changed at
least twice and samples were retrieved from the cassettes. Both
HIC and AEC were performed using an AKTATM purifier 10
controlled by the Unicorn software (Unicorn Software Solu-
tions, Bowling Green, KY).

Deglycosylation of purified HA1-MY by PNGase
F treatment

Deglycosylation of target molecules was conducted using the
reaction buffer of Enzymatic CarboRelease Kit (QA-Bio, USA)
and PNGase F (New England Biolabs, UK). Protein samples
were individually mixed with 50 mM Sodium phosphate (pH
7.0) and 5% (v/v) denaturing solution followed by boiling for
5 min. The denatured protein samples were then chilled on ice
followed by adding 1% Triton X-100 and 750 U PNGase F in
the total reaction volume of 50 mL. These samples were incu-
bated at 37�C overnight.

Immunogenicity of HA1-MY in mice

Six-week-old female Balb/c mice were immunized intramuscu-
larly with 30 mg of HA1-MY in the presence of 10 mg of Quil A
(Accurate Chemical, NY) on study days 0 and 21. Serum sam-
ples were collected prior to the prime immunization (Pre-
immune) and 2 weeks after the prime (Post prime) and booster
(Post boost) immunizations. Collected serum samples were

evaluated for anti-H5 HA IgG responses by ELISA using inacti-
vated A/Vietnam/1194/04 (H5N1, clade 1) as a coating antigen
and for HI antibody responses in the HI assay using A/Viet-
nam/1194/04 virus (NIBRG-14, MIBSC, UK) and horse eryth-
rocytes as described previously.37

Abbreviations

AEC anion exchange chromatography
AI avian influenza
dpi days post infiltration
E elution
ELISA enzyme-linked immunosorbent assay
ER endoplasmic reticulum
FT flow through
HA hemagglutinin
HI hemagglutination inhibition
HIC hydrophobic interaction chromatography
HPAI highly pathogenic avian influenza
IMAC immobilized metal affinity chromatography
kDa kilodalton
KDEL endoplasmic reticulum retention signal peptide
mM millimolar
MWCO molecular weight cut off
MY Malaysia
PNGase F peptide-N-Glycosidase F
PTP plant total protein
PVDF polyvinylidenedifluoride
TSP total soluble protein
TST TSP with 0.5% Triton X-100
RuBisCO ribulose-1,5-bisphosphate carboxylase/oxygenase
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel

electrophoresis
U unit
VTM Vietnam Thailand and Malaysia
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