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Abstract

In the past decade, interest in the production of recombinant pharmaceutical proteins in plants has tremendously progressed
because plants do not harbor mammalian viruses, are economically competitive, easily scalable, and capable of carrying
out complex post-translational modifications required for recombinant pharmaceutical proteins. Mucuna bracteata is an
essential perennial cover crop species widely planted as an underground cover in oil palm and rubber plantations. As a
legume, they have high biomass, thrive in its habitat, and can fix nitrogen. Thus, M. bracteata is a cost-efficient crop that
shows ideal characteristics as a platform for mass production of recombinant protein. In this study, we established a new
platform for the transient production of a recombinant protein in M. bracteata via vacuum-assisted agro-infiltration. Five-
week-old M. bracteata plants were vacuum infiltrated with Agrobacterium tumefaciens harboring a plasmid that encodes
for an anti-toxoplasma immunoglobulin (IgG) under different parameters, including trifoliate leaf positional effects, days
to harvest post-infiltration, and the Agrobacterium strain used. Our results showed that vacuum infiltration of M. bracteata
plant with A. tumefaciens strain GV3101 produced the highest concentration of heterologous protein in its bottom trifoliate
leaf at 2 days post-infiltration. The purified anti-toxoplasma IgG was then analyzed using Western blot and ELISA. It was
demonstrated that, while structural heterogeneity existed in the purified anti-toxoplasma IgG from M. bracteata, its transient
expression level was two-fold higher than the model platform, Nicotiana benthamiana. This study has laid the foundation
towards establishing M. bracteata as a potential platform for the production of recombinant pharmaceutical protein.
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Introduction conventional cell-based expression systems. Furthermore,
the use of mammalian cells as a production platform also

Plant molecular farming using genetically engineered plants  raises concerns about its safety. Although microbial hosts

has become a new strategy to mass-produce high-value
recombinant pharmaceutical proteins, such as monoclonal
antibodies, vaccines, and enzymes. Although most of the
clinically available proteins and drugs are derived from
mammalian cells, microbes, and yeast, the long period of
scaling up and high costs of the existing production sys-
tems to meet the high demand of biopharmaceuticals are
the limiting factors for the manufacturing capacity of these
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offer a lower production cost than mammalian cells, they
may not be suitable for post-translational processing, which
affects the biological properties of the processed proteins
[1].

In comparison, plants can produce complex functional
proteins with therapeutic activity, such as human serum
proteins, growth regulators, antibodies, vaccines, and hor-
mones, due to their ability to perform post-translational
modifications that make these recombinant proteins fold
correctly and maintain their structural and functional
integrity [2]. Moreover, plant-based systems offer more
straightforward growth requirements and little to no risk
of contamination with human pathogens compared to cul-
tured mammalian cells [3]. Several plant-based production
platforms for recombinant proteins, including transgenic
plants (using both stable and transient expression), hydro-
ponic culture [4], and in vitro culture systems, such as cell
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suspensions and hairy roots, have been developed [5]. The
first plant-made recombinant pharmaceutical protein that
was approved and commercialized for human use since
2012 was ELELYSO (recombinant glucocerebrosidase)
in cultures of carrot cells for the treatment of Gaucher’s
disease [6]. Numerous plant-derived therapeutic proteins
are now in various stages of clinical phases such as the
HS flu vaccines in tobacco, interferon alpha in duckweed
to treat hepatitis C, and recombinant lactoferrin in rice to
treat inflammatory bowel disease [7].

Despite the progress, several challenges need to be
addressed to achieve comparable efficiency as the mam-
malian system. The relatively low transformation fre-
quency poses one of the main challenges in promoting
plants as a significant recombinant protein production
system. Inconsistent expression levels, long lead time,
and disputable biosafety issues are also affecting the use
of plant systems as biofactories for recombinant proteins.
The production of recombinant protein through transient
expression is becoming the preferred method compared
to stable transgenic lines [8]. Several other strategies to
enhance the production of plant-based recombinant pro-
teins include increasing the efficiency of protein extraction
in downstream processing [9], protein engineering [10],
reducing proteolytic activity that degrades recombinant
protein [11], and rhizosecretion in hydroponic culture [4].

The selection of plant host is an equally important
strategy because each species harbors unique biological
characteristics that can influence recombinant protein
expression and downstream processing [12]. For example,
lettuce is a leafy crop with high biomass. The organized
structure of the lettuce head makes it more efficient for
agro-infiltration compared to the unorganized leaves of
tobacco [13]. However, since tobacco is a non-food and
feed plant, the ethical, environmental, and biosafety issues
could be alleviated. On the other hand, the disadvantage
of tobacco is the generation of heterogeneous N-glycan
structures compared to that of alfalfa [14]. Based on these
findings, the selection of host plants for therapeutic protein
production should be carefully determined to achieve the
full potential of the system and also to avoid any undue
risks [15].
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Fig. 1 Schematic view of anti-toxoplasma IgG plant expression cas-
settes (pTRAkcHcLcTg130). LB, left border; pAnos’, nopaline syn-
thase gene polyadenylation signal; nptll, neomycin phosphotransfer-
anse II; Pnos, nopaline synthase promoter; SAR, scaffold attachment
region of the tobacco RB7 gene (GenBank U67919); P35SS, CaMV
35S promoter with duplicated transcriptional enhancer; CHS, chal-

pA35S

We selected Mucuna bracteata as the platform for the
production of mouse-human chimeric immunoglobulin
(IgG) against Toxoplasma gondii. M. bracteata belongs to
the family Fabaceae (Leguminosae). It is an aggressive vine
that grows and spreads fast with high biomass that climbs on
the canopy of forest trees [16]. Leaves from the Mucuna spe-
cies, particularly in Mucuna pruriens, have been reported to
contain high protein content compared to other leguminous
plants, such as the butterfly pea (Centrosema pubescens),
flamboyant flower (Delonix regia), Bauhinia tomentosa, and
coast wattle (Acacia auriculiformis) [17]. It has become the
cover crop of choice for rubber and oil palm plantations in
South India and Southeast Asia due to its vigorous growth
and ability to tolerate drought and shade conditions [18, 19].
Additionally, M. bracteata is a non-food, non-feed crop and
is unable to produce seeds outside of its native climatic
region [20]. This will significantly reduce the chances of
food chain contamination.

In this study, we have established a transient transforma-
tion protocol for M. bracteata via a vacuum-assisted agro-
infiltration method to express mouse-human chimeric immu-
noglobulin (IgG) against 7. gondii. This would also be the
first report on the transient expression of the heterogeneous
protein in M. bracteata.

Materials and Methods
Plasmid Construction

The heavy chain and light chain sequences of anti-toxo-
plasma antibody (GenBank: JN104602.1) from the plas-
mids pTRAkc-Hc and pTRAke-Lc [21], respectively, were
digested with EcoRI and BamHI and ligated into the rfp
region of pTRA plant expression vector, pTRAkc-rfp-
ERH, to construct pTRAkcHcTg130 and pTRAkcLcTg130.
pTRAkcHcTg130 was then digested with Sphl and Pmel,
whereas pTRAkcLcTg130 was digested with Ascl and Sphl.
The larger fragments from both restriction digests were
ligated to generate a tandem heavy chain and light chain
expression plasmid, pTRAkcHcLcTg130 (Fig. 1). The heavy
chain fragment carries C-terminal KDEL as an endoplasmic
DEL

p3588 [LPH’ SAR

SAR CHS He PA35S RB

cone synthase 5'-untranslated region; LPH, codon-optimized murine
signal peptide of mAB24; Lc, light chain sequence of anti-toxo-
plasma IgG; pA35S, CaMV 35S polyadenylation signal; Hc, heavy
chain sequence of anti-toxoplasma IgG; KDEL, endoplasmic reticu-
lum retention signal; RB, right border
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reticulum retention signal. Numerous studies reported that
the inclusion of KDEL localization signal will retain the pro-
tein in endoplasmic reticulum [22-24]. pTRAkcHcLcTg130
was maintained in NEB® 5-alpha F' I? E. coli (New England
Biolabs, USA) and introduced into Agrobacterium tume-
faciens strains GV3101, EHA105, and LBA4404 by heat
shock method. The transformants were stored as a 20% (v/v)
glycerol suspension at — 80 °C.

M. bracteata Germination and Cultivation

The seeds of M. bracteata were germinated according to the
protocol by Aziz et al. [25]. Briefly, the seeds were cleaned
thoroughly by rinsing twice with tap water followed by
distilled water for 10 min and dried at room temperature
for 2 days. The dried seeds were then scarified in concen-
trated sulfuric acid for 30 min and rinsed five times with
sterile distilled water (sdH,O) prior to imbibition in sdH,0
for 6 h in dark condition at room temperature. The seeds
were then laid out on double layers of cotton roll moistened
with 10 mL of sdH,0 supplemented with 0.1% (w/v) acti-
vated charcoal and maintained in dark condition at room
temperature. Five-day-old germinated seedlings were trans-
ferred to polybags containing garden soil in a greenhouse
at the University of Malaya, Malaysia. The seedlings were
fully covered with perforated transparent plastic bags before
gradually removed after 2 weeks of culture. The plants were
watered twice a day.

Fig.2 Setup for vacuum-

assisted agro-infiltration of M. a
bracteata. a Trifoliate leaves
position on a 5-week-old M.
bracteata plant. b Five-week-
old M. bracteata plant was
submerged in 1 L of infiltration
buffer containing Agrobacte-
rium suspension and vacuum
was applied for 30 min. ¢
Five-week-old M. bracteata
with three trifoliate leaves

was selected for infiltration
(Bar=1 cm). d Non-infil-

trated leaflet of M. bracteata
(Bar=1 cm). e Infiltrated leaflet
of M. bracteata as indicated

by the dark green patches
(Bar=1 cm)

Top
trifoliate

Bottom
trifoliate

Cotyledonary
leaves
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Preparation of Agrobacterium Strains Harboring
pPTRAkcHcLcTg130 for Infiltration

A. tumefaciens GV3101 harboring pTRAkcHcLcTg130
(100 pL) was cultured in 50 mL of YEB supplemented with
100 pug/mL of carbenicillin, 50 pg/mL of rifampicin, and
50 pug/mL of G418 disulfate, whereas A. tumefaciens strains
EHA105 or LBA4404 harboring pTRAkcHcLcTg130 was
cultured in 50 mL of YEB supplemented with 50 ng/mL
of carbenicillin and 50 pg/mL of rifampicin in a 250 mL
flask. The cultures were incubated at 28 °C in dark condition
and agitated at 120 rpm for overnight. These cultures with
an ODg, of 0.03 were scaled up to 500 mL in fresh YEB
medium containing respective concentration of antibiotics
and maintained under similar culture conditions. The cul-
tures were harvested after reaching ODg, of 1.9 by cen-
trifugation at 7000 rpm for 4 min at room temperature. The
pellet was resuspended in 1 L of infiltration buffer (10 mM
MgCl,, 10 mM MES, pH 5.7) supplemented with 150 uM
acetosyringone and the ODg, was adjusted to about 1.0. The
culture was incubated at 28 °C without agitation for at least
1 h prior to infiltration.

Vacuum Infiltration of M. bracteata

Five-week-old M. bracteata with three trifoliate leaves were
vacuum infiltrated with 1 L of infiltration buffer contain-
ing A. tumefaciens strains GV3101, EHA 105, or LBA4404
harboring pTRAkcHcLcTg130 for 30 min (Fig. 2). Vacuum
time was recorded once the pressure reached — 25 inches of
Hg/— 0.84 BAR (100 x kPa). The bottom, intermediate , and
top trifoliate leaves were harvested at 2, 4, and 6 days post-
infiltration. The leaves were snap frozen in liquid nitrogen

Intermediate.
trifoliate
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and kept at — 80 °C until use. Each parameter consisted
of three individual plants and the experiment was repeated
three times. Non-infiltrated plants were considered as nega-
tive control.

Syringe Infiltration of N. benthamiana

The seeds of N. benthamiana were sowed directly into
polybags containing garden soil in a greenhouse at the Uni-
versity of Malaya, Malaysia. The sixth leaf from above of
40-day-old N. benthamiana was syringe infiltrated accord-
ing to the optimized method of Leuzinger et al. [26]. The A.
tumafeciens strain GV3101 harboring pTRAkcHcLcTg130
suspended in infiltration buffer (ODg,,= ~ 1.0) was injected
into the leaf intercellular space with a syringe without a
needle until the entire leaf was infiltrated. Non-infiltrated
plants were considered as negative control. The leaves were
harvested after 6 days post-infiltration, snap frozen in liquid
nitrogen, and kept at —80 °C until use.

Protein Extraction

Lyophilized leaves were pulverized to fine powder in the
presence of liquid nitrogen. Total soluble protein (TSP) was
extracted from the finely ground powder in two volumes of
phosphate buffered saline (PBS) or PBS supplemented with
0.5% (v/v) Triton X-100, 5% (v/v) glycerol, 1% (w/v) poly-
vinylpolypyrrolidone (PVPP), and 2% (w/v) polyvinylpyr-
rolidone (PVP) K30 (NEB buffer). The crude extract was
centrifuged at 13,000 rpm for 20 min at 4 °C. The super-
natant was centrifuged again for 20 min at 4 °C. TSP in the
supernatant was quantified through Bradford assay.

Protein Purification and Quantification

Anti-toxoplasma IgG protein was purified from TSP
(400 pg) using NAD Protein A spin column (Cat number:
89952) (Thermo Scientific, MA, USA) according to the
manufacturer’s instructions. The concentration of anti-tox-
oplasmosis protein was quantified by measuring the absorb-
ance at 280 nm using a nanophotometer (Implen, Munchen,
Germany) and quantified based on the following formula:

C = ADbs.280 * A280 factor * lid factor * dilution factor

prot.

where C ., is the protein concentration (mg/mL),
Abs. 280 is the absorbance (AU) of proteins, A280 fac-
tor is the molecular weight,,/molar extinction coefficient
M~ #cem™h Lid factor is the dependent on the used
dilution lid.

In this calculation, the A280 factor was 0.71 for IgG.

prot.>
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A280 factor 0.71
Molecular weight (g/mol) 150,000
Molar extinction coefficient (M~ "*cm™!) 210,000

The lid factor which was dependent on the used dilu-
tion lid was 10. A mixture of 400 pL binding buffer and
40 pL neutralization buffer was used as a blank for the
measurements.

Concentrating Anti-toxoplasma IgG and Buffer
Exchange

The eluate fractions from the NAb Protein A spin columns
were concentrated and buffer exchanged with PBS using
Pierce Protein Concentrator, PES 3 K (Thermo Scientific,
MA, USA) according to the manufacturer’s instructions. For
both procedures, the samples were centrifuged at 5000xg at
25 °C until the retentate volume was less than 10% of the
original volume.

Western Blot Analysis

The purified protein samples were boiled at 100 °C for
Sminin a 1:1 ratio of samples and 2X loading sample buffer
(100 mM Tris—HCI, pH 6.8), 20% (w/v) glycerol, 4% (w/v)
SDS, 0.05% (w/v) bromophenol blue, 0.25% (v/v) 2-mer-
captoethanol. The samples were centrifuged at 17,000xg
for 2 min prior to loading on 4% stacking and 12% separat-
ing SDS—polyacrylamide gel (SDS-PAGE) electrophoresis
under reducing conditions and blotted onto nitrocellulose
membrane. The membrane was blocked for an hour with
5% (w/v) bovine serum albumin (BSA). The binding of the
primary antibody was detected using the monoclonal anti-
human IgG Fab fragment antibody (Cat number: ab771)
(Abcam, Cambridge, UK) diluted 1:1,000, whereas the bind-
ing of the secondary antibody was detected using a goat
anti-mouse IgG Fc conjugated to horseradish peroxidase
(HRP) (Cat number: ab20043) (Abcam, Cambridge, UK)
diluted 1:5,000. The membrane was washed three times with
TBS containing 0.1% (v/v) Tween-20, developed using the
WesternBright™ Quantum Chemiluminescent HRP Sub-
strate (Advansta, CA, USA) kit and imaged using Bio-Rad
Chemidoc MP system (Bio-Rad, CA, USA).

ELISA

The functionality of the purified and concentrated anti-tox-
oplasmosis protein from M. bracteata and N. benthamiana
was analyzed using Human Anti-Toxoplasma gondii 1gG
ELISA Kit (Abcam, Cambridge, UK). All samples were
diluted with IgG Sample Diluent at 1:100. Each standard
and diluted sample (100 pL) were loaded into appropriate
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wells. One well was left for substrate blank purpose. The
content from each well was aspirated after incubated at
37 °C for 1 h and the wells were washed three times with
300 pL of 1x washing solution. After the last wash, the
remaining 1X washing solution was removed by aspiration.
The plate was inverted and blotted against clean paper towels
to remove excess liquid. Toxoplasma gondii anti-IgG HRP
conjugate (100 uL) was added into all wells except for the
blank well. The wells were incubated at room temperature
for 30 min in darkness. Washing step was repeated before
adding 100 pL of TMB substrate solution into all wells and
incubated at room temperature for 15 min in the dark. The
reaction was stopped by adding 100 pL of stop solution. The
absorbance was measured at 450 nm within 30 min after
adding stop solution using microplate reader (Tecan, Min-
nerdorf, Switzerland).

Results and Discussion

Vacuum-Assisted Infiltration is Necessary for M.
bracteata

Syringe infiltration and vacuum-assisted infiltration are
important transient transformation methods widely used in
many plant genetic engineering studies [26]. Syringe infiltra-
tion is normally used in bench scale infiltration by injecting
a small volume of Agrobacterium suspension into the inter-
cellular space in leaf. On the other hand, vacuum-assisted
infiltration is commonly applied for large scale infiltration.
In vacuum-assisted infiltration, plant tissue is submerged in
Agrobacterium suspension, followed by vacuum application
to permeate Agrobacterium suspension into the intercellu-
lar space in leaf. This method has been used for different
types of plant tissues such as the seeds of pea [27], nodal
explants of Withania somnifera [28], whole plant of Nico-
tiana benthamiana [29], and detached sunflower leaves [30].
While syringe infiltration allows versatility in the experi-
mental design, such as requiring only a small volume of
culture to infiltrate several Agrobacterium cultures that
may harbor different constructs on separate segments of the
same leaf [31, 32], the vacuum-assisted infiltration method
appears to be dependent on the type of leaf or plant spe-
cies. This was in agreement with our unsuccessful attempt
to syringe infiltrate the leaves of M. bracteata. The leaves of
M. bracteata are brittle and easily damaged when too much
pressure was applied during syringe infiltration. Even with
extreme caution during the application of pressure, the infil-
trated area did not expand beyond the syringe nozzle area.
This could be attributed to the leaf structure and architecture
[31]. King et al. [33] reported similar difficulties for leg-
ume soybean leaves. The authors found that agro-infiltration
could only be achieved with the combination of sonication,
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reducing agent, and vacuum treatment. Our preliminary test
on vacuum infiltration of M. bracteata plant with Agrobacte-
rium suspension has shown promising results as indicated by
the presence of dark green patches (Fig. 2b—e). Even though
these patches were erratic, vacuum-assisted infiltration was
more convenient and feasible method for routine study in M.
bracteata compared to arduous syringe infiltration. Thus,
this study aimed to establish an efficient transient transfor-
mation method using vacuum-assisted infiltration for M.
bracteata.

Trifoliate Leaves Position Affects the Expression
Level of Anti-toxoplasma IgG

Five-week-old M. bracteata plant typically has three sets
of trifoliate leaves. The oldest trifoliate leaf is located at
the bottom of the stem, and the leaves become increasingly
younger towards the top (Fig. 2a). This indirectly allowed
us to study the effect of leaf age on the transient expres-
sion of anti-toxoplasma IgG in M. bracteata. Various studies
have shown that the expression levels of heterologous pro-
tein varied according to leaf age and position [32, 34-36].
Since M. bracteata starts to branch out after 6 weeks of
planting, 5-week-old M. bracteata was used in this study
to avoid incoherent and inconclusive comparisons between
individuals.

In this study, the bottom trifoliate leaves of 5-week-old
M. bracteata produced ~ 1.5-fold higher concentration of
anti-toxoplasma IgG (314.9 +49.8 ug/g fresh weight leaf)
compared to the trifoliate leaves at other positions (Fig. 3).
There is no significant difference between the intermediate
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Fig.3 Effect of M. bracteata trifoliate leaves position on anti-toxo-
plasma IgG concentration. The bars indicate mean + standard errors.
Mean followed by the same letters are not statistically significant
according to Duncan’s multiple-range analysis at p <0.05
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(199.0 +£31.2 pg/g fresh weight leaf) and the top position
(191.6 +24.5 pg/g fresh weight leaf). The bottom trifoli-
ate leaf is the first true leaf in M. bracteata. Wroblewski
et al. [31] demonstrated that a higher level of heterologous
protein expression was observed in the first true leaves of
lettuce, tomato, and Arabidopsis than the leaves produced
later. However, tobacco exhibited the highest transient het-
erologous protein expression either in intermediate or top
leaves, where rapid cell expansion with high levels of protein
synthesis occurred [34, 36]. It is well established that tran-
sient heterologous protein expression pattern was species-
dependent [34, 37].

Different leaf positions might produce different levels
of protein expression due to the general changes in leaf
physiology [32]. Younger leaves have thin leaf lamina that
could impair infiltration efficiency [37], which led to vari-
able expression levels due to uneven Agrobacterium infiltra-
tion [38]. This was corroborated by a study in potato plants
conducted by Bhaskar et al. [39]. The authors found that
the infiltration efficiency in younger plants (3—4-week-old)
was significantly lower compared to older plants (5—6-week-
old). Taken together, anti-toxoplasma IgG was extracted only
from the bottom trifoliate leaf of a 5-week-old M. bracteata
plant in our subsequent experiments.

Transient Expression Post-infiltration
Diminished Over Time

The concentrations of anti-toxoplasma IgG at 2 days
(271.68 +39.2 ng/g fresh weight leaf) and 4 days
(234.78 £20.6 pg/g fresh weight leaf) post-infiltration were
significantly higher compared to 6 days post-infiltration
(155.8+16.3 pg/g fresh weight leaf; Fig. 4). This finding
was similar to other plants such as onion epidermis [40],
rose petal [41], and tobacco [42], where transient heter-
ologous protein expression decreased significantly after
2-3 days post-infiltration.

The diminished transient expression of post-infiltration is
often associated with an active endogenous RNA silencing
process and proteolytic degradation in plant cells [43, 44].
A study conducted by Wydro et al. [32] showed that the
co-expression of RNA silencing suppressor led to a con-
tinuous increase in the expression of the heterologous pro-
tein. Instead of decreasing significantly after 2—3 days post-
infiltration, transient expression continued to accumulate
and achieved the highest peak of expression after 6-7 days
post-infiltration. However, a shortened harvesting time and
production cycle could decrease the downstream costs for a
higher overall annual output [34], indicating the importance
of cost—benefit analysis.

Many other recent studies have focused on the proteo-
lytic degradation of plant-made pharmaceutical proteins,

400
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(ug/g fresh weight leaf)

Days post infiltration

Fig.4 Concentration of anti-toxoplasma IgG at different days post-
infiltration. The bars indicate mean =+ standard errors. Mean followed
by the same letter are not statistically significant according to Dun-
can’s multiple-range analysis at p <0.05

which remains a significant hurdle in plant molecular farm-
ing [45-48]. Several hundreds of endogenous proteases that
may directly or indirectly involve in the proteolysis event ex
planta or in planta have been identified in plants genome
[49]. Future studies should aim to identify specific proteases
that are responsible for the degradation of a given recombi-
nant protein [46, 49]. These proteases activities may lead to
partial or complete hydrolysis of the recombinant antibody;
thus, affecting the final yield of intact recombinant proteins
in plant systems [50]. Among the strategies that have been
described to elude unintended proteolysis in plant systems
include the downregulation of host protease expression [11,
46], the removal of protease-susceptible sites by targeted
mutagenesis [51, 52], and co-expression of protease inhibi-
tors [47].

Infiltration with A. tumefaciens Strain
GV3101 Produced the Highest Concentration
of Anti-toxoplasma IgG

A. tumefaciens strains GV3101, EHA105, and LBA4404
were used in this study to determine their effects on tran-
sient heterologous protein expression in M. bracteata. Both
GV3101 (nopaline type) and EHA105 (succinamopine type)
contain a C58 chromosomal background, whereas LBA4404
was octopine TiAch5 [53].

We found that the highest concentration of anti-toxo-
plasma IgG was observed when M. bracteata was infiltrated
with A. tumefaciens strain GV3101 (368.92 +76.6 ug/g
fresh weight leaf; Fig. 5). In contrast, the concentration
of anti-toxoplasma IgG decreased by three-fold when M.
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Fig.5 Effect of different Agrobacterium strains on anti-toxoplasma
IgG concentration. The bars indicate mean =+ standard errors. Mean
followed by the same letter are not statistically significant according
to Duncan’s multiple-range analysis at p <0.05

bracteata was infiltrated with either A. fumefaciens strain
EHA105 (119.90 +23.9 pg/g fresh weight leaf) or LBA4404
(112.46 +22.9 pg/g fresh weight leaf). This study suggested
that Agrobacterium strains containing different chromosomal
backgrounds might affect the efficiency of T-DNA delivery
[54].

Other studies reported that the effectiveness of an Agro-
bacterium strain to infect and deliver the targeted genes
into host plants was not only species- but also genotype-
dependent [31, 55]. For example, EHA105 was more effi-
cient in infecting reed compared to LBA4404 and GV3101
[56]. However, GV3101 produced higher transformation
efficiency than EHA105, MP90, and AGL1 in tomato cul-
tivar Micro-Tom [57]. Meanwhile, switchgrass transforma-
tion was most efficient when AGL1 was used compared
to GV3101 and C58 [58]. In another study, Yasmin and
Debener [41] reported no significant differences in the trans-
formation efficiency between GV3101, EHA105, C58Cl1,
and 80.1 infections on various rose genotypes.

The condition of the plant tissue post-infiltration is also
an important factor in determining the most suitable Agro-
bacterium strain for infection. Unlike most studies, there
was no visible necrotic lesion in the infiltrated M. bracteata
leaves from any of the Agrobacterium strains tested. Cer-
tain Agrobacterium strain resulted in a higher mortality rate
among the infected explants [57]. Transformation of the
plant tissue using Agrobacterium may trigger innate defense
response, which could lead to necrotic reaction and plant
cell death [59, 60]. These were often observed in banana
transformation, where rapid necrotic reaction led to a high
rate of explants mortality and impeded the overall progress
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Fig.6 The effect of different crude protein extraction buffers
on the concentration of anti-toxoplasma IgG. The bars indicate
mean =+ standard errors. Mean followed by the same letter are not sta-
tistically significant according to Duncan’s multiple-range analysis at
p<0.05

in banana transformation via Agrobacterium-mediated
approach [61, 62].

Inclusion of Certain Components in the Extraction
Buffer Enhanced the Purification of Anti-toxoplasma
I9G

We evaluated two different extraction buffers, namely
PBS and NEB (PBS supplemented with 0.5% (v/v) Triton
X-100, 5% (v/v) glycerol, 1% (w/v) PVPP, and 2% (w/v) PVP
K30), for crude protein extraction from M. bracteata leaves.
We found that the concentration of anti-toxoplasma IgG
obtained from the extraction using NEB (383.19+22.1 pg/g
fresh weight leaf) is two-fold higher than the extraction
using PBS (181.14+31.9 pg/g fresh weight leaf; Fig. 6).
We noticed that the crude protein extracted from M.
bracteata using PBS often yielded a reddish-brown crude
extract that sometimes precipitated after half an hour even
when frozen or maintained at 4 °C. This might be due to the
effect of “enzymic browning” where phenolic compounds
formed irreversible covalent linkages with proteins, result-
ing in hydrophobic products that were more susceptible to
protein aggregation and precipitation [63, 64]. In this study,
we supplemented the protein extraction buffer with PVPP as
a phenolic binding agent. PVPP is insoluble and can be eas-
ily removed from the extracts by centrifugation. It has been
shown that the protein quality and quantity were enhanced
when PVPP was used during protein extraction from recal-
citrant plants [64—66]. In addition, water-soluble PVP was
also incorporated to protect the extracted crude protein from
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unnecessary reaction with free phenolic. Indeed, crude pro-
tein extraction from M. bracteata using NEB produced a
green protein extract that did not precipitate. These obser-
vations suggested that the “enzymic browning” effect in M.
bracteata crude protein extract could be reduced by incorpo-
rating phenolic adsorbents in the extraction buffer to mini-
mize protein—phenolic unspecific binding.

An additional component, such as detergent (Triton
X-100), was included to disrupt cellular membranes and
maximize protein release into the extraction buffer during
protein extraction. Triton X-100 is a mild non-ionic deter-
gent with a low tendency to denature proteins and break up
protein complexes [67]. Another component that was added
into the NEB was glycerol to stabilize the extracted pro-
teins. Glycerol is one of the most widely used polyols and is
routinely used in protein refolding and crystallization [68].
Glycerol prevents protein aggregation by inhibiting protein
unfolding and stabilizing aggregation-prone intermediates
[68].

M. bracteata Produced At Least Two-Fold Higher
Concentration of Anti-toxoplasma IgG than N.
benthamiana

N. benthamiana is widely used as a model plant for the
production of plant-derived heterologous protein due to
its high susceptibility to Agrobacterium infection and
high leaf to plant biomass ratio [69, 70]. In this study, we
evaluated the production of anti-toxoplasma IgG using
optimized methods in N. benthamiana [26] and M. brac-
teata. We found that M. bracteata consistently produced
at least a two-fold higher concentration of anti-toxoplasma
I1gG (591.10+52.5 pg/g fresh weight leaf) compared to N.
benthamiana (276.61 +9.52 ng/g fresh weight leaf; Fig. 7).
This antibody yield from M. bracteata was also compara-
tively higher than previous reports using N. benthamiana
as a transient-based expression system [71, 72]. However,
numerous studies have demonstrated that transient expres-
sion levels varied not only between species but even among
the genotypes of the same species [30, 31, 37, 40, 41].

It is noteworthy that the parent plasmids, namely
pTRAkc-He and pTRAke-Lc, used in the construction of
pTRAkcHcLcTg130 in this study were used by Lim et al.
[21] to transiently express anti-toxoplasma IgG through the
co-transformation method in N. benthamiana. The authors
obtained anti-toxoplasma IgG at the concentrations of
33-72 pg/g fresh weight leaf. The higher antibody yield
achieved in this study might be due to the usage of antibody
tandem constructs pTRAkcHcLcTg130. Co-transformation
of separate constructs often yields lower expression level
than tandem constructs due to independent integration into
the host genome in co-transformation [73].
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Fig.7 Comparison of anti-toxoplasma IgG concentration between
M. bracteata and N. benthamiana. The bars indicate mean =+ standard
errors. Mean followed by the same letter are not statistically signifi-
cant according to Duncan’s multiple-range analysis at p <0.05

Anti-toxoplasma IgG in M. bracteata Showed
Structural Heterogeneity But Retained Its Biological
Activity

Anti-toxoplasma IgG that was extracted and purified from
M. bracteata and N. benthamiana were analyzed via West-
ern blot using an anti-human IgG Fab fragment antibody.
A band with an estimated molecular mass of ~58 kDa was
detected in both infiltrated plants (Fig. 8a, b). In contrast, the
estimated molecular mass based on the amino acid sequence
of anti-toxoplasma IgG is~51 kDa. The deviation from the
theoretical molecular size could be attributed to glycosyla-
tion. One of the advantages of using plants as a production
platform to produce recombinant pharmaceutical protein is
its capability to perform complex post-translational modi-
fications as eukaryotes. Glycosylation is the most common
form of modification in eukaryotic cells, where at least 50%
of human proteins are glycosylated [74]. N-linked glyco-
sylation pathways in plants are relatively well-characterized
and share a high degree of homology with other eukaryotic
organisms [74].

Structural heterogeneity was observed in the purified anti-
toxoplasma IgG from M. bracteata, but not from N. bentha-
miana (Fig. 8a, b). The presence of an additional band in
M. bracteata with an estimated molecular mass of ~51 kDa
(Fig. 8a), similar to the theoretical molecular mass, sug-
gested the existence of anti-toxoplasma IgG devoid of any
glycan moiety (Fig. 8a). The lack of glycan moiety could
be an indication that some recombinant protein in M. brac-
teata experienced incomplete post-translational modifica-
tion. However, it was suggested that structural heterogeneity
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Fig.8 Western blotting analysis of purified anti-toxoplasma IgG from
the agro-infiltrated leaves of a M. bracteata and b N. benthamiana.
EZRun Prestained Rec Protein Ladder (Fisher Bioreagents, PA, USA)
was used as marker in both blots. ¢ ELISA analysis of purified anti-
toxoplasma IgG from agro-infiltrated leaves of 5-week-old M. bracte-
ata plant and 40-day-old N. benthamiana plant. Analysis was carried

resulted predominantly from degradation rather than partial
assembly within the cells [50]. The glycan moiety could
have been cleaved off either in planta (during protein synthe-
sis) or ex planta (during protein extraction or purification)
by one of the various proteases that exist in the plants [75].
The previous study showed that residual protease activity
could still occur even in highly purified monoclonal antibod-
ies [76]. It was worthy to note that the ~51 kDa band was
less intense compared to the ~ 58 kDa band. This suggested
that there was more glycosylated than non-glycosylated anti-
toxoplasma IgG in M. bracteata. Nonetheless, even though
the purified anti-toxoplasma IgG from M. bracteata sug-
gested the presence of structural heterogeneity, the purified
product demonstrated biological activity at a comparable
level with anti-toxoplasma IgG extracted from N. bentha-
miana in ELISA (Fig. 8c). This underlines the importance
of future work to better understand the post-translational
mechanisms and proteolytic degradation in M. bracteata, as
product authenticity and homogeneity are one of the major
concerns for plant-derived recombinant pharmaceutical
protein.

Conclusion

A transient expression system via agro-infiltration is a
rapid and convenient method for the production of recom-
binant pharmaceutical protein in plants. It is an alternative
to the arduous and inefficient process of generating stable
transgenic lines as regeneration of transformed explants
is often slow, especially in legume species. We have
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out using Human Anti-Toxoplasma gondii 1gG ELISA kit (Abcam,
Cambridge, UK) according to the manufacturer’s protocol. The bars
indicate mean +standard errors. Mean followed by the same letter
are not statistically significant according to Duncan’s multiple-range
analysis at p <0.05

successfully established a reproducible transient trans-
formation protocol to express anti-toxoplasma IgG in the
leguminous and fast growing M. bracteata. This protocol
could also be used to facilitate the future application of
the -omic technologies in the study and utilization of M.
bracteata. This is the first report of heterologous protein
expression in M. bracteata via vacuum-assisted Agrobac-
terium infiltration. Our study showed that vacuum infiltra-
tion of a 5-week-old M. bracteata plant with A. tumefa-
ciens strain GV3101 produced the highest concentration of
heterologous protein in its bottom trifoliate leaf at 2 days
post-infiltration. M. bracteata consistently produced at
least two-fold higher concentration of heterologous pro-
tein when compared to the model plant, N. benthamiana.
This study has laid the foundation towards establishing M.
bracteata as one of the potential platforms for the produc-
tion of recombinant pharmaceutical protein.
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