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A hyper-thermostable α-amylase from
Pyrococcus furiosus accumulates in
Nicotiana tabacum as functional aggregates
Hong Zhu1, L. Bruce Reynolds1ˆ and Rima Menassa1,2*

Abstract

Background: Alpha amylase hydrolyzes α-bonds of polysaccharides such as starch and produces malto-
oligosaccharides. Its starch saccharification applications make it an essential enzyme in the textile, food and brewing
industries. Commercially available α-amylase is mostly produced from Bacillus or Aspergillus. A hyper-thermostable
and Ca 2++ independent α-amylase from Pyrococcus furiosus (PFA) expressed in E.coli forms insoluble inclusion
bodies and thus is not feasible for industrial applications.

Results: We expressed PFA in Nicotiana tabacum and found that plant-produced PFA forms functional
aggregates with an accumulation level up to 3.4 g/kg FW (fresh weight) in field conditions. The aggregates are
functional without requiring refolding and therefore have potential to be applied as homogenized plant tissue
without extraction or purification. PFA can also be extracted from plant tissue upon dissolution in a mild
reducing buffer containing SDS. Like the enzyme produced in P. furiosus and in E. coli, plant produced PFA
preserves hyper-thermophilicity and hyper-thermostability and has a long shelf life when stored in lyophilized
leaf tissue. With tobacco’s large biomass and high yield, hyper-thermostable α-amylase was produced at a scale
of 42 kg per hectare.

Conclusions: Tobacco may be a suitable bioreactor for industrial production of active hyperthermostable alpha
amylase.

Keywords: Amylase, Thermostable, Tobacco, Hyperthermostable enzyme, PFA, Starch hydrolase, Molecular
farming, Recombinant protein production, Transgenic plants

Background
Alpha amylase is an enzyme with widespread applica-
tions in food, textile, detergent and alcohol production
and other industries. In the 1990s, enzymes from an
archaeon Pyrococcus furiosus were identified, which are
valuable due to their hyper-thermostability in multiple
applications [1–5]. Among these enzymes, an extracellu-
lar α-amylase, P.furiosus α-amylase (PFA), was cloned,
characterized and expressed in E.coli by Dong et al. [6].
PFA's advantages over α-amylases from other sources

include an optimal temperature of 100 °C, a half-life of
13 h at 98 °C, and Ca2+-independent functionality. PFA
is very desirable in industrial applications, but its use is
hampered by the high production cost in E.coli because
it accumulates in the form of insoluble inclusion bodies,
and a tedious solubilization procedure is required to
produce a soluble functional enzyme [7]. Over the years,
there has been interest in exploring new strategies to in-
crease the solubility and yield of recombinant PFA. For
example, about 28 mg (109,000 U) of soluble PFA is pro-
duced in 1 litre of culture by co-expression of thiore-
doxin and induction at 18 °C with 1% ethanol [6].
Recently, to test if molecular chaperones have important
roles in protein folding in P.furiosus, Peng and co-
workers [8] co-expressed PFA with chaperones from P.
furiosus in E.coli. They reported that both chaperonin
and a small heat shock protein (sHSP) increased the
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solubility of PFA to a certain degree, while prefoldin
seemed to be the most efficient, and increased the en-
zyme activity of the supernatant to about 60,000 U/g
wet weight from about 5000 U/g wet weight without
chaperone, and a visible band in the supernatant was de-
tected in a Coomassie stained gel. Adding chaperonin or
sHSP to prefoldin in co-expression experiments did not
further improve the solubility of recombinant PFA. By
cloning prefoldin and PFA into one plasmid, they further
increased the solubility of E.coli-made PFA to about
50%, up from unquantifiable levels on a Coomassie
stained gel, and the enzyme activity reached about
84,000 U/g wet weight. When they co-expressed prefol-
din in a high copy plasmid and PFA in a low copy plas-
mid to increase the ratio of prefoldin to PFA, they
almost eliminated insoluble PFA, but the total amount
of recombinant PFA was reduced [8]. Wang et al. [9]
produced soluble PFA by expressing PFA in Bacillus
amyloliquefaciens, the organism currently used in indus-
try to produce amylase (BAA). They modified the PFA
gene by mimicking expression and secretion elements
such as codon usage bias, mRNA structure, and pro-
moter elements of BAA. PFA was successfully expressed
in B. amyloliquefaciens and secreted into the medium.
The yield of PFA was 2,000 U/ml of supernatant and
2,714 U/ml of total culture. The B. amyloliquefaciens-
made PFA has similar temperature and pH optima as
the native- and E.coli-made PFA [9]. Using plants to
synthesize recombinant proteins has increasingly be-
come an alternative for low cost medical materials, phar-
maceuticals, as well as industrial purposes [10–15].
Among the plants used, tobacco has the benefit of being
a non-food and non-feed crop, and providing large
amounts of leaf biomass that can be harvested before
flowering thus limiting spread of the transgene through
pollen or seeds. Because of this, tobacco is considered a
safe platform in molecular farming [16].
In our study, we found that a thermostable α-amylase

from P. furiosus (PFA) accumulates in leaves as insoluble
but active aggregates that do not require refolding, and
that are active in harsh denaturing conditions. This indi-
cates that plants have the ability to store recombinant
proteins as aggregates and therefore keep them out of
their biological pathways. This is an advantage that we
can exploit in molecular farming.

Results and Discussion
Transient expression of PFA in tobacco
The gene coding PFA pfa was cloned in a plant expres-
sion vector pCaMterX [17] with an N-terminal plant
signal peptide and a C-terminal ER (endoplasmic
reticulum) retrieval peptide to target the protein to the
secretory pathway and retrieve it to the ER. We chose to
target the protein to the ER because it has consistently

been shown to provide a superior environment for fold-
ing and storing recombinant proteins in plant cells,
while cytosolic expression results in little to no protein
accumulation in the majority of the cases [11, 16, 18],
reviewed in [19]. To determine if PFA would accumulate
in plants, the PFA protein was produced in tobacco
leaves via Agrobacterium-mediated transient expression.
Total soluble protein was extracted from leaves and sep-
arated by SDS (sodium dodecyl sulfate)-PAGE (poly-
acrylamide gel electrophoresis). PFA enzymatic activity
was determined via starch degradation analysis on a zy-
mogram and PAGE purified E.coli-produced PFA was
used as standard (Fig. 1a). The zymogram clearly shows
that functional PFA was produced in tobacco leaves and
that it is able to degrade starch even in denaturing
conditions. Plant-synthesized PFA (calculated size of
50 kDa) appears as two major bands about 50 and
70 kDa. Dong et al. [6] observed a 44 kDa and a 66 kDa
band in E.coli-produced PFA. Both bands are smaller

Fig. 1 PFA accumulates in Nicotiana tabacum in both transient
expression and stable transformation. a Codon optimization
improves accumulation of PFA in transient expression. Zymogram
with tobacco leaf extracts transiently expressing pfa or an empty
expression vector. Three replicates from three different plants are
shown for each treatment. The bright bands indicate areas where
starch is degraded by PFA. Each lane was loaded with 20 μl plant
extract from 0.1 g leaf material extracted with 400 μl protein
extraction buffer. PAGE-purified E.coli- produced PFA was used as
standard. b Zymogram and (c) western blot hybridization analysis
with anti-PFA antibodies of stable transgenic tobacco lines. PFA:
40 ng of E. coli-produced purified PFA. Lanes 1-8 represent eight
independent transgenic lines from N. tabacum cv. TI95 (1-4 and 7-8)
and I64 (5-6). The tobacco lines shown are representative of 16
N. tabacum cultivars used for producing 400 individual lines
(25 lines/cultivar). WT: wild type, untransformed tobacco plant. Each
lane was loaded with 5 μg total protein extracted with reducing
extraction buffer
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than the expected monomer and dimer sizes of 52 kDa
and 104 kDa, and the authors suggested that PFA mono-
mers and homodimers may be partially folded in the
polyacrylamide gel, resulting in a smaller apparent size
than their expected size [6]. This behavior was also ob-
served with other enzymes from the hyperthermophilic
archaea P. furiosus and P. woesie [2, 4, 20]. Savchenko et
al reported that this enzyme is monomeric because it be-
longs to glycosyl hydrolases' family13 which contains
only monomeric enzymes. Their evidence includes mass
spectrometry showing a molecular mass of 50 kDa, and
light scattering measurement indicating 48 kDa molecu-
lar size. They suggested that the dimeric-sized band is
due to partially denatured PFA reacting with another
PFA monomer to form a disulfide bridge in the denatur-
ing conditions of SDS PAGE [21]. We believe the same
could be true in the case of plant-made PFA, and that
the observed bands represent PFA monomer and dimer
formed in the denaturing conditions of SDS-PAGE. Our
E.coli-expressed PFA however appears as only mono-
meric in SDS PAGE possibly due to additional residues
consisting of Trx, His, S Tags and thrombin cleavage site,
totalling about 17.5 kDa, introduced by the expression
vector pET32. The E.coli-produced PFA appears as a
double band in Fig. 1a, but as one band in Fig. 1b and c,
Fig. 2c, and Fig. 4a. We have seen this behavior through-
out our experiments and we suspect this may be due to
partial folding of this protein in Fig. 1a. Codon
optimization of prokaryotic codon usage to match the
eukaryotic hosts' codon usage has often been used as a
strategy to increase accumulation of recombinant proteins
[22, 23]. Since P. furiosus is an archaeon, pfa was
codon-optimized to match tobacco codon usage [14].
Upon transient expression in tobacco, we found that
codon-optimization increases PFA accumulation by
more than threefold, from 2.24 ± 1.12 ng/mg F.W. to
7.79 ± 1.98 ng/mg FW (Fig. 1a).

Creation of stable transgenic tobacco lines
Although transient expression is a useful tool for determin-
ing the best construct for expression and for quick produc-
tion of small amounts of protein for characterization,
stable transgenic lines are required for industrial produc-
tion of kilogram amounts of industrial enzymes such as α-
amylase. Therefore, the codon-optimized pfa gene was
transformed into tobacco via Agrobacterium-mediated
transformation and 400 independent transgenic lines from
16 Nicotiana cultivars expressing PFA were created [12].
Zymogram analysis was conducted on all 400 lines, and all
lines express functional PFA. A representative zymogram
of four independent lines and a western blot of another
four independent transgenic lines from N. tabacum cv
TI95 and I64 are shown in Fig. 1b and c. Densitometric
analysis of Fig. 1b against a dilution series of known

amounts of E. coli-produced PFA standard indicates PFA
accumulation in lines 1–4 of 1.05 ± 0.33% of total leaf
protein.

PFA accumulates as aggregates in plants
To determine if native PFA is present in plants in its
monomeric form, leaf tissue was extracted in non-
reducing buffer or in reducing buffer and proteins were
separated by native PAGE and analyzed by both zymo-
gram and western hybridization. Upon extraction in re-
ducing conditions, one major band is evident on the
native gels in both zymogram and western hybridization
(Fig. 2a). Although both monomer and dimer are observed
by denaturing SDS-PAGE (Fig. 1), only one band appears
in native PAGE Fig. 2a), indicating that the enzyme is
present in only one form, likely its monomeric form.
Upon extraction in non-reducing conditions with PBS-
Tween-based buffer, western hybridization and zymogram
analysis revealed the presence of a higher molecular
weight smear, likely consisting of PFA aggregates. The
smear was not observed upon extraction in reducing buf-
fer in the presence of SDS, an indication that aggregates
were dissociated in reducing conditions (Fig. 2a, lower
panel). The fact that aggregates are actively degrading
starch on zymograms indicates that they do not require to
be dissociated for activity (Fig. 2a, upper panel).
In an attempt to purify PFA from plant extracts by

tangential flow filtration in native conditions, we saw
that most PFA was retained by a membrane with
300 kDa cut-off pore size which indicates that the PFA
aggregates are larger than 300 kDa in native conditions
and are enzymatically functional (Fig. 2b). A second ex-
periment was carried out to purify PFA from plant ex-
tract in reducing conditions, in which the permeate and
wash from one pore size membrane were pooled and
subjected to filtration with a membrane of smaller cut-
off pore size (sequentially starting at 1000 kDa, then
300, 100, and 10 kDa). The starting sample was heat-
treated at 70 °C for 5 min to denature and precipitate
other plant proteins and cleared by centrifugation at
4500 x g for 15 min. Although most PFA was recovered
and concentrated in the retentate of the 10 kDa cut-off
membrane, a significant fraction PFA did not pass
through the 1000 kDa cut-off membrane suggesting that
PFA forms aggregates of a molecular weight higher than
1000 kDa (Fig. 2c). Some proteins form aggregates after
heat treatment [24], but in Fig. 2b large aggregates of
more than 300 kDa were also observed in native condi-
tions with no heat treatment. It was previously reported
that high accumulation of recombinant proteins in plant
chloroplasts leads to the formation of inclusion bodies
[25]; PFA accumulates in inclusion bodies in E. coli, and
requires refolding for activity [7]. Our results suggest
that ER-targeted plant-made PFA is correctly folded
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since aggregates are enzymatically functional, obviating
the need for refolding, thus facilitating the process and
reducing the cost of PFA production.

Optimization of reducing extraction buffer
To optimize the reducing extraction buffer, we tested
several combinations of DTT and SDS in Tris buffer

pH 7.5. When Tris-SDS buffer with or without DTT was
used, a similar amount of active PFA was extracted
(Additional file 1: Figure S1a), while Tris-DTT re-
quired SDS to be present for efficient extraction of
PFA (Additional file 1: Figure S1b). SDS concentration of
at least 0.6% (w/v) was needed for optimal PFA extraction
(Additional file 1: Figure S1c). Although DTT does not

Fig. 2 In native conditions, PFA forms aggregates. a. Zymogram (top panel) and western hybridization analysis with anti-PFA antibodies (lower
panel) of plant-produced recombinant PFA from a stable transgenic plant on native PAGE. PBST: recombinant PFA extracted with PBST-based
extraction buffer. Reducing: recombinant PFA extracted with reducing extraction buffer. μl: the amount of plant extract loaded onto each lane.
Plant proteins were extracted from 20 mg of powdered freeze- dried whole leaf with 400 μl extraction buffer. Ten times more extract from
PBST-based extraction was loaded onto the gel due to expected lower PFA extraction in this buffer. The zymogram does not show a difference
in band intensities associated with loading volumes for either extraction method because the lowest loading volume contained enough PFA for
digesting the starch present in the gel. b Crude extract in non-reducing buffer was filtered through a tangential flow filtration Pellicon XL cassette
with 300 kDa cut-off membrane. lower functional PFA extraction in this buffer. c Crude extract in reducing buffer (80 ml) was sequentially filtered
through Pellicon XL cassettes with 1000, 300, 100 and 10 kDa cut-off membranes. The membrane was washed with 20 ml buffer (wash). The
permeate (Perm) and wash from one membrane were pooled and applied onto the next size cut-off membrane. The retentate (Ret) was about
8 ml in each case. Twenty μl of sample from each fraction were loaded onto each lane, and proteins were separated by SDS-PAGE
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play a role in extraction, it appears to stabilize PFA in the
extract. The same sample diluted in 10 volumes of Tris-
SDS or in Tris-SDS-DTT and incubated for 2.5 h at room
temperature showed more residual PFA when DTT was
included (Additional file 1: Figure S1d). The results sug-
gest that DTT can either prevent PFA from degradation
by proteases or can keep PFA in solution by preventing
aggregation. Therefore, the buffer we used to effectively
extract active recombinant PFA from transgenic tobacco
is 50 mM Tris, 20 mM DTT and 1% SDS. Savchenko and
co-workers reported that DTT destabilized PFA at 115 °C
and pH 8.5. Cysteine 165 (Cys-165) of PFA is a Zn2+ lig-
and, which is key for the thermostability of this enzyme,
and DTT removes Zn2+ from the enzyme through its che-
lating property. However, their work showed that Cys-165
is only accessible when it is partially denatured [21]. In
our experiment, the protein extract was incubated at room
temperature and therefore the protein was not denatured,
and DTT could not remove Zn2+; instead, it kept PFA
stable in the plant extract. By using this extraction
buffer, we found that over ten times more functional
PFA can be extracted from plant tissue than using
PBS-based buffer. Densitometric quantification of bands
in the zymogram (Additional file 1: Figure S1a) indicates
that the accumulation of active PFA in stable transgenic
tobacco is 66.3 ± 9.2 μg/g FW when PBST extraction
buffer was used, and 729.8 ± 46.2 μg/g FW when Tris-
DTT-SDS buffer was used.

Biochemical characterization of PFA
Unlike other recombinant protein production systems,
plants have abundant amounts of starch degrading en-
zymes which interfere with enzymatic quantitative assays
using crude plant extracts. This interference can be re-
duced by diluting the plant extract if a recombinant pro-
tein accumulates to high levels. Indeed, a starch
degradation assay using the reducing sugar-DNS method
[26] with diluted plant extract can differentiate between
wild type and PFA-expressing leaf extract at 16 and 32
fold dilution (Additional file 2: Figure S2). We therefore
used extract diluted 20 fold for determining pH and
temperature optima for plant-produced PFA.
We found that while the optimal temperature for

E.coli-expressed PFA is 90 °C, there are two peaks for
plant expressed PFA at 80 °C and 100 °C (Fig. 3a). It is
not clear why there are two peaks. It might be that as
the temperature increases, aggregates are dissociated,
allowing monomeric PFA better access to the substrate,
and leading to an increase in enzymatic activityat 100 °C.
Both Dong et al. [6] and Wang et al. [7] reported that
E.coli-expressed PFA has one peak at 100 °C while our
E.coli-expressed PFA has a lower optimal temperature of
90 °C. It is possibly due to the fact that our E.coli-
expressed PFA has extra amino acids at its N-terminal
and thus its thermostability is somewhat reduced. Plant-
expressed PFA is functional at pH 4.5-10 with an optimal
pH of 5-7 and E.coli-expressed PFA is functional at pH 5-

Fig. 3 Enzymatic activity and stability of recombinant PFA at different temperatures (a and c) and pH values (b and d). a The reaction was carried
out in acetate buffer at pH 5.5. b The reaction was carried out in acetate buffer at pH 3-7, and in phosphate buffer at pH 7-12.5. c Plant-made
PFA was extracted with reducing buffer, diluted 1/20 in acetate buffer pH 5.5 and incubated at different temperatures. d Plant-made PFA was
extracted with reducing buffer, diluted 1/20 in buffers with different pH values and incubated at room temperature. The enzymatic assay was
carried out at 95 °C
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10 with an optimal pH of 6-7. Therefore, plant-expressed
PFA has a slightly broader pH range than E.coli-expressed
PFA (Fig. 3b). Our results show that at pH 7 PFA exhibits
a higher activity in acetate buffer than in phosphate buffer
(Fig. 3b), this indicates that the pH is not the sole condi-
tion affecting enzymatic activity, and that buffer choice is
important for activity assays. Other researchers have con-
sistently used acetate buffer for determining PFA enzym-
atic activity [1, 3, 6, 7].
Plant-made PFA is highly stable at high temperature like

wild-type and E.coli-produced PFA [1, 3, 6, 7, 27]. Plant-
made PFA was able to sustain 110 °C with no loss of activ-
ity for 1 h, and 50% activity after 6 h. At 100 °C, PFA
maintained over 60% activity after 8 h of incubation and
30% activity after 24 h incubation. At 90 °C, it barely lost
any activity after 8 h of incubation and maintained over
60% activity after 24 h incubation (Fig. 3c). Plant-made
PFA is stable at pH 6 for up to 24 h at room temperature.
At pH 5 and pH 7, PFA maintained over 60% of its func-
tion for up to 24 h at room temperature (Fig. 3d).
We found that plant PFA extracted with buffer

containing DTT maintains its thermostability, while
Savchenko et al. (2002) showed that DTT significantly
reduced the thermostability of PFA at pH 8.5 and 115 °C
[21]. The different results could be explained by the dif-
ferent conditions used in the experiments we conducted
versus those used by [21]. We extracted PFA from plant
tissue with reducing extraction buffer at pH 7.5 and di-
luted the plant extract in 20 volumes of acetate buffer at
pH 5.5 for the activity assay. DTT's reducing activity is
only functional at pH above 7, so in our experiment,

DTT would have reduced the size of the aggregates, but
would not have affected the thermostability in the same
way as in the experiment reported by Savchenko et al. [21].

Purification of recombinant PFA
Although plant made PFA is functional in crude plant
extract and the industrial use of α-amylase generally
doesn't need much purification, purified enzymes are re-
quired in pharmaceutical applications [28]. We devel-
oped two purification methods for plant-made PFA. In
the first method, crude plant extract was fractionated on a
preparative PAGE column and the collected fractions were
characterized by SDS-PAGE and zymography (Fig. 4a).
Fractions 45–55 showed a major band at 70 kDa and were
pooled and concentrated; the recovered yield was 0.3 mg
PFA/g F.W. at 68.2% purity (Fig. 4b). In the second
method, we took advantage of PFA’s thermostability and
purified it at large scale simply by heating the plant ex-
tract. Using this simple method, contaminating plant pro-
teins were denatured and precipitated at temperatures
above 50 °C, while PFA remained in solution and was
functional up to 90 °C. The heating step was followed by
centrifugation (Fig. 4c).
Considering both enzymatic activity and stability, 95-

100 °C and pH 5.5-6.0 are the optimal conditions for
plant-made PFA. If one unit is defined as the amount of
enzyme to release 1 μmol of reducing sugar in 1 min,
using maltose as a standard, the amount of active PFA
in plants is 1080 units/g lyophilized leaf tissue from
whole leaves containing major veins or 220 units/g FW
leaf tissue with the veins removed. It is also worth to

Fig. 4 Purification of PFA from plant extract by electrophoresis with a preparative PAGE cell (a and b) and by heating (c). a GelCode blue-stained
PAGE gel (top panel) and zymogram (bottom panel). Ten ml fractions were collected every 8 min for 8 h. Numbers denote the fraction number.
Each lane was loaded with 20 μl sample. b Gelcode blue-stained PAGE loaded with crude extract and purified PFA from pooled fractions 45–55
which contained most PFA and very few other proteins. The pooled sample was concentrated and buffer-exchanged into reducing extraction
buffer using a spin column with 10 kDa cut-off pore size. c Reduced extract was heated at different temperatures for 5 min and cleared by
centrifugation. The supernatant was separated by SDS-PAGE. Top panel: zymogram. Lower panel: GelCode blue stained gel
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mention that the samples used in Figs. 2c and 4c were
stored for 5 years at -20 °C in lyophilized tobacco leaf
tissue. The fact that PFA is functional after 5 years indi-
cates that plant made PFA could potentially have a long
shelf life at room temperature in lyophilized plant leaves

Field trials
To evaluate the yield potential of PFA in the field, and the
feasibility of producing kilogram amounts of PFA, we con-
ducted two field trials in 2009 and 2010. Out of 16 to-
bacco cultivars that were transformed with PFA [12], we
chose 3 lines from each of 6 cultivars, and conducted a
field trial in 2009, then we carried one or two lines from
each cultivar forward and conducted a second field trial in
2010 (Table 1 and Additional file 3). Both trials were con-
ducted in randomized field plots with 4 replications. The
plants were harvested twice over the course of the
4 months growing season, and tobacco biomass and PFA

levels were evaluated. We found that the tobacco biomass
yield was highest with cultivars 81 V9 and I64 in both
years, but that the yield of PFA was variable between 2009
and 2010, and between cultivars. Four cultivars had higher
PFA yield in 2010 than in 2009. This may be due to the
copy number of the transgene since homozygous plants
(pfa/pfa) were used in 2010 (all T2 seedlings germinated
on selective media were green), while in 2009, a mixture
of hemizygous (pfa/-) and homozygous (pfa/pfa) plants
were used (T1 seedlings germinated on selective media
segregated 3 green to 1 white, green seedlings consist of 2
hemizygous:1 homozygous). 81 V9 had good PFA yield in
2009, but in 2010, the yield of PFA decreased to almost in-
existent. We suspect that this line underwent silencing of
the transgene. The accumulation of PFA reached up to
3.4 g/kg FW (TI 75, 12 F34, 2010), and considering that
high density tobacco is planted at 40,000 plants/ha, the
potential of PFA production is up to 42.6 kg/ha.

Table 1 PFA yield in field grown tobacco

PFA (g/kg fresh leaf)a Fresh leaf yield (kg/plant)b PFA kg/ha

Transgenic Year first second first second PFA/plant if 40,000

cultivar line harvest harvest average harvest harvest total g plant/ha

81 V9 10 F10 2009 0.95 ± 0.34 1.80 ± 0.56 1.38 0.28 ± 0.03 0.31 ± 0.11 0.59 0.81 32.57

10 F18 2009 0.70 ± 0.16 1.68 ± 0.80 1.19 0.26 ± 0.04 0.28 ± 0.04 0.54 0.64 25.70

2010 0.21 ± 0.04 0.07 ± 0.01 0.14 0.25 ± 0.10 0.22 ± 0.05 0.47 0.07 2.63

10 F12 2009 0.55 ± 0.05 1.31 ± 0.11 0.93 0.30 ± 0.05 0.25 ± 0.09 0.55 0.51 20.46

I64 1 F9 2009 1.72 ± 0.26 1.05 ± 0.16 1.38 0.20 ± 0.06 0.27 ± 0.06 0.47 0.65 25.94

1 F18 2009 1.48 ± 0.49 0.52 ± 0.23 1 0.23 ± 0.02 0.29 ± 0.07 0.52 0.52 20.80

1 F14 2009 1.31 ± 0.13 1.01 ± 0.23 1.16 0.18 ± 0.06 0.23 ± 0.03 0.41 0.48 19.02

2010 0.89 ± 0.28 0.38 ± 0.23 0.63 0.25 ± 0.11 0.21 ± 0.04 0.46 0.29 11.59

TI 75 12 F8 2009 1.35 ± 0.15 2.29 ± 0.62 1.82 0.11 ± 0.03 0.14 ± 0.02 0.25 0.46 18.20

12 F34 2009 0.85 ± 0.26 1.01 ± 0.17 0.93 0.11 ± 0.02 0.18 ± 0.02 0.29 0.27 10.79

2010 2.39 ± 0.51 4.49 ± 0.47 3.44 0.19 ± 0.04 0.12 ± 0.01 0.31 1.07 42.66

12 F35 2009 0.40 ± 0.13 0.90 ± 0.23 0.65 0.14 ± 0.02 0.21 ± 0.07 0.35 0.23 9.10

Con. 7 F8 2009 0.53 ± 0.13 1.28 ± 0.24 0.91 0.25 ± 0.03 0.22 ± 0.01 0.47 0.43 17.11

Havana 38 2010 1.97 ± 0.59 1.24 ± 0.31 1.61 0.19 ± 0.02 0.15 ± 0.04 0.34 0.55 21.90

7 F13 2009 0.67 ± 0.10 1.25 ± 0.11 0.96 0.17 ± 0.03 0.16 ± 0.05 0.33 0.32 12.67

7 F15 2009 0.47 ± 0.26 0.40 ± 0.03 0.43 0.32 ± 0.05 0.22 ± 0.02 0.54 0.23 9.29

TI 95 3 F5 2009 0.83 ± 0.35 0.99 ± 0.12 0.91 0.14 ± 0.01 0.20 ± 0.05 0.34 0.31 12.38

2010 2.47 ± 0.44 0.41 ± 0.13 1.44 0.14 ± 0.03 0.15 ± 0.04 0.29 0.42 16.70

3 F4 2009 1.48 ± 0.32 0.62 ± 0.20 1.05 0.15 ± 0.03 0.15 ± 0.06 0.3 0.32 12.60

3 F30 2009 0.34 ± 0.07 0.45 ± 0.06 0.4 0.17 ± 0.04 0.20 ± 0.02 0.37 0.15 5.92

Little 9 F28 2009 1.10 ± 0.14 0.52 ± 0.30 0.81 0.17 ± 0.01 0.18 ± 0.06 0.35 0.28 11.34

Crittenden 2010 2.09 ± 0.62 2.67 ± 0.92 2.38 0.22 ± 0.06 0.16 ± 0.02 0.38 0.90 36.18

9 F20 2009 0.80 ± 0.07 0.55 ± 0.01 0.68 0.17 ± 0.03 0.19 ± 0.04 0.36 0.24 9.79

2010 2.31 ± 0.37 0.75 ± 0.49 1.53 0.25 ± 0.08 0.18 ± 0.04 0.43 0.66 26.32

9 F26 2009 0.18 ± 0.02 0.62 ± 0.43 0.4 0.18 ± 0.05 0.20 ± 0.03 0.38 0.15 6.08

a: The data are expressed as the mean ± SD from four experimental plots
b: the data are expressed as the mean ± SD from 40 (2009 first harvest), 12 (2009 s harvest) and 20 (2010 first and second harvest) plants
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Conclusions
We conclude that α-amylase from P. furiosus (PFA) can
be expressed in tobacco and accumulates as insoluble
aggregates which can be solubilized with reducing ex-
traction buffer. The size of the aggregates can be larger
than 1000 kDa. Plant-made PFA is functional without re-
quiring refolding procedures and therefore has a poten-
tial to be applied as plant tissue without purification in
some applications. Plant-made PFA in lyophilized plant
tissue also has the potential for long shelf life at room
temperature. While tobacco represents an alternative
production system for PFA, scaling-up production
should be done on marginal land unsuitable for food
crop production to avoid competing with food produc-
tion on fertile agricultural land. Although we were able
to produce active PFA at a yield of 42.6 kg/ha tobacco,
its economic benefit over bacteria still needs to be fur-
ther evaluated. Improvement using fusion tags could
also be explored in future work to further increase the
yield of plant made PFA and make it more economical
in industrial production.

Methods
Expression and purification of PFA in E.coli and antibody
production
The pfa gene was amplified by PCR using P. furiosus
genomic DNA (ATCC# 43587D-5) as template (Gene-
bank accession number AF001268) [6] without its signal
peptide sequence [7]. EcoR I and Hind III sites were in-
troduced into the forward and reverse primers (forward
primer: GAGGAATTCAAATACTTGGAGCTTGAAGA
GGG; reverse primer: ATCAAGCTTTCACCCAACAC
CACAATAACTCCAT) to facilitate cloning into E.coli
expression vector PET 32 (Novagen-EMD Millipore,
Etobicoke, ON, Canada). E.coli BL21 (DE3+) (Novagen-
EMD Millipore) was used for expression, and inclusion
bodies were solubilized and refolded using a protein
refolding kit from Novagen-EMD Millipore. The refolded
PFA was then concentrated with Centriprep spin column
(EMD-MilliPore) and purified by PAGE using a PrepCell
apparatus (BioRad, Mississauge, Ontario, Canada) with 1x
SDS gel running buffer as elution buffer. PAGE-purified
E.coli PFA was dialyzed with PBS and quantified on a
PAGE stained with GelCode Blue protein stain (Fisher
Scientific Canada, Ottawa, Ontario, Canada) following the
protocol from the manufacturer. Bovine Serum Albumin
(BSA) solution with known concentration was used as
standard. Purified E.coli made PFA was used as a posi-
tive control in protein analysis and quantification of
plant made PFA, and as antigen to produce polyclonal
anti-PFA antibody. Antibody was produced in two rab-
bits by the Animal Care and Veterinary Service at the
University of Western Ontario (London, Ontario,
Canada). The serum was collected 8 weeks after first

injection. The unpurified serum was used as anti-PFA
antibody in Western hybridization analysis.

Constructs for plant transformation
The pfa gene was codon optimised for tobacco codon-
usage [14] and was synthesized by GeneArt-Life Tech-
nologies Inc. (Burlington, Ontario, Canada). Both wild
type and codon-optimized pfa genes were cloned into
pCaMterX binary vector [17] under the control of
double 35S promoter [29] and Nos terminator [30]. To-
bacco secretory signal peptide Pr1b [31] was fused to the
N-terminal of the gene and StrepII tag [32] and the ER
retrieval tetrapeptide KDEL [33] were fused to the C-
terminus of the gene

Transient expression analysis and stable transformation
The plasmids carrying pfa constructs were transformed
into Agrobacterium tumefaciens strain EHA105. Transi-
ent expression was carried out using a protocol reported
previously [34]. Stable transgenic lines were generated
by using the protocol from Horsch et al. [35].

Extraction and detection of recombinant PFA
Leaf discs were collected using 0.85 cm diameter cork
borer (size 5). Eight leaf discs were collected from 8 differ-
ent leaves from each transgenic plant and put into a 2 ml
tube with three 2.3 mm zirconia silica beads (Fisher
Scientific, Ottawa, Canada). The samples were frozen in li-
quid nitrogen and pulverized with a TissueLyser (Qiagen,
Toronto, Ontario, Canada). Plant protein was extracted
with either PBS-Tween based extraction buffer (PBS
pH 7.4 plus 0.1% tween 20, 2% PVPP, 1 mM EDTA, 1 mM
PMSF, 1 ug/ml leupeptin and 100 mM ascorbic acid), or
reducing extraction buffer (50 mM Tris, pH 8.0, 1% SDS
and 20 mM DTT). Each pulverized leaf sample was ex-
tracted with 0.4 ml buffer by mixing with a vortex mixer
and cleared by centrifugation at 20,000 x g for 15 min at
4 °C (PBST extraction buffer) or 5 min at 22 °C (reducing
extraction buffer). Plant proteins were denatured by heat-
ing to 95 °C for 10 min in SDS loading buffer (60 mM
Tris, pH 8.0, 1% SDS, 20 mM DTT, 10% glycerol and
0.01% phenol red) and separated by 10% SDS PAGE at
100 V for 2 h. Separated proteins were transferred to poly-
vinylidene difluoride (PVDF) membranes and blocked
overnight in 5% (w/v) skim milk powder in PBST (phos-
phate-buffered saline with 0.1% Tween 20). Membranes
were incubated in a 1/2000 dilution of anti-PFA antibody
for 1 h at room temperature. After washing with PBST,
membranes were incubated in 1/5000 dilution of horse
radish peroxidase (HRP)-conjugated goat anti-rabbit
secondary antibody (Bio-Rad) for 1 h at room
temperature. The washed membranes were detected with
ECL Western Blotting Detection Reagents (GE Health-
care, Baie d´Urfé, Québec, Canada), and autoradiography.
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PFA was quantified by image densitometry with TotalLab
Quant software (Nonlinear Dynamics, Durham, NC,
USA). Known amount of purified PFA expressed in E.coli
was used as standard for quantification.

Zymography of amylase activity
To determine the activity of plant-produced PFA, 10%
SDS or native polyacrylamide gels containing separated
plant proteins were incubated in acetate buffer (50 mM
sodium acetate, pH 5.5) for 15 min at 40 °C, followed by
incubation in 1% soluble corn starch (Sigma-Aldrich,
Oakville, Ontario, Canada) dissolved in acetate buffer for
30 min at 95 °C. The gels were briefly rinsed with water
and stained with iodine solution (10 mM iodine, 100 mM
potassium iodine) until color developed. The stained gels
were rinsed with water and imaged by scanning with a
scanner or by photographing with a camera.

Purification of plant-made PFA from transgenic tobacco
To purify plant made PFA from tobacco with prep scale
PAGE, the leaf tissue of PFA transgenic tobacco was
ground in reducing extraction buffer with the ratio of
1 g leaf tissue to 3 ml buffer in a Waring blender for
20 s at low speed followed by 3 × 20 s at high speed.
The homogenized leaf tissue then was cleared by centri-
fugation at 20,000 x g for 15 min and the supernatant
was collected as plant extract. The plant extract was
mixed with 5 x SDS sample loading buffer (0.3 M Tris-
HCl, pH 8.0, 5% SDS, 50% glycerol, 100 mM DTT,
0.05% w/v phenol red) and denatured by boiling for
10 min. The proteins were separated by PAGE using a
PrepCell apparatus (BioRad) with 1x SDS gel running
buffer as elution buffer. Proteins were eluted in 5–10 ml
fractions and subjected to zymogram analysis. The frac-
tions containing PFA were pooled, concentrated and
buffer exchanged into reducing extraction buffer using a
Centriprep spin column (EMD-MilliPore) with 10 kDa
cut-off pore size. The concentration of the purified PFA
was determined by zymogram of starch degradation assay
with purified E.coli-made PFA as standard and the purity
was determined by PAGE followed by staining the gel with
GelCode Blue protein stain (Fisher Scientific). The concen-
tration of total protein in reducing extraction buffer was
determined with RC DC Protein Assay reagent (BioRad)
using the protocol provided by the manufacturer.

Enzymatic activity determination
The starch degradation activity of the recombinant PFA
was quantitated with dinitrosalicylic acid (DNS) starch
degradation assay [26] using maltose as standard. The
plant extract with reducing extraction buffer from 20 mg
powdered freeze dried whole leaf was diluted 1 in 20 in
either acetate buffer (50 mM sodium acetate) or phos-
phate buffer (100 mM) with different pH according to

experiments. For optimal temperature assessment, acetate
buffer with pH 5.5 was used to dilute the plant extract.
The diluted plant extract was then mixed with 1% water
soluble starch in acetate or phosphate buffer at 1 to 1 ratio
and incubated for 15 min at designed temperature. After
incubation, the samples were cooled on ice to stop reac-
tion. Color development was carried out by mixing the
samples at 1 to 1 ratio (v/v) with Color Reagent Solution
prepared by dissolving 12 g of sodium potassium tartrate,
tetrahydrate in 8.0 ml of 2 M NaOH (Solution A), and
0.46 g DNS in 20 ml water (Solution B). Solution A and
Solution B were then combined and topped with water to
40 ml to make the Color Reagent solution. The color was
developed by incubation at 95 °C for 15 min. The product
of the color development reaction was then diluted with
water at 1 to 1 ratio in a 96-well microplate. The concen-
tration of reducing sugar was determined by reading the
plate at wavelength of 540 nm.

Field trials
Two confined research field trials were conducted at our
research farm in Delhi, Ontario, in 2009 and 2010. In
2009, three selected independent transgenic lines of 6
tobacco cultivars (3 lines X 6 cultivars for a total of 18
treatments) were evaluated in randomized field plots
with 4 replications. The plants were self-pollinized T0
progeny. The lines were chosen according to their PFA
accumulation level and segregation on Kanamycin se-
lective medium. Lines showing single insertion segrega-
tion (3:1) were used, except one line in TI 75 with a
double insertion (line 12 F8, Table 1). The experiment
was repeated in 2010 with T2 lines homozygous for the
pfa gene. One to two lines from each cultivar having the
highest PFA accumulation and biomass yield in the 2009
field trial was used. Homozygozity was determined by
testing the resistance of seedlings to kanamycin on se-
lective medium. The lines with 100% green seedlings on
kanamycin selective medium were considered to be
homozygous for pfa.
In both years, plots consisted of 4 rows X 8 m long,

spaced 0.3 m apart, with plants spaced 0.5 m apart in each
row for a total of about 17 plants per row. The middle 2
rows contained GMO plants and the outer 2 rows non-
GMO plants. Fertilizer (50 kg N + 56 kg P2O5 + 150 kg
K2O/ha) was incorporated into the soil prior to transplant-
ing. All field data were collected from the middle 2 rows.
In early August, about 60 days after transplanting to

the field, the plants were harvested. All plants were cut
about 0.2 m above the soil level. Ten plants per plot
were used for data collection. For this, plants were
separated into leaf and stalk components and weighed to
determine relative yields of the first harvest. After weigh-
ing, sub-samples with about 0.1 g of leaf tissue were
taken for PFA yield analysis. An additional 50 kg N/ha
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was applied by hand and incorporated into the soil be-
tween the plot rows. Suckers sprouting from the residual
stalk and root system (1–5 per plant) were allowed to
grow until they were close to flowering. In late September,
a second harvest was made following procedures similar
to the first harvest, relative yields were determined and
samples taken for PFA yield analyses.

Additional files

Additional file 1: Figure S1. Optimization of protein extraction buffer.
Zymograms of starch degradation with recombinant PFA. The same
amount of plant extract was loaded onto each lane. a) Plant-made PFA
extracted with different buffers. The average accumulation level with
PBST is 66.3 ± 9.2 mg/g FW, with Tris-DTT-SDS is 729.8 ± 46.2 mg/g FW
and with Tris-SDS is 652.0 ± 57.6 mg/g FW. b) PFA extracted in reducing
buffer with and without SDS. c) PFA extracted with different concentration
of SDS. d) The stability of active PFA with and without DTT. Plant proteins
were extracted with Tris-DTT-SDS and diluted 10 fold in Tris-SDS buffer with
or without DTT and incubated at room temperature for 2.5 h. (TIF 871 kb)

Additional file 2: Figure S2. Diluting plant extracts reduces interference
of endogenous starch degradation enzymes. The error bars represent the
standard deviation of three technical replicates. (TIF 246 kb)

Additional file 3: Field trial raw data. (XLSX 46 kb)

Abbreviations
EDTA: ethylenediaminetetraacetic acid; ER: endoplasmic reticulum;
PAGE: polyacrylamide gel electrophoresis; PBS: phosphate-buffered saline;
PBS-T: phosphate-buffered saline-tween 20; PFA: Pyrococcus furiosus amylase;
PMSF: phenylmethylsulfonyl fluoride; PVPP: polyvinylpolypyrrolidone;
SDS: sodium dodecyl sulfate

Acknowledgements
We would like to thank Alex Molnar for help with preparing the figures, and
Angelo Kaldis, Andrew Conley, Igor Kolotilin, Eridan Pereira, Ruoyu Yan, Ian
Scott, Kira Liu, Amanda Ruggi, Amanda Follick, Katerine Schieck and Katrina
Bruch for help with the field trials.

Availability of data and materials
All data generated or analysed during this study are included in this published
article [and its supplementary information files].

Funding
This work was funded by A-base project 115 of Agriculture and Agri-Food
Canada.

Authors’ contributions
HZ designed the constructs, planned and conducted all the experiments and
wrote the manuscript. LBR designed and conducted the field work for the
field trial. RM supervised the study and edited the manuscript. All authors
read and approved the final manuscript.

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

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

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

Received: 2 February 2017 Accepted: 5 June 2017

References
1. Brown SH, Costantino HR, Kelly RM. Characterization of Amylolytic Enzyme

Activities Associated with the Hyperthermophilic Archaebacterium
Pyrococcus furiosus. Appl Environ Microbiol. 1990;56(7):1985–91.

2. Dong G, Vieille C, Zeikus JG. Cloning, sequencing, and expression of the
gene encoding amylopullulanase from Pyrococcus furiosus and biochemical
characterization of the recombinant enzyme. Appl Environ Microbiol. 1997;
63(9):3577–84.

3. Jorgensen S, Vorgias CE, Antranikian G. Cloning, sequencing,
characterization, and expression of an extracellular alpha-amylase from the
hyperthermophilic archaeon Pyrococcus furiosus in Escherichia coli and
Bacillus subtilis. J Biol Chem. 1997;272(26):16335–42.

4. Laderman KA, Davis BR, Krutzsch HC, Lewis MS, Griko YV, Privalov PL,
Anfinsen CB. The purification and characterization of an extremely
thermostable alpha-amylase from the hyperthermophilic archaebacterium
Pyrococcus furiosus. J Biol Chem. 1993;268(32):24394–401.

5. Laderman KA, Asada K, Uemori T, Mukai H, Taguchi Y, Kato I, Anfinsen CB.
Alpha-amylase from the hyperthermophilic archaebacterium Pyrococcus
furiosus. Cloning and sequencing of the gene and expression in Escherichia
coli. J Biol Chem. 1993;268(32):24402–7.

6. Dong G, Vieille C, Savchenko A, Zeikus J. Cloning, sequencing, and
expression of the gene encoding extracellular alpha-amylase from
Pyrococcus furiosus and biochemical characterization of the recombinant
enzyme. Appl Environ Microbiol. 1997;63(9):3569–76.

7. Wang L, Zhou Q, Chen H, Chu Z, Lu J, Zhang Y, Yang S. Efficient
solubilization, purification of recombinant extracellular alpha-amylase from
pyrococcus furiosus expressed as inclusion bodies in Escherichia coli. J Ind
Microbiol Biotechnol. 2007;34(3):187–92.

8. Peng S, Chu Z, Lu J, Li D, Wang Y, Yang S, Zhang Y. Co-expression of
chaperones from P. furiosus enhanced the soluble expression of the
recombinant hyperthermophilic alpha-amylase in E. coli. Cell Stress
Chaperones. 2016;21(3):477–84.

9. Wang P, Wang P, Tian J, Yu X, Chang M, Chu X, Wu N. A new strategy to
express the extracellular alpha-amylase from Pyrococcus furiosus in Bacillus
amyloliquefaciens. Scientific reports. 2016;6:22229.

10. Arntzen CJ. Plant science: Using tobacco to treat cancer. Science. 2008;
321(5892):1052–3.

11. Conley AJ, Mohib K, Jevnikar AM, Brandle JE. Plant recombinant erythropoietin
attenuates inflammatory kidney cell injury. Plant Biotechnol J. 2009;7(2):183–99.

12. Conley AJ, Zhu H, Le LC, Jevnikar AM, Lee BH, Brandle JE, Menassa R.
Recombinant protein production in a variety of Nicotiana hosts: a
comparative analysis. Plant Biotechnol J. 2011;9(4):434–44.

13. Fan Z, Yuan L. Production of multifunctional chimaeric enzymes in plants: a
promising approach for degrading plant cell wall from within. Plant
Biotechnol J. 2010;8(3):308–15.

14. Joensuu JJ, Brown KD, Conley AJ, Clavijo A, Menassa R, Brandle JE. Expression
and purification of an anti-Foot-and-mouth disease virus single chain variable
antibody fragment in tobacco plants. Transgenic Res. 2009;18(5):685–96.

15. Menassa R, Du C, Yin ZQ, Ma S, Poussier P, Brandle J, Jevnikar AM.
Therapeutic effectiveness of orally administered transgenic low-alkaloid
tobacco expressing human interleukin-10 in a mouse model of colitis. Plant
Biotechnol J. 2007;5(1):50–9.

16. Menassa R, Nguyen V, Jevnikar A, Brandle J. A self-contained system for the field
production of plant recombinant interleukin-10. Mol Breed. 2001;8(2):177–85.

17. Harris LJ, Gleddie SC. A modified Rpl3 gene from rice confers tolerance of
the Fusarium graminearum mycotoxin deoxynivalenol to transgenic
tobacco. Physiol Mol Plant Pathol. 2001;58(4):173–81.

18. Pereira EO, Kolotilin I, Conley AJ, Menassa R. Production and characterization
of in planta transiently produced polygalacturanase from Aspergillus niger
and its fusions with hydrophobin or ELP tags. BMC Biotechnol. 2014;14:59.

19. Ahmad A, Pereira EO, Conley AJ, Richman AS, Menassa R. Green biofactories:
recombinant protein production in plants. Recent Pat Biotechnol. 2010;
4(3):242–59.

20. Rudiger A, Jorgensen PL, Antranikian G. Isolation and characterization of a
heat-stable pullulanase from the hyperthermophilic archaeon Pyrococcus
woesei after cloning and expression of its gene in Escherichia coli. Appl
Environ Microbiol. 1995;61:9.

Zhu et al. BMC Biotechnology  (2017) 17:53 Page 10 of 11

dx.doi.org/10.1186/s12896-017-0372-3
dx.doi.org/10.1186/s12896-017-0372-3
dx.doi.org/10.1186/s12896-017-0372-3


21. Savchenko A, Vieille C, Kang S, Zeikus JG. Pyrococcus furiosus α-Amylase Is
Stabilized by Calcium and Zinc. Biochemistry. 2002;41(19):6193–201.

22. Rouwendal GJ, Mendes O, Wolbert EJ, Douwe de Boer A. Enhanced
expression in tobacco of the gene encoding green fluorescent protein by
modification of its codon usage. Plant Mol Biol. 1997;33(6):989–99.

23. Streatfield SJ. Approaches to achieve high-level heterologous protein
production in plants. Plant Biotechnol J. 2007;5(1):2–15.

24. Chi EY, Krishnan S, Randolph TW, Carpenter JF. Physical stability of proteins
in aqueous solution: mechanism and driving forces in nonnative protein
aggregation. Pharm Res. 2003;20(9):1325–36.

25. Boyhan D, Daniell H. Low-cost production of proinsulin in tobacco and
lettuce chloroplasts for injectable or oral delivery of functional insulin and
C-peptide. Plant Biotechnol J. 2011;9(5):585–98.

26. Bernfeld P. Amylases, α and β. Methods Enzymol. 1955;1:149–58.
27. Yang SJ, Lee HS, Park CS, Kim YR, Moon TW, Park KH. Enzymatic analysis of

an amylolytic enzyme from the hyperthermophilic archaeon Pyrococcus
furiosus reveals its novel catalytic properties as both an alpha-amylase and a
cyclodextrin-hydrolyzing enzyme. Appl Environ Microbiol. 2004;70(10):5988–95.

28. de Souza PM, de Oliveira Magalhães P. Application of microbial a-amylase in
industry - a review. Braz J Microbiol. 2010;41:850–61.

29. Kay R, Chan A, Daly M, McPherson J. Duplication of CaMV 35S promoter
sequences creates a strong enhancer for plant genes. Science. 1987;
236(4806):1299–302.

30. Bevan M, Barnes WM, Chilton MD. Structure and transcription of the nopaline
synthase gene region of T-DNA. Nucleic Acids Res. 1983;11(2):369–85.

31. Cutt JR, Dixon DC, Carr JP, Klessig DF. Isolation and nucleotide sequence of
cDNA clones for the pathogenesis-related proteins PR1a, PR1b and PR1c of
Nicotiana tabacum cv. Xanthi nc induced by TMV infection. Nucleic Acids
Res. 1988;16(20):9861.

32. Lichty JJ, Malecki JL, Agnew HD, Michelson-Horowitz DJ, Tan S. Comparison
of affinity tags for protein purification. Protein Expr Purif. 2005;41(1):98–105.

33. Wandelt CI, Khan MR, Craig S, Schroeder HE, Spencer D, Higgins TJ. Vicilin with
carboxy-terminal KDEL is retained in the endoplasmic reticulum and accumulates
to high levels in the leaves of transgenic plants. Plant J. 1992;2(2):181–92.

34. Menassa R, Hong Z, Karatzas CN, Lazaris A, Richman A, Brandle J. Spider
dragline silk proteins in transgenic tobacco leaves: accumulation and field
production. Plant Biotechnol J. 2004;2(5):431–8.

35. Horsch RB, Fry JE, Hoffmann NL, Eichholtz D, Rogers SG, Fraley RT. A simple
and general method for transferring genes into plants. Science. 1985;
227(4691):1229–30.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Zhu et al. BMC Biotechnology  (2017) 17:53 Page 11 of 11


	Abstract
	Background
	Results
	Conclusions

	Background
	Results and Discussion
	Transient expression of PFA in tobacco
	Creation of stable transgenic tobacco lines
	PFA accumulates as aggregates in plants
	Optimization of reducing extraction buffer
	Biochemical characterization of PFA
	Purification of recombinant PFA
	Field trials

	Conclusions
	Methods
	Expression and purification of PFA in E.coli and antibody production
	Constructs for plant transformation
	Transient expression analysis and stable transformation
	Extraction and detection of recombinant PFA
	Zymography of amylase activity
	Purification of plant-made PFA from transgenic tobacco
	Enzymatic activity determination
	Field trials

	Additional files
	Abbreviations
	Acknowledgements
	Availability of data and materials
	Funding
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	References

