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Abstract: A full-length phytase gene (phy) of Aspergillus nidulans was amplified from the
cDNA library by polymerase chain reaction (PCR), and it was introduced into a bacterial
expression vector, pET-28a. The recombinant protein (rPhy-E, 56 kDa) was overexpressed
in the insoluble fraction of Escherichia coli culture, purified by Ni-NTA resin under denaturing
conditions and injected into rats as an immunogen. To express A. nidulans phytase in
a plant, the full-length of phy was cloned into a plant expression binary vector, pPZP212.
The resultant construct was tested for its transient expression by Agrobacterium-infiltration
into Nicotiana benthamiana leaves. Compared with a control, the agro-infiltrated leaf
tissues showed the presence of phy mRNA and its high expression level in N. benthamiana.
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The recombinant phytase (rPhy-P, 62 kDa) was strongly reacted with the polyclonal
antibody against the nonglycosylated rPhy-E. The rPhy-P showed glycosylation, two pH
optima (pH 4.5 and pH 5.5), an optimum temperature at 45~55 °C, thermostability
and broad substrate specificities. After deglycosylation by peptide-N-glycosidase F
(PNGase-F), the rPhy-P significantly lost the phytase activity and retained 1/9 of the
original activity after 10 min of incubation at 45 °C. Therefore, the deglycosylation caused
a significant reduction in enzyme thermostability. In animal experiments, oral administration
of the rPhy-P at 1500 U/kg body weight/day for seven days caused a significant reduction
of phosphorus excretion by 16% in rat feces. Besides, the rPhy-P did not result in any
toxicological changes and clinical signs.

Keywords: Aspergillus nidulans; phy gene; Escherichia coli; polyclonal antibody;
transient expression; Agrobacterium infiltration; oral administration

1. Introduction

Phytase (InsP6 phosphohydrolase) catalyzes the sequential hydrolysis of phytic acid to produce less
phosphorylated myo-inositol derivatives and inorganic phosphorus (P). Monogastric animals produce
little intestinal phytase activity, resulting in the excretion of undigested phytate-P into the environment.
Animal feeds supplemented with phytase increase the bioavailability of phytic acid-bound phosphate
and prevent phosphate pollution in the environment. A number of microbial phytases have been isolated
from bacteria, yeast and fungi [1,2]. Among these, fungal phytases are well characterized [3—11].
Especially, Aspergillus niger is known to produce two other extracellular acid phosphatases, pH 2.5
optimum acid phosphatase (PhyB, EC 3.1.3.2) and pH 5.0-6.0 optimum acid phosphatase (PhyA,
EC 3.1.3.8) [7,8]. PhyA, a member of the subfamily histidine acid phosphatase (HAP), efficiently
degrades phytic acid in an acidic pH range [9,12,13], and it is commercialized under the name of
Natuphos, used as an animal feed additive. PhyB also belongs to HAP [13], and it shows a higher
thermostability [14] and a broader substrate spectrum than PhyA [15-17].

Numerous phytase (phy) genes have been isolated from different organisms, some of which have
been expressed in yeasts for possible industrial application [12,18-21]. A. niger phytase expressed in
Pichia pastoris showed similar pH and temperature optima, molecular size, glycosylation extent and
substrate specificity to the native phytase [20]. Although the phytase expression in yeast has many
advantages in large-scale production, there is a disadvantage, such as that the yeast mass when taken as
a diet supplement may cause indigestion or allergic reactions. Moreover, yeast cell fermentation is a
very expensive process, and it needs a high level of sterility control of the production unit. The phytase
expression in plants is an alternative system, which can reduce the production and formulation costs in
the animal feeding industry. Besides, its expression in plant roots increased phytase activity in the
rhizosphere and promoted P assimilation from soil [22,23]. For the purpose of phytoremediation,
such transgenic plants expressing phytase can be applied to soils contaminated with high P-content
fertilizer. To date, numerous Aspergillus phy genes have been expressed in transgenic plants [22-33].
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Nevertheless, there is a demand for industrial purposes to express a phytase in a plant that has the
ability to efficiently hydrolyze the substrate.

Studies about A. nidulans phytase are very limited [15,34,35] when compared with those of
well-known phytases. Besides, 4. nidulans phytase has never been expressed in Escherichia coli and
plants. Prokaryotic systems lack post-translational modifications. By contrast, different heterologous
protein expression systems, such as fungi and plants, are known for generating glycosylated protein.
Glycosylation is an important feature of the phytase biosynthesis in fungi [21,35], providing enzyme
stability and protection from proteolytic inactivation [4]. A serious limitation of the yeast expression
system is the improper glycosylation of the proteins, as it often hyperglycosylates the recombinant
proteins by too much sugar residues [36].

The first objective of the present study was to investigate whether an antibody against
a recombinant protein (rPhy-E) of A. nidulans phytase produced in E. coli would be immunogenic with
a recombinant protein (rPhy-P) expressed in a plant. In this regard, we cloned a phy gene from the
A. nidulans cDNA library for expression in E. coli. The purified rPhy-E was injected into experimental
animals to produce polyclonal antibody. The second objective of the present study was to evaluate
the phy expression level and its enzyme activity in Nicotiana benthamiana. To do this, the phy gene
was cloned into the plant expression vector. The resultant recombinant vector was transformed
into Agrobacterium tumefaciens, and the transformed Agrobacterium containing the construct was
infiltrated into the plant leaves by syringe. To characterize the rPhy-P, we determined its phytase
activity, optimum pH, optimum temperature, glycosylation effect on the phytase activity and substrate
specificities. The third objective was to assess the effects of the rPhy-P on the P excretion of
experimental rats administered orally for seven days. As part of a safety evaluation for the rPhy-P, we
also included toxicity and behavior studies.

2. Results and Discussion

2.1. Overexpression of A. nidulans phy Gene in E. coli, Purification of the Phy-6x His-Tagged Fusion
Protein and Production of the Recombinant Protein (rPhy-E)-Specific Antibody

The selected clones containing recombinant vector (pET-phy) were used for the protein expression
analysis. After 4 h of induction at 37 °C with isopropyl-B-D-1-thiogalactopyrannoside (IPTG), soluble
(Figure la, Lanes 1-4) and insoluble fractions (Figure la, Lanes 5-8) of the bacterial lysates were
compared on SDS-PAGE. The highest expression of rPhy-E was achieved in the insoluble fraction,
but it was not significantly influenced by IPTG concentration (Figure la, Lanes 6-8). A prominent
band (56 kDa) on SDS-PAGE was observed in the insoluble fractions, suggesting that the cytoplasmic
targeting is not preferred for rPhy-E in E. coli BL21 (DE3). The rPhy-E fused with 6x His-tag was purified
from the bacterial lysates by affinity chromatography (Figure 1b), as described in the Experimental
Section. SDS-PAGE analysis showed that the 6x His-fused rPhy-E was almost pure after final
elution. Initially, the presence of the fusion protein was confirmed by western blotting using Ni-NTA
AP-conjugated antibody against 6x His-tag. To produce polyclonal antibody against the rPhy-E,
56-kDa band on SDS-PAGE gel was eluted, which was used as an immunogen. Western blot analysis
indicated that the rat antisera are able to recognize rPhy-E in total protein extracted from bacterial
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lysates (Figure 1c). In a previous study, E. coli was unable to express the active enzyme of the A. niger
phyA gene, because of producing a nonglycosylated and intracellular inclusion protein [37].

The A. nidulans phy gene consists of an open reading frame of 1398 bp and encodes 466 amino
acids with a deduced molecular mass of 51 kDa. We determined the nucleotide sequences of
A. nidulans phy in pET-phy and confirmed it to have identical nucleotide and amino acid sequences of
A. nidulans 3-PhyB (GenBank Accession Number No. XP659289). It also shares 99% identity with
A. nidulans phytase (GenBank Accession Number No. U59803.1). However, the deduced amino acid
sequences of 3-PhyB were not aligned at all with those of A. niger PhyB (GenBank Accession Number
AAA02934). In addition to that, the 3-PhyB protein shared a higher percentage of amino acid identity
to 3-PhyA of A. oryzae RIB40 (GenBank Accession Number XP001821210, 67%), phytase of
A. flavus NRRL3357 (GenBank Accession Number XP002376973, 67%), phytase of A. fumigatus
Af293 (GenBank Accession Number XP751964, 67%), 3-PhyA of A. niger CBS 513.88 (GenBank
Accession Number XP001401713, 63%) and phytase of A. clavatus NRRL 1 (GenBank Accession
Number XP001271757, 63%). In earlier studies, 4. nidulans phytase was estimated as a range of
molecular weight (Myw) 49.0-51.8 kDa and pl values of 5.14-5.39 [14,34]. In this study, we predicted
My and pl values of native phytase from its amino acid sequence using a web-based program. It has a
theoretical My of 51.8 kDa and a pl value of 5.35.

Figure 1. Overexpression of the A. nidulans phy gene in E. coli, purification of the Phy-6x
His-tagged fusion protein and production of the recombinant protein (rPhy-E)-specific
antibody. (a) After 4 h induction with IPTG, soluble (Lanes 1-4) and insoluble (Lanes 5-8)
fractions of bacterial lysates were compared on 10% SDS-PAGE. A prominent band of the
electrophoretic mobility (56 kDa) on SDS-PAGE was observed in the insoluble fractions of
the bacterial culture. Lane M, protein marker; Lane 1, soluble protein of E. coli BL21(DE3)
containing the pET-28a vector only; Lanes 2—4, soluble protein of E. coli BL21(DE3)
containing pET-phy induced with IPTG at 1, 3 and 5 mM; Lane 5, insoluble protein of
E. coli BL21(DE3) containing the pET-28a vector only; Lanes 6—8, insoluble protein of
E. coli BL21(DE3) containing pET-phy induced with IPTG at 1, 3 and 5 mM; (b) The
rPhy-E fused with 6x His-tag was purified from E. coli BL21(DE3) by affinity
chromatography; (¢) Western blot analysis of rat antibody is able to recognize the rPhy-E
in total protein extracted from bacterial lysates.
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Figure 2. RT-PCR and quantitative real-time RT-PCR analyses. (a) RT-PCR analysis of
phy mRNA expression in agro-infiltrated leaves of N. benthamiana with Agrobacterium
containing pPZP212-phy. Lane M, 1-Kb DNA ladder; Lane 1, mock infiltrated control;
Lanes 2—6, agro-infiltrated leaves at 1, 2, 3, 4 and 5 days post-infiltration (dpi); (b) To
validate the performance of real-time RT-PCR assay, endogenous 5.8s rRNA of infiltrated
leaves with Agrobacterium containing phy gene (S-5.8r) was compared with that of
mock-infiltrated leaves (N-5.8r); (¢) The relative expression level of phy mRNA in

agro-infiltrated leaves at 5 dpi (S-P) was compared with that of phy mRNA in
mock-infiltrated leaves (N-P).
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2.2. Agro-Infiltration and phy Gene Expression in N. benthamiana

Agro-infiltration was performed for the transient expression of A. nidulans phy gene in
N. benthamiana. In Figure 2a, the presence of phy gene mRNA in N. benthamiana plants was
confirmed by reverse transcription polymerase chain reaction (RT-PCR). The 1.4-kb DNA fragments
were amplified using total RNA extracted from agro-infiltrated leaves at 1-5 days post-infiltration
(dpi), whereas there was no RT-PCR product in mock-infiltrated leaf. To measure quantitatively the
phy gene expression in the agro-infiltrated leaves, we determined its mRNA level by quantitative
real-time RT-PCR. In order to validate the real-time RT-PCR analysis with SYBR Green dye, the 5.8s
rRNA of infiltrated leaves with Agrobacterium containing the phy gene was compared with the 5.8s
rRNA in the mock-infiltrated leaves. As shown in Figure 2b, the result clearly exhibits the normalized
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reporter-dye fluorescence (dR) as a function of the cycle and indicates that the two endogenous 5.8s
genes were not differently expressed in any of infiltrated leaves. The mean C; values for the sample of
infiltrated leaves with Agrobacterium containing phy gene, the reference sample for 5.8s rRNA of
infiltrated leaves with Agrobacterium containing phy gene, the reference sample for 5.8s rRNA in the
mock-infiltrated leaves and the negative sample of mock-infiltrated leaves were 19.11, 21.47, 21.90
and 27.21, respectively. The relative phy gene mRNA expression level in the agro-infiltrated leaves
at 5 dpi was approximately 200-fold more than that in the mock-infiltrated leaves (Figure 2c). This
suggested that the phy gene was highly expressed in agro-infiltrated leaf tissues, and no modification
occurred at the transcriptional level.

To determine that the increased phy gene mRNA level leads to an increased level of protein
synthesis, SDS-PAGE (Figure 3a) and western blot analysis (Figure 3b) were carried out using the
total protein from agro-infiltrated plants at 1-5 dpi. As shown in Figure 3b, the plant-produced rPhy-P
showed a ~62-kDa band that was recognized by a polyclonal antibody to E. coli-produced rPhy-E. It
suggests that the nonglycosylated form of rPhy-E maintains an antigenic domain of native phytase. We
also observed increasing accumulation of rPhy-P with increasing days after infiltration. The difference
between a My predicted by amino acid sequences and a My determined by SDS-PAGE/western blot
analyses reflects on the glycosylation extent of the rPhy-P. In a previous study, 4. nidulans phytase
expressed in A. niger was estimated to have a range of My 64.1~68.7 kDa by SDS-PAGE,
My 67.4 kDa by analytical ultracentrifugation or a range of My 77.8~88.3 kDa by gel filtration
analysis due to different glycosylation extents [35]. It suggested that the plant expression system
provides less variable glycosylation extent than the fungal and yeast expression system.

Figure 3. Recombinant phytase protein was identified from the extracts of agro-infiltrated
leaves of N. benthamiana with Agrobacterium containing pPZP212-phy. (a) Coomassie
blue-stained 10% SDS-PAGE gel; (b) Western blot analysis of identical gel in (a). Lane M,
molecular weight markers; Lane 1, mock infiltrated control; Lanes 2—-6, agro-infiltrated
leaves at 1, 2, 3, 4 and 5 dpi.
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The hyperglycosylation significantly contributes to the high molecular mass and heterogeneity
of the recombinant protein [38]; such a protein was immunogenic in animals and humans [39-42]
or reduced immunogenicity [36]. This suggests that post-translational modification can give
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a totally different pattern of glycosylation, resulting in undesired immunogenicity. Furthermore,
the yeast hyperglycosylates N-linked sites leading to a reduction in both functional activity and
receptor-binding [43,44]. The high-mannose type in yeast N-glycosylation mediates binding to the
mannose receptors in humans and results in poor pharmacokinetic behavior [45]. On the other hand,
the targeted manipulation of the plant N-glycosylation pathway allows the production of proteins
carrying largely homogeneous, human-type oligosaccharides. Due to their rather small repertoire of
glycosylation reactions, plants carry out complex N-glycosylation at a striking homogeneity, which
makes them especially manageable to glycoengineering [46].

2.3. pH Dependence on the Phytase Activity of rPhy-P

Phytase activity is highly dependent on pH; due to this reason, we determined the optimum pH for
the phytase activity of rPhy-P. To exclude endogenous phytase activity in N. benthamiana leaves, the
enzyme activity values in total protein extracted from the agro-infiltrated leaves at 5 dpi were adjusted
by subtraction of those values in total protein extracted from mock-infiltrated leaves over a pH range.
Its highest activity was found at pH 4.5 (the first) and pH 5.5 (the second) after incubation at 55 °C for
30 min (Figure 4a) and pH 5.5 (the first) and pH 4.5 (the second) after incubation at 45 °C for 30 min
(data not shown). The optimum pH range for the phytase activity of the rPhy-P was pH 4.5-5.5. This is
dissimilar to previous report that showed the narrow pH profile and higher pH optimum (pH 6.5) of
the A. nidulans phytase expressed in 4. niger [15]. The differences observed in this study may be due
to the expression system and the assay variation. The maximum phytase activity of the rPhy-P was
176.4 U/mL of total protein extract at pH 4.5 (55 °C) and 164.4 U/mL of total protein extract at pH 5.5
(45 °C). However, the activity was lost under the pH 3.0 or at near neutral pH.

Figure 4. Phytase activity of 4. nidulans phy gene expressed in N. benthamiana leaves by
agro-infiltration at 5 dpi. (a) The effect of pH on phytase activity of the total protein
extracts was assayed under various pH buffers at 55 °C for 30 min, and the buffers are used
as follows: 50 mM glycine (pH 2.0-2.5), 50 mM sodium acetate (pH 3.5-5.5), 50 mM
MES (pH 6.0-6.5) and 50 mM HEPES (pH 7.0-7.5); (b) The effect of temperature on the
phytase activity of the total protein extracts was assayed at various temperatures, 37-75 °C,
for 30 min at pH 4.5 and 5.5. Data are expressed as the phytase or relative activity,
and each value represents the mean + SE (n = 6). Different letters indicate significant
differences (p < 0.05).
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2.4. Temperature Dependence on the Phytase Activity of rPhy-P

To determine the optimum temperature for the phytase activity of rPhy-P, the activity values of
total protein extracted from the agro-infiltrated leaves at 5 dpi were adjusted by subtraction of those
values of total protein extracted from mock-infiltrated leaves over a temperature range. The assay was
performed at pH 4.5 and pH 5.5. The optimum temperatures were 45 °C at pH 5.5 and 55 °C at pH 4.5
(Figure 4b), and the latter is similar to most fungal phytases that exhibit the optimum temperature in
the range of 50-60 °C [47].

Figure 5. Detection of the glycosylated rPhy-P from the total protein extracts of
agro-infiltrated leaf tissues with Agrobacterium containing pPZP212-phy at 5 dpi.
(a) Schiff’s reagent-stained 10% SDS-PAGE gel. Lane M, molecular weight markers;
Lane 1, the purified rPhy-E; Lane 2, total protein extracted from mock-infiltrated leaf;
Lane 3, untreated total protein extracted from agro-infiltrated leaf tissues at 5 dpi with
peptide-N-glycosidase F; Lane 4, treated total protein extracted from agro-infiltrated leaf
tissues at 5 dpi with peptide-N-glycosidase F; (b) Western blot analysis of total
protein extracted from mock-infiltrated leaf and agro-infiltrated leaf tissues at 5 dpi.
Lanes 1 and 3 represent treated before and Lanes 2 and 4 represent treated after with
peptide-N-glycosidase F.
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2.5. Deglycosylation of the Expressed Phytase

To confirm that the rPhy-P expressed in N. benthamiana leaves is glycosylated, we performed
its periodic acid-Schiff (PAS) staining and peptide-N-glycosidase F (PNGase-F) digestibility.
The agro-infiltrated leaves at 5 dpi were chosen for the deglycosylation analysis. As shown in
Figure 5a, the protein band became visible (Lane 3) in the agro-infiltrated leaf extract, but not in the
E. coli-expressed rPhy-E (Lane 1), mock-infiltrated leaf extract (Lane 2) and agro-infiltrated leaf
extract treated with PNGase F (Lane 4) when SDS-PAGE gel was stained with PAS reagent. The
results showed that the rPhy-P is glycosylated (Mw 62 kDa, Lane 3 in Figure 5a,b). To further confirm
the glycosylation of rPhy-P, total protein was digested with PNGase F, resulting in a shift of My from
62 to 56 kDa (Figure 5b). Thus, the deglycosylated rPhy-P was estimated to have Mw 56 kDa,
indicating that the percentage of glycosylation was approximately 11%. In western blot analysis,
the phytase-specific antibody recognized both glycosylated and deglycosylated forms of the rPhy-P
(Lanes 3 and 4 in Figure 5b). However, the band was not detected in total protein of the
mock-infiltrated leaf extract that was digested with PNGase F or not (Lanes 1 and 2 in Figure 5b).
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Deglycosylation studies of Aspergilli phytases expressed in P. pastoris were revealed in the reduction
of the molecular size and thermostability of the secreted enzyme [18,21].

2.6. Glycosylation Effect on the Thermostability of the Phytase Activity of rPhy-P

To determine the glycosylation effect on the thermostability for the phytase activity of rPhy-P, the
phytase activity was measured relatively after being incubated for 10-30 min at 45, 65 and 75 °C,
respectively, with and without treatment of PNGase-F (Figure 6). The rPhy-P before deglycosylation
showed a relative activity of 54% after 10 min incubation at 45 °C. At this temperature, the enzyme
activity increased in a time-dependent manner and reached 100% after 30 min of incubation. Although
the enzyme activity significantly dropped to 37% and 23% after 10 min of incubation at 65 and
75 °C, respectively, it still remained more than 32% and 18% of activity after 30 min of incubation at
each temperature. However, the deglycosylated rPhy-P showed the rapid reduction of the relative
enzyme activity after 10 min of incubation at 45 °C (6%), 65 °C (6%) and 75 °C (5%). Indeed, the
deglycosylation caused a substantial reduction of phytase thermostability. The result confirms that the
glycosylation provides the thermostability for the phytase activity of rPhy-P.

Figure 6. Glycosylation effect on the thermostability of the phytase activity of rPhy-P was
assayed after incubation at 45, 65 and 75 °C for 10-30 min. Data are expressed as the
phytase or relative activity, and each value represents the mean + SE (n = 6). Different
letters indicate significant differences (p < 0.05).
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2.7. Substrate Specificities of Phytase Expressed in Agro-Infiltrated Leaves

To determine the substrate specificities of the rPhy-P, we investigated the specific activities of the
total protein extracts with a series of phosphate compounds. Initially, mock-infiltrated controls were
measured for determining endogenous phytase activity for each substrate at 45 and 55 °C. As shown in
Figure 7, the rPhy-P displayed broad substrate specificities at both temperatures, especially higher
enzyme activities for AMP, ATP, ADP, tripolyphosphate, pyrophosphate, acetyl phosphate and
sodium phytate. Among those substrates, the highest activity was observed with tripolyphosphate.
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Figure 7. Substrate specificities of rPhy-P at 45 °C (a) and 55 °C (b). All substrates were
used at a concentration of 2 mM. 1, AMP; 2, ATP; 3, ADP; 4, ethanolamine phosphate;
5, O-phospho-L-serine; 6, B-glycerophosphate; 7, tripolyphosphate; 8, pyrophosphate;
9, pyridoxal-5-phosphate; 10, fructose-6-phosphate; 11,  glucose-6-phosphate;
12, glucose-1-phosphate; 13, acetyl phosphate; 14, sodium phytate. Data are expressed as
the relative activity and each value represents the mean + SE (n = 3). Different letters
indicate significant differences (p < 0.05).
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Figure 8. Fecal phosphorus (P) concentration in rats orally administered rPhy-P for seven
days. Extractable P was extracted from 1 g feces using Mehlich III solution and determined
by ascorbic acid colorimetry. Each value represents the mean = SE (n = 3). Different letters
indicate significant differences (p < 0.05).
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2.8. Effect of rPhy-P on Phosphorus Reduction and Toxicity in Rat Fecal Samples

To evaluate the P content reduction, rats were orally administrated with rPhy-P once a day. Rats
administered with three different doses (500, 1000 and 1500 U/kg body weight (bw)/day) showed
significant reduction of fecal P excretion when compared with control group rats. Relative to the
control group, extractable P content in fecal samples was reduced to 4.2%, 6.8% and 16%,
respectively, for the given doses of rPhy-P (Figure 8). In addition, the rPhy-P under the present
experimental condition did not result in toxicologically significant changes at any groups in bw
(Supplementary Table S1), organ weights (Supplementary Table S2), mortality and clinical signs, such
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as salivation, prone position, decrease of locomotive activity, loss of fur, bite wounds, scratch wounds,
lacrimation and closed eyes (Supplementary Table S3). This suggests that the rPhy-P can be used safely
as feeding supplements to livestock, and it will reduce the environmental impact of P from manure.

3. Experimental Section
3.1. Computer-Aided Analyses

The amino acid sequence of the A. nidulans phy gene was used to determine the identity of the
protein using the BLASTp program [48] and to predict theoretical My and pl using the Compute
pl/My tool [49].

Table 1. Primers used in this study.

Template Primer Nucleotide Sequences (5'—3")
DNA libraries phyl-F ' GAATTCGCTTTTTTCACGGTCGCTCTT
phyl-R * GTCGACTAGGGTAAAACAAGTCTTCCA
PRTL2 MI1-RTL-F * GAAAATTTTCACCATTTACGAACGATAGCCGCGGCACTCATC
MI-RTL-R * GATGAGTGCCGCGGCTATCGTTCGTAAATGGTGAAAATTTTC
pET-phy phy2-F° CCGCGGCAATGGCTTTTTTCACG
phy2-R ° GGTACCTTATAGGGTAAAACAAGTCTTCCA
PRTL2-MS-Phytase M2-RTL-F’ TTACGAACGATAGCCATGGCAATGGCTTTTTTC
M2-RTL-R ® GAAAAAAGCCATTGCCATGGCTATCGTTCGTAA
pPZP212-phy phy3-F CCGCGGCATCTCATGTTTGGGGT
phy3-R TCTAGAGGGGCTTCCGGCACC
N. benthamiana total RNA  phy-domain-F ° CAGAGTCGAAGAGTAAGGCGTAC
(mock and agroinfitrated) ~ phy-domain-R ° GTAGAACTTGGCACCCGAATCAAC
N. benthamiana total RNA ~ 5.8s rRNA-F " GTGATCTGTGGAAGGATCATTGTCG
(mock and agroinfitrated) 5.8s TRNA-R " CGTTAATCATCCGACACGAACGC

' Forward primer contains EcoRI site (underline); > reverse primer contains Sa/l site (underline); >* primers
for the site-directed mutagenesis, resulting in the change from Ncol site to Sacll site (underline represents the
modified sequence); ° forward primer contains Sacll site (underline); ® reverse primer contains Kpnl site
(underline); ™* primers for the site-directed mutagenesis, resulting in the recovery of start codon (underline
represents the modified sequence); ° phytase domain detection primers for real-time PCR; '° 5.8s rRNA

detection primers for real-time PCR.

3.2. PCR and Cloning of the phy Gene of A. nidulans into pET28a

Using PCR, a full-length ORF encoding the phy gene was synthesized from 4. nidulans cDNA
library [50] that was kindly gifted by Prof. Suhn-Kee Chae (Pai Chai University, Deajeon, Korea).
Primers (phyl-F and phyl-R) in Table 1 were designed according to the nucleotide sequences of
A. nidulans 3-PhyB in the NCBI database. PCR was performed in 50 pL of the reaction mixture
consisting of 5 pL of 10x PCR buffer (100 mM Tris-HCI, pH 8.3, 500 mM KCl), 4. nidulans cDNA
library (10 ng), 4 uL of 2.5 mM dNTP mixture, 1 pL of primer each (50 pM), 3-9 uL of 25 mM
MgCl, and 0.5 pL (1 U) of Ex-Taq polymerase (Takara Bio, Otsu, Shiga, Japan). PCR was performed
using a thermal cycler (Gene Cycler, Bio-Rad Lab., Hercules, CA, USA) with an initial denaturation at
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95 °C for 2 min and followed by 35 cycles of denaturation at 94 °C for 1 min, annealing at 58 °C for
2 min, extension at 72 °C for 3 min and an additional 1 cycle of final extension at 72 °C for 7 min.
Purification of PCR products was done using PCR quick-spin™ (iNtRON Biotech., Seongnam, Korea)
according to the manufacturer’s protocol. The amplified 1398-bp fragments were digested with EcoRI
and Sall and then ligated into the pET28a (Merck Millipore, Darmstadt, Germany) vector, which was
digested with the same enzymes. The ligation mixture was incubated at 37 °C for 4 h and then used to
transform in E. coli BL21 cells by heat shock at 42 °C for 1 min. Colonies were selected by the
restriction enzyme digestion and PCR analysis. The pET28a vector containing the target insert
(pET-phy) was purified from the selected colonies and then sent to a commercial sequencing lab
(COSMO genetech, Seoul, Korea) to determine its nucleotide sequence. The selected clones were used
for protein expression studies.

3.3. Expression and Purification of His-Tagged Recombinant Protein pET28a

The recombinant vector (pET-phy) was transformed into E. coli BL21 (DE3). Expression of 6x
His-fused recombinant protein was carried out according to the manufacturer’s protocol (Qiagen,
Hilden, Germany). A single colony was grown in Luria-Bertani (LB) medium containing kanamycin
(30 pg/mL) to an ODggo of 0.6. Different concentrations of IPTG (final concentration of 1, 3 and
5 mM) were treated, respectively, into the medium. Bacterial cells were further incubated at 37 °C for
4 h with shaking. After centrifugation at 10,000 rpm for 5 min, the resulting pellets were resuspended
in lysis buffer (10 mM imidazole, 300 mM NaCl, 50 mM NaH,PO,, pH 8.0) and sonicated 4 times
(30 s/each). After centrifugation, total protein collected from the lysate was designated as a soluble
fraction. The resultant pellets were resuspended in phosphate-buffered saline buffer (PBS; 140 mM
NaCl, 10 mM Na,HPOy4, 2.7 mM KCI, and 1.8 mM KH,PO,, pH 7.4), which was designated as an
insoluble fraction. Total protein (20 pg) was analyzed by SDS-PAGE according to Laemmli [51].
Western blot analysis was performed to detect 6% His-tagged recombinant protein using Ni-nitrilotriacetic
acid (NTA) AP-conjugated antibody against 6x His-tag (Qiagen, Hilden, Germany) at a dilution of
1:5000 (v/v). The target protein was purified from E. coli cells (100 mL culture) using Ni-NTA
Superflow under denaturing conditions (8 M urea) as described in the manufacturer’s manual. For the
elution of 6x His-fused recombinant protein under denaturing conditions, we used the elution buffer
containing 100 mM NaH,PO4, 10 mM Tris-HCI and 8 M urea. The relative efficiency of protein
extraction was examined by SDS-PAGE of supernatants (“cleared lysates™) after resuspension of an
aliquot in Laemmli’s loading buffer.

3.4. Production of rPhy-E Specific Polyclonal Antibody

The column-purified 6% His-fused protein was further purified by SDS-PAGE through a 10%
preparative gel (Bio-Rad Lab., Hercules, CA, USA). Prior to injection, the purified rPhy-E was
dialyzed twice against 1.5 L PBS (each for 1.5 h at 4 °C) and then used as an immunogen for the
preparation of polyclonal rat antisera. The immunization was performed in the Experimental Animal
Handling Facility in the Department of Biology and Medicinal Science at Pai Chai University,
Daejeon, Korea, in compliance with ethical regulations. Injections were given to three rats once every
2 weeks at a concentration of 100 pg in 500 pL PBS. The rats received rPhy-E with Freund’s complete
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adjuvant for the primary injection and Freund’s incomplete adjuvant for the booster injections. A total
of three injections were given. The rats were sacrificed, and blood was collected from the rats within
7 days after the booster injection. The polyclonal antisera against rPhy-E were used to perform western
blot analysis. Total protein collected from the bacterial lysates was separated by SDS-PAGE gel and
transferred to a nitrocellulose membrane that was blocked with 5% (w/v) nonfat dry milk in PBS. The
membrane was probed with polyclonal antisera against rPhy-E as a primary antibody at a dilution of
1:1000 (v/v) in PBS for 1 h at room temperature and successively with goat anti-rat 1gG-alkaline
phosphatase conjugate (Sigma-Aldrich Co., St. Louis, MO, USA) as a secondary antibody at a dilution
of 1:7000 (v/v) in PBS for 1 h at room temperature. The membrane was developed by a conventional
method using nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolylphosphate (BCIP)
(Sigma-Aldrich Co., St. Louis, MO, USA) in 100 mM Tris, 100 mM NaCl and 5 mM MgCl, at pH 9.5.

3.5. PCR Amplification of phy Gene and Vector Construction for Plant Expression

To introduce the A. nidulans phy gene into a shuttle vector (pRTL2), we designed site-directed
mutagenesis (SDM)-PCR twice in the cloning strategy (Supplementary Figure Sla,b). SDM-PCR was
performed using PfuUltra™ DNA polymerase (Agilent Tech., Santa Clara, CA, USA) for mutagenic
primer-directed replication of both plasmid strands with the highest fidelity. The Ncol site in the leader
sequences of pRTL2 contains ATG nucleotides that were used for the translation start codon. We
modified the vector sequences of pRTL2, because the phy gene also contains three Ncol sites in the
coding region (Supplementary Figure S1c). The Ncol site was changed to the Sacll site (5'-CCATGG-3'
— 5'-CCGCGG-3'; the underline represents the modified sequence) by the primary SDM-PCR. To
modify the pRTL2 vector, we synthesized two complementary oligonucleotides that contained the
desired mutation flanked by unmodified nucleotide sequences (Table 1). The primary SDM-PCR was
performed in 50 pL of reaction mixture consisting of 10x PCR buffer, pRTL2 DNA (10 ng), 4 pL of
2.5 mM dNTP mixture, 1 pL of 50 pM primers of forward (M1-RTL-F) and reverse (M1-RTL-R)
primer each and 1 pL (2.5 U) of PfuUltra™ DNA polymerase. PCR was performed in a thermal cycler
with initial denaturation at 95 °C for 30 s, followed by 15 cycles of denaturation at 95 °C for 30 s,
annealing at 55 °C for 1 min and extension at 68 °C for 5 min. After PCR, the amplified product was
treated with Dpnl, which is specific for the digestion of the in vivo-methylated parental template and
hybrid DNA. The amplified product was treated with Dpnl (10 U) and Pfu DNA polymerase (2.5 U);
then, the mixture was incubated at 37 °C for 30 min and shifted to 72 °C for an additional 30 min.
Extension of the primers generated a mutated plasmid (pRTL2-MS) containing staggered nicks, which
were repaired after competent cell transformation.

To insert the target gene into pRTL2-MS, a full-length phy was synthesized with primers (phy2-F
and phy2-R) in Table 1. PCR mixture included 5 pL of 10x PCR buffer, 4 pL of 2.5 mM dNTP
mixture, 1 pL of primer each (stock concentration, 50 pM), 0.5 pL (2.5 U) of Tag DNA polymerase
(Takara, Japan), pET-phy DNA (10 ng) and sterile distilled water added to make up 50-pL final
volumes. The PCR was performed in a thermal cycler with an initial denaturation at 95 °C for 2 min,
followed by 35 cycles of 94 °C denaturation for 1 min, annealing temperature 59 °C for 2 min, 72 °C
extension for 3 min and 1 cycle of a 7-min final extension at 72 °C. Purification of the PCR product
was done using PCR quick-spin™ according to the manufacturer’s protocol. The purified PCR product
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was digested with Sacll and Kpnl and cloned into the pRTL2-MS that was digested with the same
restriction enzymes. The resultant plasmid was subsequently transformed into E. coli XL1-Blue.
Transformed colonies were selected on LB media containing carbenicillin (50 pg/mL) and used for the
plasmid isolation. The presence of the phy gene in the resultant plasmid pRTL2-MS-phytase was
confirmed by restriction enzyme digestion (Sacll and Kpnl) and PCR amplification using phy2-F and
phy2-R primers. The resultant vector pRTL2-MS-phytase possessed an expression cassette containing
Cauliflower mosaic virus (CaMV) 35S promoter (P35S), a TEV leader sequence, phy sequence and
a 35S terminator (T35S).

The pRTL2-MS-phytase was used as a template to perform SDM for recover the start codon of phy
using mutagenic primers (M2-RTL-F and M2-RTL-R) in Table 1, resulting the change of Sacll to
Ncol site. The secondary SDM-PCR was performed in 50 pL of reaction mixture consisting of 10%
PCR buffer (Agilent Tech., Santa Clara, CA, USA), pRTL2-MS-phytase DNA (10 ng), 1 uL of
2.5 mM dNTP, 1 pL of 50 pM of primer each and 1 pL (2.5 U) of PfuUltra™ DNA polymerase.
PCR was carried out in a thermal cycler with an initial denaturation at 95 °C for 2 min, followed by
20 cycles of 95 °C denaturation for 30 s, annealing temperature 64 °C for 1 min, 72 °C extension for
2 min and an additional 1 cycle of 7 min final extension at 72 °C. The amplified product was treated
with Dpnl as mentioned above and the resultant plasmid pRTL2-phytase transformed into E. coli
XL1-Blue competent cells at 42 °C for 1 min. The expression cassette region excised from
pRTL2-phytase using HindlIll, which was ligated into the T-DNA region of a binary vector, pPZP212,
to produce pPZP212-phy. The ligation mixture was transformed into the E. coli XL1-Blue competent
cell by the heat-shock method. The transformants were selected on LB media containing spectinomycin
(100 pg/mL), and the selected colonies were used for plasmid isolation. The presence of the
phy-inserted cassette region was determined by Hindlll digestion and PCR amplification using
M2-RTL-F and M2-RTL-R primers.

3.6. Agrobacterium Transformation, Agro-Infiltration and Analysis by RT-PCR and Quantitative
Real-Time RT-PCR

Agrobacterium tumefaciens strain C58C1 cells were transformed with pPZP212-phy by electroporation.
The transformed cells were selected on LB media containing spectinomycin (100 pg/mL),
streptomycin (100 pg/mL), gentamycin (50 pg/mL) and rifampicin (50 pg/mL). The presence of the
gene expression cassette was determined by Hindlll digestion and PCR amplification using phy3-F
and phy3-R primers (Table 1). Overnight culture of Agrobacterium carrying pPZP212-phy was
centrifuged at 6000x g for 3 min, and the resultant pellet was resuspended in a solution containing
10 mM morpholinepropanesulfonic acid (MES, pH 5.5), 10 mM MgCl, and 100 uM acetosyringone.
Bacterial suspension containing the construct was infiltrated into the first two leaves of young
N. benthamiana with a 3-mL needleless syringe. The infiltrated plants were kept in a growth room
(12-h day length and 26 °C). Agro-infiltrated N. benthamiana leaves were harvested at 1-5 dpi. Total
RNA was extracted from the homogenized leaves using the RNeasy plant mini kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instruction. RT reaction was performed in the reaction
volume of 20 pL containing 500 ng of total RNA, 50 mM Tris-HCI (pH 8.3), 75 mM KCl, 10 mM
DTT, 3 mM MgCl,, 1 mM dNTP, 20 pM of phy3-R primer, 20 U of RNase inhibitor (Takara Bio,
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Otsu, Shiga, Japan) and 200 U Moloney murine leukemia virus (M-MLV) reverse transcriptase
(Promega, Madison, WI, USA). The thermal cycler was programmed for 1 RT cycle at 45 °C for
30 min. For PCR amplification, 10 pL of the RT product were added to 40 uL of reaction mixture
containing 10 mM Tris-HCI (pH 8.3), 50 mM KCI, 1.5~4.5 mM MgCL, 2.5 U Taq polymerase,
2.5 mM dNTP and 50 pM of phy3-F and phy3-R primers. The thermal cycler was programmed for
35 cycles of template denaturation at 94 °C for 1 min, primer annealing at 61 °C for 2 min, and DNA
synthesis at 72 °C for 3 min. For quantitative real-time RT-PCR, phy mRNA and 5.8s rRNA were
reversed from total RNA of agro-infiltrated leaves at 5 dpi and mock-infiltrated leaves to cDNA by
M-MLV reverse transcriptase using the primers shown in Table 1. The endogenous 5.8s rRNA was
used as an internal control for normalization in all experimental groups. Real-time PCR was carried
out in 96-well plates by the Stratagene Mx3005P cycler. The reaction mixture (20 pL) contained 1 ng
cDNA, 10 pL of 2x SYBR Green QPCR Master Mix (Agilent Tech., Santa Clara, CA, USA) and 1 pL
of primer pairs at 10 pM. Conditions were set as follows: initial denaturation at 95 °C for 15 min,
40 cycles of denaturation at 95 °C for 10 s and annealing and extension at 60 °C for 40 s. The
experiments were analyzed with auto-baseline and manual thresholds chosen from the exponential
phase of the PCR amplification. After the data analysis, the Ct number and DeltaRn were used for
statistical analyses. The expression level of p/y gene was determined by 3 replicates of one sample and
3 independent experiments. Data were analyzed using Mxpro software and the comparative threshold
cycle (274" method [52].

3.7. SDS-PAGE, Western Blot and Deglycosylation Analysis of Protein Extracts

The agro-infiltrated leaves were harvested at 1-5 dpi, and total protein extracts were prepared by
grinding the leaves in liquid nitrogen and dissolved in PBS, pH 7.4. After centrifugation for 20 min
(12,000x g, 4 °C), the supernatant was collected, and its protein concentration was estimated using a
protein assay kit (Bio-Rad, Hercules, CA, USA). A mock-infiltrated control was performed simultaneously,
for that infiltration buffer alone was used. Total protein (20 pug) was subjected to 10% SDS-PAGE. The
glycan moiety of the rPhy-P was glycol-stained by PAS reagent, as previously described [53]. Western blot
analysis was performed as described in the Section 3.4. Deglycosylation of rPhy-P was performed by using
PNGase F (Sigma-Aldrich Co., St. Louis, MO, USA) according to the manufacturer’s instructions. Briefly,
45 uL of total protein extracts (20 pg) at 5 dpi in 50 mM sodium phosphate buffer (pH 7.5) were mixed
with 5 pL of denaturation solution (0.2% SDS, 100 mM 2-mercaptoethanol). After boiling for 10 min, the
mixture was treated with 15% (v/v) Triton X-100 and 2.5 U of PNGase F. After incubation at 37 °C for 3 h,
the mixture was subjected to 10% SDS-PAGE and western blot.

3.8. Phytase Assay and Substrate Specificities

Phytase activity was assayed by the ferrous sulfate-molybdenum blue method [54]. Briefly, 75 pL
of total protein (10 png) were incubated with 300 pL of 2 mM sodium phytate and 0.1 mM CaCl, at 45
and 55 °C, respectively, for 30 min. The reaction was stopped by adding 375 uL of 5% trichloroacetic
acid. The released inorganic phosphate was analyzed by adding 750 puL of a coloring reagent,
including 4 volumes of 1.5% (w/v) ammonium molybdate solution in 5.5% (w/v) sulfuric acid
solution and 1 volume of 2.7% (w/v) ferrous sulfate solution. The mock-infiltrated control was
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performed identically as described above. The absorbance of the supernatant of each sample was read
at 700 nm after appropriate dilution, and the value was adjusted by subtraction of absorbance of
mock-infiltrated leaf extracts at 700 nm. Enzyme activity was calculated as unit (U) per mL protein
extract, where 1 U liberates 1 pmol phosphate from phytate per min under the assay conditions.
A standard curve was prepared for the range of 0—666.7 uM of K,HPO,. All assays were carried out
in triplicate along with appropriate buffer and reagent controls. To determine the relative substrate
specificities, the sodium phytate in the assay mixture was replaced with different phosphate compounds
at a concentration of 2 mM and assayed at 45 and 55 °C, respectively, under pH 4.5.

3.9. Determination of Optimal pH and Temperature for Phytase Activity

Agro-infiltrated leaves (0.1 g) at 5 dpi were homogenized in 1 mL of various buffers over a pH range
from 2.0 to 7.5, respectively. Buffer systems were used to cover the pH range, such as 50 mM glycine-HCI
for pH 2.0-2.5, 50 mM sodium acetate for pH 3.5-5.5, 50 mM MES for pH 6.0-6.5 and 50 mM HEPES
for pH 7.0-7.5. Phytase activity was measured using 2 mM sodium phytate as a substrate at 45 and 55 °C,
respectively, for 30 min. In addition, the enzyme activity was also measured at different temperature
(37-75 °C) for 30 min under pH 4.5 and pH 5.5, respectively, to obtain the optimum temperature.

3.10. Determination of Thermostability before and after Deglycosylation

In order to determine thermostability, the total protein was incubated at 45, 55, 65 and 75 °C for
10, 20 and 30 min, respectively, with and without treatment of PNGase-F. After cooling at room
temperature, the phytase activity in total protein was measured as described above. Deglycosylation of
the total protein was done as described in Section 3.7, except the denaturation condition.

3.11. Experimental Animal Trial and Design

All experiments, including the treatment and maintenance of experimental animals, were approved
by the Ethical Committee for Animal Care in the Department of Biology and Medicinal Science of
Pai Chai University. Male Sprague-Dawley rats (5 weeks old) of 136-173 g bw were individually
housed in polycarbonate cages in a temperature (22 °C) and humidity (55%) controlled room with a
12-h light:12-h dark cycle. Rats were fed standard rat diets (Jeil Feed Company, Ltd., Daejeon, Korea)
containing wheat bran, soybean meal-dehulled, wheat, corn, fish meal, limestone, vitamin-mineral
premix, DL-Methionine, L-lysine-HCI, salt, lard/tallow, potassium phosphate and tribasic (the
composition: 22.5% crude proteins, 3.5% crude lipids, 0.7% calcium (Ca), 1% total P, 7% crude fiber,
10% crude ash). Diets were supplied as a pellet (2.2 g dry weight/kg bw) 5-times daily during
the entire experimental period of 7 days. Rats had free access to demineralized drinking water.
The experimental rats were divided equally into 4 groups (A, B, C and D) to evaluate the excreted P
content in fecal samples. Rats from group A were administered orally with sterilized PBS only. Rats in
the B, C and D groups were orally administered once daily through an intragastric tube with rPhy-P in
PBS at dose levels of 500, 1000 and 1500 U/kg bw, respectively. During the experimental period, bw
and organ weights, mortality and clinical signs were recorded daily. External eye examinations were
performed during the pretest period, and all animals in each group were briefly examined via both
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external and fundus examinations using an ophthalmoscope (Heine Mini3000, Herrsching, Germany).
All experimental rats were sacrificed at the end of the treatment period. Target organs (heart, liver,
spleen, brain, lung and left and right kidneys) were collected, and each weight was measured.

3.12. Determination of Phosphorus (P) in Fecal Samples

Extractable P in fecal samples were determined based on the observation that ammonium
molybdate and potassium antimony tartrate react with dilute ortho-P solutions in an acid medium to
form an antimony-phosphomolybdate complex, according to Murphy and Riley [55]. According to the
modified Mehlich III method [56], fecal samples were extracted by shaking of 1 g dry feces with
20 mL Mehlich III extracting solution (200 mM acetic acid, 250 mM ammonium nitrate, 15 mM
ammonium fluoride, 13 mM nitric acid, 1 mM EDTA) for 10 min at room temperature and filtering
through Whatman No. 2 filter paper. Its P concentration was analyzed by ascorbic acid colorimetry
using a blank and standards prepared in the Mehlich III extracting solution. To prepare samples,
4.0 mL reagent B (1.584 g L-ascorbic acid and 300 mL of reagent A; 6 g ammonium molybdate,
0.146 g antimony potassium tartrate, 72 mL sulfuric/l L deionized water) and 19 mL deionized water
were added to 2 mL of each extract. Standards consisting of 5 mL of each standard P solution (0.1 ppm
to 100 ppm P), 4 mL Reagent B and 16 mL deionized water and a 0.0 ppm P standard consisting of
4.0 mL Reagent B and 21 mL deionized water were also prepared. Samples and standard solution were
allowed 30 min for color development, and the absorbance at 880 nm was measured with a Biochrom
Libra S22 UV/VIS spectrophotometer (Cambridge, UK).

3.13. Statistical Analysis

Data were analyzed by a one-way analysis of variance (ANOVA) for statistical significance by SAS
(Statistical Analysis System, version 14.0, Cary, NC, USA) and comparisons between the mean values
of treatments using Duncan’s multiple range tests with significance at p < 0.05. Standard errors of the
means were also calculated and are marked in Figure and Table.

4. Conclusions

The A. nidulans phy gene was highly expressed in E. coli. Using the purified rPhy-E, we produced
polyclonal antibody that was used for the detection of recombinant protein, rPhy-P, carrying phytase
activity in the plant. A thermostable phytase of 4. nidulans was transiently expressed with My 62 kDa
in N. benthamiana by agroinfiltration. The rPhy-P showed glycosylation, optimum pH range
(pH 4.5-5.5), optimum temperature range at 45~55 °C, thermostability and broad substrate
specificities. Besides, the rPhy-P was effective at reducing phosphorus excretion in rat feces when
administered orally for seven days. However, the deglycosylation of rPhy-P caused a significant
reduction in enzyme thermostability. This is the first report of the expression of an A. nidulans
recombinant phytase in a plant system.

Supplementary Materials

Supplementary materials can be found at http://www.mdpi.com/1422-0067/15/9/15571/s1.
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