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Abstract

Key message We developed transgenic sweet potato with Spo™™" (sucrose-inducible minimal promoter)-GUS gene-
fused constructs. Induced GUS activities by Spo™™ were higher than those by CaMV 35S promoter.

Abstract We developed transgenic sweet potato (Ipomoea batatas L. Lam. cv. Kokei no. 14) plants with Spo™" (sucrose-
inducible minimal promoter)-GUS gene-fused constructs with signal peptides for sorting to cytosol, apoplast and ER,
and we analyzed the GUS expression pattern of cut tissue after sucrose treatment. Induced GUS activities by Spo™" were
several hundred times higher than those by the CaMV 35S promoter. Also, GUS activities in storage roots induced with a
Spo™n_cytosol-GUS construct were higher than those with either Spo™"-apoplast or -ER-GUS constructs. The induced
GUS activities by Spo™™ were higher in storage roots without sucrose treatment than those with sucrose treatment. Chilling
(4 °C) storage roots with Spo™" constructs for 4 weeks produced higher GUS activities than in storage roots stored at 25 °C
for 4 weeks. The calculated maximum GUS content in the storage roots was up to about 224.2 pg/g fresh weight. The chill-
ing treatment increased the free sucrose content in the storage roots, and this increase in endogenous sugar levels induced
increased GUS activities in the storage roots. Therefore, Spo™™" appears to be a useful promoter to develop protein production
systems using sweet potato variety Kokei no. 14 storage roots by postharvest treatment.
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Abbreviations Introduction

GUS B-Glucuronidase

Spo™in Sucrose-inducible minimal promoter Various promoters are used in plant engineering. Consti-

ER Endoplasmic reticulum tutive promoters can be able to induce heterologous gene

UTR Untranslated region expression in whole plant tissues constitutively. For exam-

Semi-qRT-PCR  Semi-quantitative reverse transcription ple, cauliflower mosaic virus 35S RNA promoter (355) is
polymerase chain reaction used for many plant species (Guan et al. 2013). Actin pro-

HPT Hygromycin phosphotransferase moter or ubiquitin promoter is also used for plants (Guan

et al. 2013). However, constitutive heterologous gene expres-
sion in plant can be harmful to plant growth (Guan et al.
2013). Growth inhibition or gene silencing of heterologous
gene was reported in transgenic plants with 35S construct
(Elkind et al. 1990; Chen et al. 2006). To overcome this
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The accumulation level of cholera toxin B (CTB) subunit
was about 4.4 pg/g tomato fruits with 35S (Jani et al. 2002);
however, CTB accumulation was about 3.37 mg/g in rice
seeds under the control of the rice endosperm-specific stor-
age protein glutelin GluB-1 promoter (Kajiura et al. 2013).
In cassava storage roots, 35S was not suitable for inducing
high expression of genes; however, cassava storage root-spe-
cific promoters induced very high expression in storage roots
(Zhang et al. 2003; Koehorst-van Putten et al. 2012). Sweet
potato ADP-glucose pyrophosphorylase gene (ibAGPI) tran-
script was detected in sweet potato leaf, stem and storage
root and ibAGP] transcript was strongly induced by sucrose
treatment (Noh et al. 2004). ibAGP1 promoter, which was
constitutive and sucrose-inducible promoter, was isolated
and ibAGP1 promoter showed high-level heterologous gene
expression by sucrose treatment in sweet potato storage roots
and carrot taproots (Kwak et al. 2006). Heterologous gene
expression system with sucrose-inducible promoter will be
suitable for inducing high levels of gene expression in stor-
age roots.

Sweet potato is one of the most widely cultivated crops
in the world. The yield in 2017 was about 12.2 ton/ha (FAO
2017) which is about three times higher than that of rice
paddy (FAO 2017). The biomass production is unlimited
because of its vegetative reproduction by storage roots. It is
cultivated throughout the world (Kim et al. 2011; Muramoto
et al. 2012). It is a multipurpose crop, suitable as a staple or
supplementary food, animal feed, and raw brewing materials
for industrial production (Muramoto et al. 2012). Storage
roots are eating raw in some cultures.

Sporamin is the most abundant storage protein in stor-
age roots of sweet potato (Maeshima et al. 1985). Although
sporamin gene expression is normally specific to storage
roots (Maeshima et al. 1985), its expression has also been
induced in sweet potato leaves, petioles, stems and roots
by exogenous sucrose, glucose or fructose treatment (Hat-
tori et al. 1990, 1991). A study by Nakamura et al. (1991)
reported high sporamin accumulation levels in leaves and
petioles 7-14 days after treatment with 6% sucrose, but
accumulation gradually decreased from 14 to 21 days. With
3% sucrose treatment, accumulation levels were lower than
those with 6% treatment for 21 days, but then increased.
However, in the case of 0 or 1% sucrose treatment, sporamin
accumulation levels were very low. These reports showed
that heterologous gene expression by sporamin promoter can
be induced in whole sweet potato plants (leaves, stems, roots
and storage roots) from 7 to 14 days under 6% concentra-
tion of sucrose, glucose or fructose; however, heterologous
gene expression will be induced under 3% sucrose condition
for more than 21 days. In transgenic tobacco with sporamin
promoter—anthocyanin biosynthetic gene-fused constructs,
high-level expression of anthocyanin biosynthetic genes
and high-level accumulation of anthocyanin pigment were
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induced (An et al. 2015). The levels of gene expression and
anthocyanin pigment accumulation were higher than those
in transgenic tobacco with 35S—anthocyanin biosynthetic
gene-fused constructs (An et al. 2015). Morikami et al.
(2005) reported cis-acting regulatory sequences in the pro-
moter region of the sporamin gene (gSpo-Al) and 204-bp
fused promoter fragment in gSpo-Al (—282 to — 165 and
—86 to — 1) was sucrose-inducible minimal promoter region
(Spo™™). Induced GUS activities by Spo™" were higher than
those by gSpo-Al promoter full region (Ohta et al. 1991;
Morikami et al. 2005). We developed a transgenic tobacco
plant system which produces a heterologous GUS protein
with Spo™" derived from sweet potato (Honma and Yam-
akawa 2015; Honma and Yamakawa 2019). In the tobacco
leaves, maximum GUS activity levels were induced by
6% sucrose solution treatment and were higher than those
expressed by 35S (Honma and Yamakawa 2015).

The sweet potato variety Kokei no. 14 is a variety for
table use in Japan. Accumulated sugar levels (mg sugar/g
fresh weight (FW) of storage roots) are about 1.7% sucrose,
0.70% glucose and 0.62% fructose (3% sugar in total) (Taka-
hata et al. 1992). It takes about 3 months for root tuberi-
zation. Sporamin promoter will induce heterologous gene
expression in storage roots with root tuberization. Sucrose
concentration in Kokei no. 14 storage roots has been shown
to increase when the roots were stored at 4 °C for 30 days
(Sakamoto et al. 2014).

From those reports, we hypothesize that exogenous
sucrose treatment and endogenous sucrose during root
tuberization, and suitable postharvest storage could induce
heterologous gene expression with Spo™™ enabling accu-
mulation of heterologous proteins in storage roots. Some
transgenic sweet potatoes have been shown to accumulate
some secondary metabolites or starch (Tanaka et al. 2009;
Pan et al. 2012; Park et al. 2015). In this paper, we show
the potential development of heterologous protein accumu-
lation systems in transgenic sweet potato storage roots with
Spo™n-GUS constructs.

Materials and methods
Plant materials

Sweet potato variety Kokei no. 14, a variety for table use
in Japan, was kindly provided by The National Agriculture
and Food Research Organization (NARO), Kyushu Okinawa
Agricultural Research Center. The sweet potatoes were
grown in pots with soil (Nippi YOSAIBAIDO SP200, JA,
Japan) at 25 °C in a 16-h light/8-h dark cycle. Growing shoot
tips were sterilized with 2% sodium hypochlorite solution,
then rinsed three times in sterilized water and transferred to
Linsmaier and Skoog (LS) solid medium containing 1.5%
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sucrose and 0.32% Gelrite, where they were incubated at
25 °C in a 16-h light/8-h dark cycle (Linsmaier and Skoog
1965). About 5 cm lengths with 2 or 3 nodes were cut from
top of the shoots and transferred to fresh LS solid medium.
The sweet potato plants grown in these bottles were used to
produce transgenic sweet potato, from which storage roots
were harvested after 3—4-month cultivation in pots with soil.

Induction of transformants

We have prepared Agrobacterium tumefaciens EHA105 har-
boring each construct with Spo™™ to sort the GUS protein
to cytosol (SU), apoplast (SA) and ER (SE) (Fig. 1; Honma
and Yamakawa 2015). In addition, we also prepared A. tume-
faciens harboring each construct with 35S to sort the GUS
protein to cytosol (3U), apoplast (3A) and ER (3E) by the
constitutive expression with 35S (Fig. 1; Honma and Yam-
akawa 2015). We made transformants using A. tumefaciens
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Fig.1 Constructs of pTFPBIT vector for GUS introduction with
Spo™" or 35S and signal sequences. a The pTFPBIT vector was con-
structed from a pBI121 vector by adding HPT selection marker, and
replacing THSP18.2 from the NOS terminator following GUS gene.
THSP18.2 was the terminator of A. thaliana heat-shock protein 18.2.
IS was insertion site of Spo™™ or 35S +signal sequences+GUS. b
6 GUS constructs are shown. GF: 5-AAATCAAAAAACTCGACG
GCCTGTG-3' and GR: 5" TATAAAGACTTCGCGCTGATA-3' were
GUS gene-specific primers. GUS gene (uidA): white boxes, Spo™™:
black boxes (Morikami et al. 2005), 35S (dot boxes), sporamin
5'UTR: vertical stripe boxes (accession number X13509), sporamin
ER sorting sequences: horizontal stripe boxes (accession number
X13509), ER retention signal KDEL: broken line boxes, sporamin
vacuole sorting sequences: gray box (accession number X13509)
and transit peptide of sweet potato ADP-glucose pyrophosphorylase
(TP1) (Kwak et al. 2008): slash box (accession number AY544766).
Signal sequences were collected from National Center for Biotechnol-
ogy Information (reproduced and modified from Fig. 1 in Honma and
Yamakawa (2015) Plant Biotechnol. Vol. 32, p48.)

EHA105 with 6 GUS constructs, based on previous methods
(Otani et al. 1998; Anwar et al. 2010). Transgenic sweet
potato plants were transplanted to pots with soil to induce
storage roots. The storage roots were obtained 4—6 months
after transplantation. We named six transgenic lines with
each SU, SA, SE, 3U, 3A, and 3E constructs as SU, SA, SE,
3U, 3A, and 3E, respectively.

Treatment with sucrose solution

Excised leaves and stems were treated with deionized water
containing 0, 6 or 10% sucrose for 7 days at 25 °C in a
16-h light/8-h dark cycle. Excised white roots, red roots, and
excised and sliced storage roots were incubated in deionized
water containing 0, 6 or 10% sucrose for 7 days at 25 °C in
the dark. The sucrose-treated tissues were used for the GUS
assay. Non-sucrose-treated tissues were excised and sliced
just before the GUS assay. The non-sliced storage roots were
treated just like the sliced red and white roots, with 0, 6 or
10% sucrose solution for 7 days at 25 °C in the dark. Non-
sucrose-treated non-sliced storage roots were also prepared
without sucrose solution treatment. These non-sucrose-
treated non-sliced storage roots were excised and sliced just
before the GUS assay.

Expression analysis of the introduced GUS gene
(uidA) in transgenic sweet potato leaves

Total RNAs were extracted from leaves grown in culture
bottles, and were treated with 0 or 6% sucrose for 7 days at
25 °C in a 16-h light/8-h dark cycle (Honma and Yamakawa
2015). Semi-qRT-PCRs were performed with uidA-specific
primers (GF: 5-AAATCAAAAAACTCGACGGCCTGT
G-3" and GR: 5-TATAAAGACTTCGCGCTGATA-3’) to
confirm uidA expression. actin (FM244697) primers (act-
inF: 5'-CTGTTCTCTTGACTGAAGCAC-3’" and actinR
5'-TAACCTTCATAGATAGGGACGGT-3’) were used as
an internal standard. PCR products were analyzed by agar
gel electrophoresis. Signal intensities of the electrophoresed
bands were determined using Image J software.

Chilling treatment

Non-excised storage roots were stored at 4 °C or 25 °C for
4 weeks in the dark before being used for the GUS assay.
The sucrose concentration of storage root after chilling treat-

ment was detected by tissue staining.

Protein extraction and fluorometric assay of GUS
activity

Protein extraction and fluorometric assays of GUS activity
were done on excised plant tissue, using the method reported
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by Jefferson et al. (Jefferson et al. 1987). The detailed meth-
ods were described in a previous paper (Honma and Yam-
akawa 2015). The GUS activity was expressed as pmol of
4-methylumbelliferone (MU) produced per minute per mil-
ligram of proteins in transgenic tissues.

Statistical analysis

A standard Student’s ¢ test or Mann—Whitney U test was
performed to determine the differences.

Calculation of theoretical production of GUS protein
from GUS activities

Theoretical production of GUS protein was calculated based
on the relationship between enzyme activities and on the
amount of purified GUS protein from Escherichia coli (Kim
et al. 1995).

Detection of free sucrose in storage root

Sucrose detection was carried by color development with
anisaldehyde reagent. Storage root quarter cross sections
were put on a silica gel TLC glass plate to transfer the tissue
fluid for 3 min after chilling treatment. Anisaldehyde regent
was sprayed on to the TLC plate and the plate was heated
at 80 °C for 10 min. The anisaldehyde regent was prepared
by mixing 99.5% ethanol 70 ml, acetic acid 1.2 ml, sulfuric
acid 2.5 ml and anisaldehyde 2 ml. Standard sucrose solu-
tions (0, 1072, 107", 10° and 10%) were prepared and used
for semi-quantitative determination by color development
after spotting on to TLC plates.

Results
Development of transgenic lines

At least four transgenic lines (T) were confirmed in every
introduced construct by genomic PCR (data not shown).
There were no differences between any transgenic line
and wild-type (WT) line by FWs. uidA transcription levels
were examined by semi-qRT-PCR in just expanded leaves
after 0% or 6% sucrose treatment for 7 days. In transgenic
lines with Spo™" constructs, uidA transcription levels in
the leaves after 7 days 6% sucrose treatment were higher
than those after 7 days 0% sucrose treatment and the levels
were also higher than those of 35S constructs after 0 or 6%
sucrose treatment (Fig. 2).
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Fig.2 Relative expression (RE) levels of uidA in transgenic 1. batatas
grown in pots after 0 or 6% sucrose treatment. a RE levels of uidA
in transgenic 1. batatas leaves by semi-qRT-PCR. Upper bands show
uidA and actin transcripts after sucrose treatment at 0 days. Lower
bands show uidA and actin transcripts after sucrose treatment at
7 days. (%), sucrose concentration: WT, wild type: P, SU construct.
b The graph shows RE of uidA actin™'. White bars show uidA actin™"
levels after 7 days. Black bars show uidA actin™" levels after 0 days

GUS activities in excised and sliced organs
with sucrose treatment

In SU, SA and SE storage roots, GUS activities were from
30 times to thousands of times higher than those induced
in 3U, 3A and 3E storage roots (Fig. 3b, d, f). The highest
expression level of GUS was detected in SU storage roots
with 6% sucrose solution treatment. High GUS activities
were also detected in other SU organs (Fig. 3a). There was
no correlation between GUS activity and the concentration
of sucrose solution in SA and SE excised organs, except for
storage roots (Fig. 3c, e), unlike the earlier results reported
for transgenic tobacco with an introduced Spo™"-GUS con-
struct (Honma and Yamakawa 2015).

GUS activities in excised and sliced organs
without sucrose treatment

GUS activities were very high in Spo™" excised and sliced
organs with 0% sucrose treatment (Fig. 3b—f). We inves-
tigated GUS activities before sucrose treatment (Fig. 4),
and found that very high GUS activities were already
induced in SU, SA and SE storage roots, and that these
GUS activities were higher than in the same organs with
sucrose treatment (Figs. 3b, d, f, 4b, d, f). GUS activities
of SU storage roots were about 1.2—1.7 higher than those
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Fig.3 GUS activities in excised
and sliced leaves, stems, white
roots, red roots and storage
roots of transgenic 1. batatas
after sucrose treatment. GUS
activities of SU and 3U (a, b),
SA and 3A (c, d), SE and 3E (e,
f) leaves (L), stems (S), white
roots (WR), red roots (RR)

and storage roots (TR) after 0,
6 or 10% sucrose treatment.
White bars show SU, SA and
SE. Black bars show 3U, 3A
and 3E. Plants were cultured

in pots for 2-3 months after
planting. Vertical axes show
GUS activities (pmol MU/min/
mg protein). Error bars show
standard error, N. *, significant
differences between Spo™™ and
35S (*p<0.05)

Fig.4 GUS activities in excised
and sliced leaves, stems, white
roots, red roots and storage
roots of transgenic 1. batatas
without sucrose treatment.
GUS activities of SU and 3U
(a, b), SA and 3A (c, d), SE
and 3E (e, f) leaves (L), stems
(S), white roots (WR), red roots
(RR) and storage roots (TR)
without sucrose treatment.
White bars show SU, SA and
SE. Black bars show 3U, 3A
and 3E. Plants were cultured

in pots for 2-3 months after
planting. Vertical axes show
GUS activities (pmol MU/min/
mg protein). Error bars show
standard error, N. *, significant
differences between Spo™™" and
35S (*p<0.05)
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of SA and SE (Fig. 4b, d, f). High GUS activities were also
detected in other SU organs except storage roots, and these
activities were higher than those in 3U organs except stor-
age roots (Fig. 4a). However, apart from in storage roots,
the detected GUS activities in SA and SE organs were
indistinguishable from those of 3a and 3E (Fig. 4c, e).

GUS activities in non-sliced storage roots
with sucrose solution treatment

GUS activities in excised and sliced storage roots with
sucrose treatment were lower than in those without sucrose
treatment (Figs. 3, 4). Microscopic observation (data not
shown) suggested that some materials including sucrose
or GUS had leaked from the storage root section into the
sucrose solution. We studied GUS activities in non-sliced
storage roots with exogenous sucrose treatment to increase
GUS accumulation levels in storage roots more. We found
that GUS activities decreased in transgenic storage roots
with the rooting of adventitious fine roots (Fig. 5).

GUS activities after chilling treatment

In our study, GUS activities of storage roots with Spo™"
constructs stored at 4 °C were higher than those stored at
25 °C treatment (Fig. 6a). We confirmed the increase of
free sucrose in the storage roots of wild-type Kokei no. 14
without weight loss after the storage at 4 °C for 4 weeks
(Fig. 6b).

It had previously been reported that black rot symp-
toms were induced under 8 °C and that the suitable storage
temperature for sweet potato was about 13 °C (Ohashi and
Uritani 1972). However, in our studies, soft rot symptoms
were not observed in the storage roots after 4 °C treatment
(Fig. 6a).

SPx 104 N=3

Laflf

Fig.5 GUS activities in non-sliced transgenic storage roots (SE) with
sucrose treatment. GUS activities (pmol MU/min/mg protein) of non-
excised transgenic storage roots after 7 days with 0, 6 or 10% sucrose
treatment. Error bars show standard error, N=3. 0, 6 and 10, sucrose
%. n, without sucrose treatment

(pmol MU/min/mg protein)
~N
N

GUS activities

(=]
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Fig.6 GUS activities and sucrose detection after chilling treatment. a
GUS activities of SU, SA and SE transgenic storage roots after 4 °C
or 25 °C treatment. Scale bar=1 cm. Graph shows GUS activities
(pmol MU/min/mg protein) of all 12 transgenic lines (SU=5, SA=3,
SE=4) after chilling treatment. White bars show 4 °C treatment.
Black bars show 25 °C treatment. b Sucrose detection using staining
solution after 4 °C or 25 °C treatment. M shows the marker spots of
sucrose standard solutions (0, 1072, 107, 10°, 10%)

Discussion

Some researchers have shown that fusing sporamin promoter
to a heterologous gene induced the expression of the gene in
some plants (Morikami et al. 2005; Hong et al. 2008; Kim
et al. 2010; Fukutomi et al. 2013; An et al. 2015). However,
the current study is the first time that heterologous gene
expression has been induced in sweet potato using Spo™?.
The gqRT-PCR results showed that high uidA transcript lev-
els were induced by Spo™" under high sucrose concentra-
tions and that high GUS accumulation could be induced in
transgenic storage roots (Fig. 2). Transgenic sweet potato
that was obtained by introducing the full-length cDNA in
the sense orientation showed co-suppression of introduced
cDNA gene (Kimura et al. 2001). In our studies, we con-
firmed that co-suppression was not observed in sweet potato
and that it would be possible to develop heterologous protein
production systems with sweet potato and Spo™". This pos-
sibility of development is supported by the fact that although
sporamin is normally only detected in storage roots of sweet
potato grown under normal field conditions, previous studies
showed that sporamin was produced in sweet potato leaves,
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petioles and stems in either water or MS medium with high
sucrose concentration (Hattori et al. 1990; Nakamura et al.
1991).

Generally, heterologous proteins in cytosol are degraded
(Benchabane et al. 2008). To overcome this problem, many
studies showed some solutions to transport heterologous pro-
teins to organelles. However, in storage roots, cytosol (SU)
GUS activities were about 100 times higher than those of
apoplast (SA) and ER (SE) (Figs. 3b, d, f, 4b, d, f). SA and
SE GUS proteins were glycosylated with N-glycosylation
through Golgi apparatus because sporamin sorting sequences
were introduced in SA and SE constructs (Iturriaga et al.
1989; Matsuoka and Nakamura 1991). The decrease of GUS
activities with N-glycosylation through the Golgi apparatus
has been discussed in previous studies (Iturriaga et al. 1989;
Firek et al. 1994; Honma and Yamakawa 2015). Sporamin
proteins are sorted to vacuoles and are accumulated in vac-
uole (Matsuoka and Nakamura 1991; Shewry 2003; Yang
et al. 2005). Unlike in some cereals, the vacuole may be a
more suitable organelle than ER to accumulate proteins in
sweet potato storage roots (Kawakatsu and Takaiwa 2010;
Kim et al. 2010; Ibl and Stoger 2012). We hypothesize that
Spo™" and vacuole sorting construct will be useful tools to
develop heterologous protein production systems with sweet
potato storage roots.

In storage roots, SU, Sa and SE GUS activities by Spo™"
in storage roots were higher than 3U, 3a, and 3E GUS activi-
ties by 35S (Fig. 3b, d, f). Heterologous gene expression lev-
els by sucrose-inducible promoter were higher than those by
constitutive promoter in storage roots. These results are sup-
ported by previous cassava and carrot reports (Zhang et al.
2003; Arango et al. 2010; Koehorst-van Putten et al. 2012).

Anthocyanin pigments were accumulated in red roots
such as storage roots (Nishiyama and Yamakawa 2004) and
in the early developmental stage of storage roots, the accu-
mulation of starch granules and anthocyanin pigments was
induced (Wang et al. 2016). However, the GUS activity in
red roots was not high (Figs. 3a, c, e, 4a, c, e). We hypoth-
esize that accumulation systems of anthocyanin pigments or
starch granules can be different from accumulation systems
of proteins in the developmental stage of storage roots. Stor-
age roots are more useful than red roots to develop heterolo-
gous protein production systems.

Previous reports showed that sporamin accumulation in
sweet potato tissues was decreased from 14 to 21 days after
sucrose treatment (Nakamura et al. 1991). In our study, we
showed GUS activities by Spo™™ with sucrose treatment
were almost same at 7 days and 14 days (data not shown),
and it may be possible that some materials including sucrose
or GUS leaked from the storage root sections (data not
shown). When we studied non-sliced storage roots, we found
that GUS activities after rooting were lower in roots with
sucrose treatment than in roots without sucrose treatment

(Fig. 5). Protein amounts in storage roots were decreased
from 0.53 to 0.16% during sprouting (Maeshima et al. 1985).
Therefore, we hypothesize that GUS activities in storage
roots with sucrose treatment would decrease because of the
consumption of proteins containing GUS during rooting.
Consequently, exogenous sucrose treatment of storage roots
may not be suitable for increasing GUS accumulation. We
have to improve sucrose-inducible method for sweet potato
storage roots to develop heterologous protein production
systems with sweet potato storage roots.

High GUS activities by Spo™" were detected without
sucrose treatment (Fig. 4). Sporamin promoter has been
shown to induce gene expression in plantlets under suitable
conditions (Hattori et al. 1990, 1991). Previous reports have
also shown that (1) sporamin promoter induced gene expres-
sion with glucose, fructose and sucrose (Hattori et al. 1990;
Nakamura et al. 1991), (2) sucrose, glucose and fructose
levels in Kokei no. 14 storage roots (mg sugar/g FW of stor-
age roots) were about 3% (Takahata et al. 1992), (3) that spo-
ramin protein accumulation was induced under 3% sucrose
condition (Nakamura et al. 1991) and (4) ibAGP1 promoter
was up-regulated by increasing endogenous sucrose contents
in sweet potato storage roots without exogenous sucrose
treatment (Kwak et al. 2006). Thus, we hypothesize that
GUS accumulation by Spo™™" has already been induced by
endogenous sucrose derived from photosynthesis before
exogenous sucrose treatment.

Previous studies have shown that it is possible to increase
sucrose content in sweet potato storage roots. For example,
sweet potato storage roots which were stored at 0-7 °C
showed weight loss and an increased sucrose content (Has-
selbring and Hawkins 1915a, 1915b). Also, the sucrose con-
centration of Kokei no. 14 storage roots increased up to three
times (6 g/100 ¢ FW) when the roots were stored at under
3-5 °C for 30 days (Sakamoto et al. 2014). In our study,
increases in GUS activities and the amount of endogenous
sucrose were induced without weight loss when storage roots
were stored at 4 °C instead of 25 °C (Fig. 6). It should be
possible to increase endogenous sucrose levels in storage
roots under chilling storage conditions. However, sweet
potato storage roots are susceptible to chilling injury (Picha
1984). Low-temperature conditioning (LTC) treatment at
10 °C for 5 days before chilling treatment is useful to alle-
viate chilling injury in sweet potato storage roots (Li et al.
2018). Moreover, LTC pretreatment before chilling treat-
ment increased sucrose contents (mg/g FW of storage roots)
in storage roots, compared with chilling treatment without
LTC pretreatment (Li et al. 2018). Sucrose contents (g 100/g
FW of storage roots) in sweet potato storage roots were also
increased by curing pretreatment (30 °C for 7 days and rela-
tive humidity 96-100%) (Miyazaki 1990). Curing pretreat-
ments of storage roots are reported to prevent diseases or
physiological decay in some crops (Miyagawa et al. 2003;
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Table 1 Comparison of

) I Promoter Treatment pg GUS/g FW FW (g) GUS protein (pg)
maximum GUS yield in
transgenic sweet potato storage Suc Chill Slice
roots
358 - - + 0.05 349 1.6
Spo™n + - + 24.30 35.5 846.0
Spo™n - - + 52.80 35.5 1874.0
Spo™n + - - 6.32 28.2 178.0
Spo™n - + - 224.20 17.4 3901.0
Spo™ina + - - 44.90 73 328.2

Promoter promoter introduced in transgenic plant. Treatment sucrose treatment, chilling treatment, and
sliced, pg GUS/g FW maximum pg GUS/FW (g) of tissue, FW (g) average fresh weight of non-sliced
transgenic storage roots or transgenic N. plumbaginifolia leaves, GUS protein (ug) theoretical GUS produc-
tion (pg) in whole transgenic storage root or transgenic N. plumbaginifolia leaves/pot

#Transgenic N. plumbaginifolia leaves/pot

Tortoe et al. 2014; Zainuddin et al. 2018). In sweet potato,
curing pretreatment of storage roots before storage is used to
prevent postharvest infection or decay of storage roots dur-
ing storage term (Chakraborty et al. 2017). Curing pretreat-
ment (40 °C for 1.5 days) of Kokei no. 14 storage roots pre-
vented sweet potato diseases; however, sucrose contents (%)
in Kokei no. 14 storage roots were not affected (Tanoue et al.
1989). Curing pretreatment, LTC pretreatment, and chilling
treatment can be useful methods to develop heterologous
protein production systems with Kokei no. 14 storage roots
while preventing chilling injury and postharvest disease. We
hypothesize that it should be possible to increase endog-
enous sucrose levels in storage roots under suitable storage
conditions. In addition, the GUS accumulation levels with
Spo™™ constructs should also increase without exogenous
sucrose treatment. It will be useful to produce heterologous
proteins at low cost.

GUS accumulation levels in each organ except stor-
age roots were low, compared with transgenic Nicotiana
plumbaginifolia (Honma and Yamakawa 2015). In leaves,
stems, white roots and red roots, there was not always a
consistent sucrose concentration-dependent increase in
GUS activity (Fig. 3c, e), as was found in an earlier study
on transgenic N. plumbaginifolia (Honma and Yamakawa
2015). The decrease of GUS activities of Sa and SE in
leaves, stems, white roots, and red roots of after sucrose
treatment is probably due to the N-glycosylation of GUS
according to the previous reports (Iturriaga et al. 1989;
Matsuoka and Nakamura 1991). However, GUS activities
in leaves, stems, white roots, and red roots of SU, Sa, and
SE were increased by sucrose treatment, compared with
no sucrose treatment (Figs. 3a, c, e, 4a, c, e). These results
were different from GUS activities in storage roots of SU,
Sa and SE. Sucrose might have been consumed to accu-
mulate more sporamin protein than GUS protein expressed
by a heterologous gene in sweet potato leaves, petioles and

@ Springer

stems. As the sporamin gene is a multigene family with 49
sporamin full-length cDNAs (Hattori and Nakamura 1988;
Hattori et al. 1989), a heterologous gene has not been able
to accumulate GUS protein in short term. Further stud-
ies will be needed to accumulate heterologous protein in
leaves, stems, white roots, and red roots of sweet potato
with Spo™" derived from storage roots.

Conclusion

We were able to develop transgenic sweet potato variety
Kokei no. 14 storage roots which express introduced uidA
using the Spo™™ expression system. Maximum GUS yield
(pg) in transgenic storage roots has been calculated to be
up to 224.2 ngGUS/g FW (Kim et al. 1995), which is much
higher than yields in transgenic N. plumbaginifolia leaves
or transgenic storage roots with 35S (Table 1). Moreover,
transgenic sweet potato storage root protein production
systems with Spo™" can induce high levels of protein
accumulation at low cost because exogenous sucrose treat-
ment is unnecessary, unlike with transgenic N. plumbag-
inifolia with Spo™" systems. Therefore, the sweet potato
storage roots and Spo™" system will be useful tools to
develop protein production systems, for example, for use
as edible or drinkable vaccines.
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