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There is widespread interest in the immunostimulatory effects of food-derived
substances that are expected to contribute to improving human health. Broccoli
(Brassica oleracea var. italica) has been shown to contain potent polysaccharides for
developing food materials with immunomodulatory function. In this study,
immunostimulatory activity of previously uncharacterized broccoli
polysaccharides was assessed using a silkworm (Bombyx mori) immunological
assay (using muscle contraction as an index) across 10 commercial and
17 experimental cultivars of broccoli. For the commercial cultivars, there was a
significant variation in specific activity (units/mg, measured by the silkworm-based
immunological assay). For the experimental cultivars, a cultivar “winter dome”
showed the highest activity. We further purified the immunostimulatory
polysaccharides of “winter dome” by gel filtration. Using the silkworm-based
assay, we found that the peak fraction (“Fraction II”) contained the active
substance with higher specific activity than previously reported active substances
(e.g., glucans). The substance appeared a heterogeneous molecular weight of more
than 270 kDa. The major sugar composition of Fraction II was glucose, suggesting
that glucose homopolymer is responsible for the activity. Further, Fraction II induced
cytokine productions both in the silkworm (production of active B. mori paralytic
peptide (BmPP) in vivo) and mouse (production of TNFα in vitro) immune system.
These results suggest that glucose homopolymer of broccoli induces cytokines both
in insect and mammalian immune systems, providing molecular insights to our
understanding about how plant-derived substances interact with animal immune
system.
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1 Introduction

Innate immunity is a mechanism that rapidly eliminates foreign or
unwanted substances (e.g., bacteria, fungi, viruses, and cancer cells)
from the body without the use of antibodies, and its molecular design
is evolutionarily conserved across phyla ranging from invertebrates to
mammals (Miyashita et al., 2012; Miyashita et al., 2014; Miyashita
et al., 2015; Miyashita et al., 2018; Miyashita et al., 2019). Enhancing
immune function with orally available substances may contribute to
human health in terms of preventing unwanted microbial infections. It
also contributes to ensuring food quality and safety, which is currently
regulated by guidelines (Bondoc, 2016), by defining substances that
affect animal physiology. We have previously reported that the
Bombyx mori paralytic peptide (BmPP) pathway, which induces
muscle contraction, is one of the innate immune pathways that
responds to xenobiotics in the silkworm, B. mori (Ishii et al., 2008;
Ishii et al., 2010). BmPP is a multifunctional peptide hormone that
induces both muscle contraction and activation of circulating immune
cells (i.e., hemocytes) in the silkworm. Utilizing this feature of BmPP,
we previously developed an experimental method to quantify the
muscle contraction activity (as a marker of BmPP activation) and
proposed a methodology to search for natural products that stimulate
innate immunity using the silkworm (Dhital et al., 2011; Fujiyuki et al.,
2012). Although the immunoregulatory functions of polysaccharides
have long been of interest in the research field (Horsfall and Dimond,
1957; BolouriMoghaddam and Van den Ende, 2012; Shi et al., 2021;
Wang et al., 2021; Zhang et al., 2021; Cai et al., 2022; Taoerdahong
et al., 2022), our empirical knowledge about immunostimulatory
function of plant-derived polysaccharides when administered in
animal body remains fragmentary. Thus we have applied the
silkworm model to search for compounds with potential to human
application, given the conserved feature of innate immune system
between invertebrate and vertebrate animals.

Using the silkworm-based assay system, we have demonstrated
yeast β-glucans (Fujiyuki et al., 2012) and acidic broccoli (Brassica
oleracea var. italica) polysaccharides (Urai et al., 2017) are
immunostimulatory agents, as they activated BmPP in the
hemolymph and induced muscle contraction of silkworms. In
broccoli, an immunostimulatory effect of pectin-like acidic
polysaccharides was demonstrated with a specific activity of
130 units/mg (units were quantitatively determined by the
silkworm-based assay as described previously and in this study)
(Urai et al., 2017). In the literature, not only acidic polysaccharides,
neutral polysaccharides have also been reported to have
immunostimulatory effects using cell-based assay in vitro (e.g.,
spleen cell proliferation, production of nitric oxide, etc.) (Ni et al.,
2010; Yi et al., 2012; Li et al., 2014; Zhang et al., 2020). These reports
concur the long-acknowledged concept in immunology that some
polysaccharides are recognized as immunoreactive pattern molecule
by the immune system across organismal phyla (Horsfall and Dimond,
1957; Leung et al., 2006; BolouriMoghaddam and Van den Ende, 2012;
Li et al., 2014; Li and Wang, 2015; Ohta et al., 2016; Urai et al., 2017).
More recently, high molecular weight (approximately 300 kDa) acidic
polysaccharide from lepidopteran insect species (Antheraea yamamai
and B. mori) has been shown to stimulate innate immunity of
mammals (Ohta et al., 2016; Ali et al., 2018), which is in line with
our proposal to screen for immunostimulatory polysaccharides by
making the most of the polysaccharide sensing function conserved in
the silkworm.

In our previous study, we reported that the hot water extract of the
edible part of broccoli showed higher immunostimulatory activity
than other plants to the silkworm (Urai et al., 2017). In the study, the
active component was first precipitated by ethanol, and then subjected
to diethylaminoethyl (DEAE)-cellulose column chromatography and
taken its bound fraction (Urai et al., 2017). The suggested chemical
structure was a pectin-like acidic polysaccharide (Urai et al., 2017). On
the other hand, some non-acidic (neutral) polysaccharides in different
plant materials have recently been reported to have physiological
effects on the innate immune system (Ni et al., 2010; Yi et al., 2012; Li
et al., 2014; Zhang et al., 2020), but there are no such reports for
broccoli. In the present study, we examined whether there are
bioactive neutral polysaccharides in the flow-through fraction of
DEAE-cellulose column chromatography using the hot water
extract of broccoli. We also compared across broccoli cultivars for
the immunostimulatory activity, and we further purified the active
substance by a gel-filtration column chromatography and tested
whether the immunoreactive effect of the substance is common in
invertebrates and mammals.

2 Results

2.1 Innate immunity-stimulating substance is
concentrated in the buds of broccoli

The total immunostimulatory activity (measured by the
silkworm-based muscle contraction assay described in the
method section) of each part of broccoli is shown in Table 1
(see Figure 1A, B for graphical details of broccoli parts and
sample preparation). For every 100 g (wet weight) of start
material, the hot-water extract of buds contained 1,700,000 ±
450,000 units (n = 3), that of stems contained 40,000 ±
20,000 units (n = 3), and that of stalk contained 6,600 ±
2,100 units (n = 3). The actual wet weight of each individual
broccoli used in the experiment was 120 ± 5.8 g for buds, 150 ±
23 g for stems, and 84 ± 13 g for stalk. Thus, majority of the activity
existed in the buds such that 97% for buds, 2.8% for stems, and
0.26% for stalk (see Table 1 for the results from three experimental
replicates).

Immunostimulatory activities were determined by the silkworm-
based muscle contraction assay. SD: Standard Deviation. There was a
significant difference (Analysis of variance (ANOVA); p = .00011)
across the three parts (values were obtained from experiments using

TABLE 1 Total immunostimulatory activity found in the hot-water extracts of
broccoli (per 100 g wet weight of each part).

Total activity per 100 g wet weight
(units)

Buds Stems Stalk

No.1, replicate #1 1,200,000 43,000 7,100

No.1, replicate #2 2,100,000 19,000 8,300

No.1, replicate #3 1,700,000 58,000 4,300

Mean *1,700,000 40,000 6,600

±SD ±450,000 ±20,000 ±2,100
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FIGURE 1
(A) The buds, stems, and stalk of broccoli. The picture represents the three parts of broccoli (buds, stems, and stalks) as described in the Materials and
Methods section. In this study, broccoli was broken down into these three parts and hot water extracts were prepared separately. The immunostimulatory
activity of each part is summarized in Table 1. (B) The scheme of the neutral polysaccharide preparation from broccoli. Shown in the panel is a simplified
scheme for the preparation of neutral polysaccharides from broccoli: PCI, phenol-chloroform-isoamyl alcohol; DEAE, diethylaminoethyl. For a detailed
description of each step, please refer to the Materials and Methods section. (C) Immunostimulatory effect (silkworm muscle contraction assay) of the neutral
polysaccharides of broccoli. The graph shows the dose-dependent immunostimulatory effect of a neutral polysaccharide sample prepared from broccoli
cultivar No. 1 (see also Table 2 for a list of results for other cultivars). Three independent experimental replicates (replicate #1, replicate #2, and replicate #3)
are shown in the panel. The vertical axis represents the C value (see Materials and Methods for how we determined the C values), and the horizontal axis
represents the sample dose used in the assay. (D) The broccoli neutral polysaccharides stimulate mammalian immune cells. The graph shows the
immunostimulatory activity of neutral polysaccharide from broccoli on mouse macrophage cells. The vertical axis represents the TNF-alpha concentration
detected in the culturemedium ofmousemacrophage cells (pg/mL). Each plot represents each technical replicate for themeasurement. Experimental details
are described in the method section. There was a statistically significant difference between the two groups (Student’s t-test p-value = .00013). (E)
Immunostimulatory activity of different broccoli (and cauliflower) cultivars. Each bar chart represents the amount of immunostimulatory activity per weight
(Units/mg), with an error bar that represents standard deviation. Each cultivar names are demonstrated at the bottom of the chart.
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120 g Buds, 150 g Stems, and 84 g Stalk). The activity found in the
buds was significantly higher than other parts (post hoc t-test; p =
.00026 vs. stems, and p = 4.2 × 10−5 vs. Stalk).

2.2 Immunostimulatory effects of non-acidic
polysaccharides from cultivar set #1

For the cultivar set #1, the immunostimulatory activity of DEAE
flow-through fraction (i.e., non-acidic polysaccharide fraction) was
determined for each cultivar using the silkworm muscle contraction
assay (Figure 1C for cultivar No. 1, and others listed in Table 2). As
shown in Table 2, samples from all cultivars showed the activity but
with different specific activity (i.e., amount of activity per sugar
amount), ranging from a maximum of 13,000 units/mg sugar
(cultivar No. 1) to a minimum of 840 units/mg sugar (cultivar No.
3). We further assessed the immunostimulatory activity of the sample
from cultivar No. 1 on mouse macrophage cells. As demonstrated in
Figure 1D, the TNF-alpha concentration in the culture medium of
mouse macrophage cells was higher when treated by the sample
(mean = 585 pg/mL, sd = 77 pg/mL) than when treated by the
vehicle (mean = 77 pg/mL, sd = 4.2 pg/mL). The difference was
statistically significant (p = .00013 in Student’s t-test).

2.3 Choosing “winter dome” cultivar for
purification/characterization among cultivar
set #2

Since the detailed information for each cultivar was not
available for the cultivar set #1, we then cultured different
cultivars (cultivar set #2) that are provided with published
information (see Materials and Methods section for details). The
immunostimulatory activities of non-acidic polysaccharide
fraction (i.e., DEAE flow-through fraction) were determined for
the cultivar set #2 (15 broccoli and 2 cauliflower cultivars,
Figure 1E). The immunostimulatory activity per sugar weight
(i.e., specific activity) distributed between 260 and 11000 units/
mg, with the cultivar “winter dome” showing the highest specific

activity (Figure 1E). We thus decided to use “winter dome” cultivar
for the following analysis.

2.4 Purification of immunostimulatory neutral
polysaccharides in broccoli

Using the cultivar “winter dome”, we purified the
immunostimulatory substance. By the gel filtration column
chromatography (we pooled Fraction II as shown in Figure 2A),
the specific activity increased by 3.6-fold compared to the loaded
DEAE flow-through fraction. The yield of activity was 50% (Figure 2A;
Table 3). As shown in Figure 2A, the activity appeared on different
positions of the gel filtration, indicating that polysaccharides with
different molecular sizes greater than 270 kDa shows the
immunostimulatory effect.

2.5 Sugar composition analysis of purified
neutral polysaccharides (fr. II)

After acid hydrolysis and ABEE labeling of Fr. II, we performed an
HPLC analysis, where it showed a single peak derived from ABEE-
labeled glucose. Other monosaccharides were below the detection
limit (Figure 2B). This result indicates that the chemical structure of
the non-acidic polysaccharide present in Fr. II is glucose
homopolymer, which is a neutral polysaccharide, that is, likely to
not bind to DEAE cellulose column. We also observed an induction of
active BmPP in response to an intra-haemocoel administration of Fr.
II to the silkworm (Figure 2C), confirming that Fr. II stimulates the
innate immune system via cytokine production.

2.6 The neutral polysaccharides of broccoli
(fraction II) induce cytokine release from
mouse macrophage cells

We further assessed the immunostimulatory effect of the broccoli
neutral polysaccharides (Fraction II) on mammalian cells. As shown

TABLE 2 List of broccoli cultivars and their immunostimulatory activities used for cultivar set #1 (ten commercial cultivars). There was a significant difference across
cultivars; Akaike’s Information Criterion (AIC) for full model (AICfull = −272.8) was lower than that for the null model (AICnull = −256.8).

Cultivar # Total activity per 100 g of buds (units) Sugar amount per 100 g of buds (mg) Specific activity (units/mg sugar)

No.1 5,600,000 430 13,000

No.2 1,400,000 400 3,600

No.3 500,000 590 840

No.4 390,000 150 2,600

No.5 720,000 550 1,300

No.6 3,400,000 600 5,700

No.7 7,800,000 880 8,900

No.8 16,000,000 1,800 8,700

No.9 3,400,000 450 7,700

No.10 1,000,000 360 2,900
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in Figure 2D, TNF-alpha concentration in the culture medium of
mouse macrophage cells was much higher when treated by Fraction II
(mean = 205 pg/mL, sd = 30 pg/mL) than when treated by the buffer
used for gel filtration (under detection limit for all three replicates).
The difference was statistically significant (p = 0.0035, Student’s t-test).

3 Discussion

In the present study, we first examined the non-acidic
polysaccharide fraction (the flow-through fraction of DEAE

cellulose column chromatography using the hot water/PCI extract
of broccoli as a start material) for its immunostimulatory activity. The
results suggest the presence of neutral polysaccharides that act on
innate immunity in the broccoli. In addition, in the present study, we
compared the amount of activity across three edible parts (buds, stems,
and stalk) to understand the distribution of the active substance. The
results suggest that the buds contain the majority of active molecule
(see Table 1). However, relatively large variation (large standard
deviations) was observed for the stems and the stalk, and care
should be taken in estimating their actual percentages. Yet, in any
case, the results indicate that broccoli buds have potential applications

FIGURE 2
(A) Elution profile of Sephacryl S-1000 gel filtration column chromatography. The elution profile of the gel filtration column chromatography is shown in
the figure. The x-axis represents elution volume (mL), and the y-axes represent sugar concentration (µg/mL) of each fraction (the left axis) and the contraction
value (the right axis). Method details for the chromatography, sugar quantification, and contraction value estimation are described in the method section. The
black circles represent the sugar concentrations, and the red squares represent the contraction values. As shown in the chart, we pooled fractions into
three fractions: Fr. I, II, and III. In this study, Fr. II was used for further analysis. Please also see Table 2 for the purification table. (B) Sugar component analysis of
the purified immunostimulatory neutral polysaccharide (Fr. II). Shown in the figure is the HPLC chart of sugar component analysis. The x-axis represents
retention time (minutes). The red chart represents the HPLC pattern fromABEE-labelled sugar (monosaccharide)mixture. Each peak is annotated as described
in themethod section. The black chart represents the HPLC pattern from ABEE-labelled hydrolyzed sample (Fr. II). As shown in the figure, Fr. II showed a signal
from ABEE-labelled glucose, and other monosaccharides were under the detection limit. See the method section for technical details for this experiment. (C)
Activation of Paralytic Peptide (BmPP) in the response to broccoli-derived neutral polysaccharide (Fr. II). Silkworm hemolymph samples were run on an SDS-
polyacrylamide gel and the active BmPP was detected by immunoblot analysis using anti-PP antibody. Hemolymph samples were collected 3 min after either
the sample (Fr. II) or the vehicle (saline) injection. The gel image before cropping is shown in Supplementary Figure S1 (please see the supplementarymaterial).
(D) Immunostimulatory effect of the purified fraction (Fr. II) on mouse macrophage cells. Mouse macrophage cells (RAW264.7) were exposed to the sample
and measured for TNF-α amount in the culture medium. The y-axis represents the TNF-α concentration (pg/mL). Same experiment was performed using the
buffer that we used for the gel filtration column chromatography whenwe obtained Fr. II (Buffer Control), where neither of the three replicates induced TNF-α
production by RAW.264.7 cells. N.D., not detected. There was a statistically significant difference between the two groups (p = .0035, Student’s t-test).

TABLE 3 Purification table.

Step Sugar amount (mg) Total activity (units) Yield (%) Specific activity (units/mg) Purification level

DEAE-FT 5.5 50000 100 9000 1.0

Gel Filtration (Fr. II) 0.77 25000 50 32000 3.6
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as ingredients for functional food. This is the first report for bioactive
neutral polysaccharides of broccoli that induces muscle contraction in
the silkworm in vivo (i.e., activation of the insect cytokine BmPP) and
cytokine release from mouse macrophage cells in vitro.

In this study, we further purified the active substance and obtained
the information about its chemical structure based on the molecular
size estimation in gel filtration column chromatography and the
results of sugar composition analysis. The results suggest that the
active polysaccharide of broccoli (“winter dome” cultivar) is neutral
glucose homopolymer with the molecular size over 270 kDa. In plants
and fungi other than broccoli, polysaccharides from edible materials
such as Cordyceps militaris (Zhang et al., 2020), Mosla chinensis (Li
et al., 2014), Panax ginseng (Ni et al., 2010), and Dimocarpus longan
(Yi et al., 2012) have been reported to have immunostimulatory
effects. Nevertheless, information about their chemical structure
was scarce, and this study provides information about how we can
purify the active polysaccharide and about their chemical structure.
Currently, we do not know whether the bioactive polysaccharides
from the above species share the chemical structure (i.e., glucose
homopolymer) or not.

In the present study, we have also compared the
immunostimulatory activity (i.e., silkworm muscle contraction) of
the DEAE flow-through fractions obtained from 27 cultivars (cultivar
set #1 and #2). The results demonstrated differences among the
cultivars for the specific activity (i.e., amount of activity per sugar
quantity), and whether this difference is due to the amount of active
substance or to the presence of active substances with different
chemical structures needs further investigation. The DEAE flow-
through fraction of the cultivar “winter dome”, which showed the
highest specific activity (Figure 1E; care should be taken in interpreting
the values, considering the large standard deviations shown in
Figure 1E), was further purified by gel filtration. As a result, we
found that the active substance in the purified fraction (Fr. II) showed
heterogeneous molecular weights larger than 270 kDa and a specific
activity of 32,000 Units/mg. We have been using silkworm muscle
contraction as an indicator to identify innate immune activators in
various food materials, and this value (i.e., 32,000 Units/mg) seems
outstanding. For example, the specific activity of the neutral
polysaccharide fraction of broccoli is more than 300 times higher
than that of curdlan, which has a β-(1,3)-glucan (glucose
homopolymer) structure and has been regarded as one of the most
active polysaccharides for immunostimulatory effect in the silkworm
assay system. There may be a unique chemical structure of glucose
homopolymer that shows such outstanding specific activity. Also,
comprehensive gene expression analysis using RNA sequencing
techniques in silkworm and mouse immune cells to confirm the
multifaceted effects of broccoli glucose homopolymers would be a
promising future direction for this research.

Two groups of eukaryotes, fungi and plants, possess large amounts
of polysaccharides in a structure called the cell wall. Polysaccharide
recognition in eukaryotes plays an important role in defense against
pathogenic fungi. Lectins and complement proteins are known as
molecules that recognize polysaccharides in fungi (Snarr et al., 2017).
It has been reported that α-(1,3)-glucan produced by Histoplasma
capsulatum contributes to virulence by hiding immunostimulatory β-
glucans from detection by host phagocytes (Rappleye et al., 2007). In
fact, in our assay system for measuring immune activation ability
using silkworm muscle contraction as an indicator, we reported that
the strength of activity varied depending on the origin and chemical

structure of β-glucans (Fujiyuki et al., 2012). Further investigation will
broaden our understanding of the interaction between diverse
polysaccharide substances and the animal immune system.

The future direction of food supplements using polysaccharides is
likely to involve further research to better understand the specific
health benefits of different types of polysaccharides and how they can
be used to improve the nutritional value of food products [also see
recent reviews in this field (Lomartire and Gonçalves, 2022; Qiu et al.,
2022; Tounsi et al., 2022)]. However, the lack of information and
human clinical trials limits the wide use of polysaccharides in
functional foods. For example, seaweed has been used for
therapeutic purposes for centuries, but only recently have advanced
technologies made it possible to extract and study the potential
properties of its bioactive compounds (Lomartire and Gonçalves,
2022). Additionally, research will likely focus on developing new
methods for extracting and purifying polysaccharides from natural
sources, such as fruits, vegetables, and grains, in order to make them
more suitable for use as food supplements. The present study would be
one of those attempts. As more research is conducted on the health
benefits of polysaccharides, it is expected that we will see an increase in
the number of food products that contain polysaccharides as
functional ingredients.

4 Materials and methods

4.1 Broccoli cultivars

4.1.1 Cultivar set #1
Ten commercial broccoli cultivars (No. 1–10) provided by Sakata

Seed Corporation (Yokohama, Japan) were used in the first part of this
study. For the cultivar No. 1, we performed two experiments using
different batches of broccoli (one experiment for comparing three
parts of broccoli, another for preparation of DEAE flow-through
fraction). The experiments and plant sample collection complied
with guidelines of Teikyo University.

4.1.2 Cultivar set #2
Searching for the start material for purification and further

characterization (e.g., sugar composition analysis), we used fifteen
cultivars of broccoli (B. oleracea var. italica) and two cultivars of
cauliflower (B. oleracea var. botrytis) provided by the National
Agriculture and Food Research Organization (Tsukuba, Japan)
(Takahashi et al., 2021). Spring crops were used in this study. The
list of these cultivars is shown in Figure 1E. The experiments and plant
sample collection complied with guidelines of Teikyo University.

4.2 Hot water extract of broccoli
polysaccharides from buds, stems, and stalks

We performed a hot-water extraction as described previously
(Fujiyuki et al., 2012). Broccoli (Replicate #1, cultivar No.1) was
divided into two edible parts (small flower buds, and stems) and an
inedible part (stalks) with scissors, boiled for 2 min (at the boiling point in
the laboratory), and then immersed in ice-cold water (ca. 0°C) to cool well.
Figure 1A is a photographic description of each part of the broccoli. The
small flower buds were then separated from the stems using scissors, and
theweight of buds, stems, and stalks weremeasured. Fifteen grams of each
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part was taken and homogenized using a polytron with 30 mL of Milli-Q
water. The homogenate sample was then autoclaved for 15 min at 121°C
to perform a hot-water extraction, and the supernatant was collected
(8,590 g for 10 min at 4°C).

4.3 Silkworm-basedmuscle contraction assay

Immunomodulatory activity was measured using a silkworm-
based assay as previously reported (Urai et al., 2017; Li et al.,
2022). In this assay, we measure silkworm muscle contraction as
an index of BmPP (insect cytokine) level. Muscle specimens were
prepared by rearing 5th instar silkworms on artificial diet (Silkmate 2S,
Nihon Nosan Kogyo, Tokyo, Japan) for 5 days since the last ecdysis
(Urai et al., 2017). The sample solution (50 µl) was injected into the
muscle specimens using a tuberculin syringe (1 mL) with a 27-gauge
needle, and the body length was monitored for 10 min. The
contraction value [C = (x-y)/x] was calculated for the length of the
silkworm at the beginning of the experiment [x (cm)] and the length at
the maximum contraction [y (cm)]. The contraction values (C-values)
for various sample doses (6–10 doses for each sample, and one
silkworm was used for each dose) were plotted on a graph, and the
sample volume with a C-value of .15 was estimated, and its activity was
determined to be 1 unit.

4.4 Preparation of flow-through fraction of
DEAE-cellulose column chromatography

Please see Figure 1B for a simplified scheme of the whole process.
Two volumes of PCI (phenol/chloroform/isoamyl alcohol) were added
to the hot water extract of broccoli, and the aqueous layer was collected
after centrifugation (8,590 g, 5 min at 4°C). Two volumes of ethanol
were added to the aqueous layer, and the precipitate formed by
centrifugation (8,590 g, 10 min at 4°C) was dissolved in 10 mM
Tris-HCl (pH 7.9) buffer, and loaded to a DEAE cellulose column
(GE Healthcare, bed volume = 20 mL) equilibrated by the same buffer,
and we collected the flow-through fraction (Figure 1B).

4.5 Gel filtration column chromatography

The flow-through fraction from DEAE column
chromatography (we used “winter dome” cultivar for this
experiment) was concentrated by ethanol precipitation and then
applied to a gel filtration column (Sephacryl S-1000, diameter =
15 mm, height = 1080 mm, bed volume = 190 mL). The column was
equilibrated by 10 mM Tris/HCl (pH = 7.9) buffer in advance and
the same buffer was used for elution. The fraction size was 2 mL/
fraction, and each fraction was subjected to sugar quantification
(duplicate experiment) and silkwormmuscle contraction assay (the
c-value for each fraction was obtained from a duplicate assay).
Sugar quantification was performed according to a previously
reported method (Urai et al., 2017). Active fractions were
pooled to obtain three fractions (fractions #30-#45 as Fraction I,
fractions #46-#80 as Fraction II, and fractions #81-#100 as Fraction
III as shown in Figure 2A). We used Fraction II for further
characterization, as the fraction showed an increased specific
activity (please also see the purification table as shown in Table 2).

4.6 Sugar composition analysis

Sugar composition analysis was performed using 4-aminobenzoic
acid ethyl ester (ABEE) labeling method as previously reported (Urai
et al., 2017). After acid hydrolysis of the purified polysaccharide
fraction (fraction II), the ABEE-labeled samples were analyzed by
an HPLC using a reversed-phase column. Monosaccharide standards
were used as control, and each monosaccharide was identified based
on elution time. To further validate the peak annotation, the samples
were mixed with ABEE labeled glucose samples and analyzed by
HPLC, where we confirmed that the peaks overlapped for each sample.

4.7 Detection of active BmPP by immunoblot
analysis

We followed the previously reported method for the detection of
active BmPP (Miyashita et al., 2015). Fifth instar (day 5) silkworm
larvae were injected with 50 µl of the fraction II (from the gel filtration
column chromatography) or saline (Vehicle). After 3-min incubation,
hemolymph was collected, by cutting the silkworm abdominal legs
directly, into 1.5 mL tubes preheated in a heat block at 100°C (1 tube/
larva). After 10 min of heat treatment at 100°C, samples were spun at
10,000 g for 10 min and the supernatants were collected. An equal
volume of blood from three animals in each group was pooled, and
15 µl of the pooled blood was applied to each lane for electrophoresis.
Western blotting was performed to examine the bands detected by
anti-paralytic peptide (BmPP) antibody.

4.8 TNF-alpha induction assay using murine
macrophage cells

We maintained RAW264.7 cells, a murine macrophage-derived
cell line at 37 °C with 5% CO2 using RPMI-1640 (Thermo Fisher
Scientific K.K., Tokyo, Japan) with 10% fetal bovine serum (FBS).
When performing the TNF-alpha induction assay, we inoculated
RAW264.7 cells (1✕105 cells/well) in RPMI-1640 (+10% FBS) on a
96-well flat-bottom plate, and cultured at 37°C for 24 h. We then
removed the medium, and immediately put the sample (i.e., 10 times
diluted DEAE flow-through fraction) or the buffer used for the
chromatography (10 mM Tris-HCl, pH = 7.9) suspended in RPMI
1640 (non-FBS) medium, and cultured the cells for 6 h. We collected
the cell culture supernatant and measured the TNF-α concentration
using Mouse TNF-α Quantikine ELISA Kit MTA00B (R&D
SYSTEMS).
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