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1  |  INTRODUC TION

Passiflora edulis is a plant in the passion flower family 
(Passifloraceae). The fruit of this plant is called passion fruit, 
and it is widely consumed in its natural state, with the seeds, or 
processed as a tropical juice. Interestingly, P. edulis seeds accu-
mulate stilbene derivatives as secondary metabolites at very high 
levels compared with other plant tissues. For example, the seeds 
are	rich	 in	resveratrol	 (3,5,4′-	trihydroxy-	trans- stilbene, 0.1 mg/g) 
and	piceatannol	 (3,4,3′,5′-	tetrahydroxy-	trans- stilbene, 2.2 mg/g), 
with the latter containing at markedly higher levels (Matsui et al., 

2010; Piotrowska et al., 2012). These secondary metabolites func-
tion as defense compounds that protect the plant tissues from 
the extensive damage that can be caused by microbes. In addi-
tion to exhibiting antimicrobial activity, these compounds have 
various health- benefiting properties. For example, resveratrol 
exhibits antioxidant, anticancer, and anti- inflammatory activities. 
Piceatannol has biological activities similar to those of resvera-
trol. Furthermore, piceatannol exerts positive effects on human 
dermal cells by inhibiting melanogenesis and promoting collagen 
synthesis, and these effects are more pronounced than those of 
resveratrol (Matsui et al., 2010; Seyed et al., 2016). Other stilbene 
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Abstract
Defense compounds generally inhibit microbial colonization of plants. In this study, 
we examined the presence of endophytes in Passiflora edulis seeds that accumu-
late resveratrol and piceatannol at extremely high levels as defense compounds. 
Interestingly, although no microbial colonies appeared on an agar growth medium 
from the cut or homogenized seeds, colonies were generated from cut seedlings de-
rived	from	the	seeds.	A	total	of	19	bacterial	strains	were	isolated,	of	which	15	were	
classified	as	Gram-	positive.	As	we	hypothesized	that	extremely	high	levels	of	picea-
tannol in the seeds would inhibit the growth of endophytes cultured directly from the 
seeds, we examined the antimicrobial activity of this compound against the isolated 
bacteria. Piceatannol exerted bacteriostatic rather than bactericidal effects on most 
of the bacteria tested. These results suggest that the bacteria remain static in the 
seeds due to the presence of piceatannol and are transmitted to the seedlings during 
the germination process, enabling colonies to be established from the seedlings on 
the	agar	medium.	We	also	investigated	the	biocatalytic	activity	of	the	isolated	bac-
teria toward resveratrol and piceatannol. One bacterium, Brevibacterium sp. PE28- 2, 
converted resveratrol and piceatannol to their respective derivatives. This strain is 
the first endophyte shown to exhibit such activity.
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derivatives also reportedly exhibit a variety of biological activities 
(Jeandet	et	al.,	2021).

Endophytes are bacteria or fungi that colonize the interior parts 
of plants without harming the host. They have been found in almost 
every	 plant	 species	 examined	 to	 date	 (Liu	 et	 al.,	 2017;	 Reinhold-	
Hurek	&	Hurek,	2011).	Endophytes	primarily	inhabit	the	roots,	stems,	
and leaves. However, only a few reports to date have described the 
isolation of microorganisms from P. edulis.	A	 fungal	 isolate	 from	P. 
edulis leaves, which was identified as Phyllosticta sp., produced anti-
bacterial metabolites (Santos et al., 2017). In another study, a strain 
of the fungus Phialemonium curvatum was isolated from the leaves 
of P. edulis (Rathnayake et al., 2018). In addition, growing evidence 
indicates that endophytes also reside within plant seeds (Frank et al., 
2017; Shahzad et al., 2018; Truyens et al., 2015). However, the pres-
ence of high levels of stilbene derivatives as defense compounds 
would generally inhibit microbial colonization of the seeds of P. edu-
lis.	As	endophytes	must	adapt	to	the	plant	environment,	organisms	
residing within the seeds of P. edulis would have to be resistant to 
these antimicrobial compounds.

Considerable research has established that endophytes adapting 
to an environment rich in biologically active compounds often ex-
hibit biocatalytic activities related to the metabolism of these com-
pounds	(Brader	et	al.,	2014;	Rodriguez	et	al.,	2016).	One	of	the	most	
studied biologically active compounds isolated from endophytes 
is paclitaxel, which is used as an anticancer drug. Many paclitaxel- 
producing fungi have been isolated from plants of the genus Taxus 
(Zhou	et	al.,	2010).	A	recent	report	indicated	that	Ovatospora brasil-
iensis,	 isolated	 from	the	calebin-	A-	producing	plant	Curcuma caesia, 
converts	 curcumin	 into	 calebin-	A	 (Majeed	 et	 al.,	 2019).	 Based	 on	
their biocatalytic potential, endophytes within P. edulis seeds that 
accumulate resveratrol and piceatannol might be able to convert 
these compounds to other valuable stilbene derivatives.

We	report	here	for	the	first	time	the	isolation	of	endophytes	in	P. 
edulis seeds. Interestingly, although no microbial colonies appeared 
on the agar growth medium from the cut or homogenized seeds, col-
onies	were	generated	from	cut	seedlings	derived	from	the	seeds.	A	

total	of	19	bacterial	strains	were	isolated,	of	which	15	were	classified	
as	Gram-	positive.	As	we	hypothesized	that	extremely	high	levels	of	
piceatannol in the seeds would inhibit the growth of endophytes 
cultured directly from the seeds, we examined the antimicrobial 
activity	of	this	compound	against	the	isolated	bacteria.	We	also	in-
vestigated the biocatalytic activities of the isolated bacteria toward 
resveratrol and piceatannol.

2  |  MATERIAL S AND METHODS

2.1  |  Isolation and identification of endophytes in 
P. edulis seeds

Seeds were collected from the fruit of P. edulis grown in Okinawa and 
Kumamoto	Prefectures,	Japan.	The	seeds	were	surface-	sterilized	by	
dipping in 5% sodium hypochlorite for 30 min, followed by dipping 
twice in 70% ethanol for 10 min, after which they were thoroughly 
rinsed with sterile water, according to previous reports (Kurokawa 
et al., 2021; Mano et al., 2007; Santos et al., 2017), with some modifi-
cations.	Each	seed	was	cut	and	placed	onto	NBRC802,	ISP2,	PSA,	or	
PF agar medium and incubated at 30ºC for approximately 1 month. 
In another way, each seed was homogenized in sterile water using a 
mortar and pestle and plated onto each agar medium. However, no 
colonies	appeared	on	the	plates.	As	we	observed	that	the	cut	seeds	
sprouted after incubation, the resulting seedlings were aseptically 
sectioned into small fragments and further incubated on the plates 
(Figure 1). Colonies were generated from these seedlings under 
sterile conditions. Single- colony isolation was repeated for colonies 
formed	around	 the	 fragmented	seedlings.	NBRC802	medium	 (me-
dium	no.	802	used	 in	Biological	Resource	Center,	NITE)	contained	
(per	liter)	Hipolypepton	(10	g),	Bacto	yeast	extract	(2	g),	MgSO4·7H2O 
(1 g), and agar (15 g) (pH 7.0). International Streptomyces Project- 2 
(ISP2)	medium	contained	(per	liter)	Bacto	yeast	extract	(4	g),	Bacto	
malt extract (10 g), glucose (4 g), and agar (20 g) (pH 7.0). Potato 
sucrose	 agar	 (PSA)	 medium	 contained	 (per	 liter)	 potato	 (200	 g),	

F I G U R E  1 Schematic	illustration	of	
the procedure for isolating endophytes 
from P. edulis seeds. No microbial colonies 
appeared on the agar growth medium 
from cut seeds (a), but colonies were 
generated from cut seedlings derived from 
the seeds (b)



    |  3 of 13ISHIDA AnD FURUYA

sucrose (20 g), and agar (20 g) (pH 5.6). Passion fruit (PF) medium 
contained (per liter) juice made from passion fruit (250 g) and agar 
(15 g) (pH 7.0).

Isolated bacteria were taxonomically identified based 
on	 the	 16S	 rDNA	 sequence.	 DNA	 was	 amplified	 from	 colo-
nies by polymerase chain reaction (PCR) using two oligonucle-
otide	 primers,	 9F	 5′-	GAGTTTGATCCTGGCTCAG-	3′,	 and	 1541R	
5′-	AAGGAGGTGATCCAGCC-	3′.	PCR	was	performed	using	KOD	FX	
Neo	polymerase	(Toyobo,	Osaka,	Japan)	according	to	the	manufac-
turer’s	 recommendations	under	 the	 following	conditions:	94ºC	 for	
2	min,	followed	by	45	cycles	of	98ºC	for	10	s	and	68ºC	for	2	min.	
After	purification,	the	amplified	DNAs	were	sequenced	by	Eurofins	
(Tokyo,	Japan).	The	sequence	of	the	5′-	terminal	region	(ca.	500	bp)	
of	 each	DNA	was	 determined	 for	 all	 strains.	 The	 sequences	were	
then	 compared	 to	 those	 in	 the	GenBank	 database	 using	 BLASTN	
(https://blast.ncbi.nlm.nih.gov/Blast.cgi).	 MEGA	 software	 (https://
www.megas	oftwa	re.net/)	was	used	to	align	the	sequences	and	con-
struct a neighbor- joining phylogenetic tree (Kurokawa et al., 2021). 
The	nucleotide	sequences	of	the	16S	rDNA	regions	of	the	isolated	
bacteria	were	submitted	to	GenBank	under	assigned	accession	num-
bers (Table 1).

2.2  |  Evaluation of the antimicrobial activity of 
piceatannol for the isolated bacteria

The antibacterial activity was measured based on the standard 
methods	 of	 the	Clinical	 and	 Laboratory	 Standards	 Institute	 (CLSI)	
(Kusakabe	 et	 al.,	 2019).	 Isolated	 bacteria	were	 cultivated	 at	 30ºC	
for	2	days	with	reciprocal	shaking	in	test	tubes	containing	2	mL	of	
LB	medium,	which	contained	(per	liter)	Bacto	tryptone	(10	g),	Bacto	
yeast extract (5 g), and NaCl (10 g) (pH 7.0). The bacterial culture 
was adjusted to an OD600	of	0.01	using	LB	medium,	and	an	aliquot	
of the diluted culture (10 µL)	was	inoculated	into	LB	medium	(1	mL)	
containing piceatannol (0– 1.0 mM) and DMSO (1% [v/v]) and fur-
ther	 cultivated	 at	 30ºC	 for	 2	 days.	 After	 cultivation,	 the	 minimal	
inhibitory concentration (MIC) was determined as the lowest con-
centration at which no growth was observed by visual inspection 
and measurement of the OD600. Following the determination of the 
MIC,	the	minimal	bactericidal	concentration	(MBC)	was	determined	
by transferring a 25 µL	aliquot	from	each	of	the	test	tubes	at	the	con-
centration corresponding to the MIC and concentrations above the 
MIC	onto	LB	agar	medium.	The	plates	were	 incubated	at	30ºC	for	
2 days. The presence or absence of bacterial growth was determined 
by	visual	inspection.	The	MBC	was	defined	as	the	lowest	concentra-
tion of the compound at which no growth occurred.

2.3  |  Growth of the isolated bacteria on different 
carbon sources

Isolated bacteria were cultivated in KG medium (Furuya et al., 2011, 
2019),	which	contained	 (per	 liter)	 (NH4)2SO4 (3 g), KH2PO4 (1.4 g), 

Na2HPO4 (2.1 g), MgSO4·7H2O (0.2 g), FeCl2·5H2O (10.6 mg), 
CaCl2·2H2O (8 mg), ZnSO4·7H2O (4 mg), MnCl2·4H2O (2 mg), 
CuSO4·5H2O (0.02 mg), KI (0.2 mg), Na2MoO4·2H2O (0.2 mg), 
CoCl2·6H2O (0.2 mg), H3BO3 (0.4 mg), and NaCl (10 mg) (pH 7.2). 
The medium was supplemented with resveratrol (1 mM), piceatannol 
(1 mM), glucose (5 mM), or 4- hydroxyphenylacetic acid (5 mM) as a 
carbon source, and dimethyl sulfoxide (DMSO, 1% [v/v]) was used to 
suspend	the	compounds.	Bacteria	were	cultivated	at	30ºC	for	7	days	
with	 reciprocal	 shaking	 in	 test	 tubes	 containing	 4	mL	 of	medium.	
Bacterial	growth	was	determined	by	measuring	the	OD600.

2.4  |  Biocatalytic activity of the isolated bacteria 
toward resveratrol and piceatannol

Isolated bacteria cultivated in KG medium supplemented with glu-
cose or 4- hydroxyphenylacetic acid were harvested by centrifu-
gation, washed with potassium phosphate buffer (50 mM, pH 7.5) 
containing glycerol (10% [v/v]), and used for whole- cell reactions. 
The reaction mixture (250 μL)	 contained	 bacteria	 (10–	30	mg	wet	
cell	weight/mL),	 resveratrol	 (5	mM)	or	piceatannol	 (2	mM),	DMSO	
(2% [v/v]), Tween 80 (1% [v/v]), and potassium phosphate buffer 
(200 mM, pH 7.5) containing glycerol (10% [v/v]). Reactions were 
carried out at 30ºC for 24 h with vigorous shaking.

High-	performance	 liquid	 chromatography	 (HPLC)	 analysis	 was	
performed	 to	 detect	 the	 reaction	 products	 using	 an	 LC-	20	 sys-
tem	 (Shimadzu,	 Kyoto,	 Japan)	 with	 an	 XTerra	 MS	 C18	 IS	 column	
(4.6×20 mm; particle size, 3.5 μm;	Waters,	Milford,	MA,	USA).	The	
post- reaction mixture was acidified by the addition of HCl (pH 2– 3), 
and methanol (250 μL)	was	then	added.	The	solution	was	vigorously	
shaken and centrifuged, and the resulting supernatant (10 μL)	was	
injected	into	the	HPLC	system.	Mobile	phases	A	and	B	were	water	
with	0.1%	formic	acid	and	methanol,	respectively.	A	gradient	of	mo-
bile	phase	B	was	programmed	as	follows:	start	ratio	of	5%,	hold	at	
5% for 3 min, increase to 40% for 1 min, increase linearly to 60% for 
10 min, increase to 100% for 1 min, and hold at 100% for 3 min. The 
flow	rate	was	0.5	mL	min−1. Compounds were detected spectropho-
tometrically	at	a	wavelength	of	220	nm.	Liquid	chromatography-	mass	
spectrometry	(LC-	MS)	analysis	was	performed	using	a	JMS-	T100CS	
TOFMS	(JEOL)	with	electrospray	ionization,	as	described	previously	
(Furuya	&	Kino,	2014;	Hashimoto	et	al.,	2019).

3  |  RESULTS

3.1  |  Isolation of endophytes in P. edulis seeds

Endophytes were isolated from the seedlings emerging from seeds 
of P. edulis	grown	in	Japan.	Seeds	were	collected	from	the	fruit	and	
surface-	sterilized,	as	described	in	the	Materials	and	methods.	After	
surface- sterilization, the seeds were cut and incubated on agar 
medium at 30ºC for approximately 1 month. However, no colo-
nies	 appeared	 on	 the	 plates.	 Attempts	 to	 isolate	microorganisms	

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.megasoftware.net/
https://www.megasoftware.net/
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from	 the	 homogenized	 seeds	 were	 also	 unsuccessful.	 As	 we	 ob-
served that the cut seeds sprouted after incubation, the result-
ing seedlings were aseptically sectioned into small fragments and 
further incubated on the plates (Figure 1). Interestingly, microbial 

colonies were generated from the seedlings derived from the seeds 
under sterile conditions. Using this isolation procedure, a total of 
19	bacterial	strains	were	 isolated,	of	which	5	and	14	strains	were	
derived from seeds of P. edulis grown in Okinawa and Kumamoto 

TA B L E  1 Bacterial	strains	recovered	from	the	emerging	seedlings	from	P. edulis seeds

Straina  Medium Phylum Accession no.
Closest type strain
(accession no.) Similarity (%)

PE11- 1 NBRC802 Actinobacteria LC603193 Janibacter limosus DSM 11140T
(NR_026362.1)

849/876	(97)

PE11- 3 NBRC802 Actinobacteria LC603194 Dermacoccus nishinomiyaensis DSM 
20448T

(NR_044872.1)

864/882	(98)

PE11- 4 NBRC802 Actinobacteria LC603195 Dermacoccus nishinomiyaensis DSM 
20448T

(NR_044872.1)

905/924	(98)

PE11- 5 NBRC802 Actinobacteria LC603196 Rhodococcus corynebacterioides DSM 
20151T

(NR_119107.1)

469/473	(99)

PE11- 6 PSA Actinobacteria LC603197 Dermacoccus nishinomiyaensis DSM 
20448T

(NR_044872.1)

680/697	(98)

PE28- 1 NBRC802 Actinobacteria LC603198 Microbacterium testaceum DSM 
20166T

(NR_026163.1)

652/664	(98)

PE28- 2 NBRC802 Actinobacteria LC603199 Brevibacterium casei DSM 20657T
(NR_041996.1)

513/519	(99)

PE28- 3 NBRC802 Actinobacteria LC603200 Microbacterium trichothecenolyticum 
DSM 8608T

(NR_044937.1)

557/570	(98)

PE28- 4 NBRC802 Actinobacteria LC603201 Micrococcus luteus DSM 20030T
(NR_037113.1)

880/893	(99)

PE28- 5 NBRC802 Deinococcus- Thermus LC603202 Deinococcus radiodurans	DSM	20539T
(NR_026401.1)

821/878	(94)

PE28- 6 NBRC802 Deinococcus- Thermus LC603203 Deinococcus radiodurans	DSM	20539T
(NR_026401.1)

477/494	(97)

PE28- 7 ISP2 Proteobacteria LC603204 Moraxella osloensis	DSM	6998T
(NR_113392.1)

485/488	(99)

PE28- 8 ISP2 Actinobacteria LC603205 Microbacterium testaceum DSM 
20166T

(NR_026163.1)

902/916	(98)

PE28-	9 ISP2 Proteobacteria LC603206 Sphingomonas aquatilis DSM 15581T
(NR_113867.1)

791/807	(98)

PE28- 10 ISP2 Actinobacteria LC603207 Microbacterium trichothecenolyticum 
DSM 8608T

(NR_044937.1)

534/546	(98)

PE28- 11 PSA Proteobacteria LC603208 Sphingomonas aquatilis DSM 15581T
(NR_113867.1)

870/885	(98)

PE28- 12 PSA Proteobacteria LC603209 Sphingomonas aquatilis DSM 15581T
(NR_113867.1)

579/591	(98)

PE28- 13 PSA Actinobacteria LC603210 Microbacterium trichothecenolyticum 
DSM 8608T

(NR_044937.1)

593/606	(98)

PE28- 14 PF Firmicutes LC603211 Bacillus megaterium DSM 32T
(NR_118962.1)

671/673	(99)

aPE11 and PE28 strains were derived from the seeds of P. edulis	grown	in	Okinawa	and	Kumamoto	prefectures,	respectively,	Japan.
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Prefectures, respectively (Table 1). The isolated strains were 
taxonomically	 identified	 based	 on	 16S	 rDNA	 sequencing,	 and	 a	
phylogenetic	 tree	 of	 the	 resulting	 sequences	 was	 constructed	
(Figure 2). The isolated bacteria belonged to 10 different genera: 
Dermacoccus, Rhodococcus, Brevibacterium, Micrococcus, Janibacter, 
Microbacterium, Deinococcus, Bacillus, Moraxella, and Sphingomonas 
(Figure 2 and Table 1). Three strains (PE11- 1, PE28- 5, and PE28- 6) 
exhibited low identity (<97%)	to	previously	reported	sequences	of	
typical strains, suggesting that these strains constitute new genera 
or species. Intriguingly, 15 of the strains were classified as Gram- 
positive, and 12 of these Gram- positive strains belonged to 1 phy-
lum, Actinobacteria (Figure 2).

3.2  |  Effect of piceatannol on the growth of the 
isolated bacteria

Because	 the	 bacteria	 were	 isolated	 from	 the	 emerging	 seedlings	
from P. edulis seeds containing piceatannol at extremely high levels 
as a defense compound, we investigated the effect of this compound 
on the growth of the isolated bacteria by determining the MIC and 
MBC	 values,	 as	 described	 in	 the	 Materials	 and	 methods.	 Strains	
PE28-	2,	PE28-	4,	PE28-	7,	PE28-	8,	and	PE28-	14	grew	in	liquid	LB	me-
dium	containing	0.2	mM	(49	µg/mL)	piceatannol,	whereas	0.4	mM	
piceatannol inhibited their growth (MIC 0.4 mM) (Table 2 and Figure 
A1).	The	other	strains	did	not	grow	even	in	the	presence	of	0.2	mM	

F I G U R E  2 Phylogenetic	relationships	of	bacterial	strains	recovered	from	the	emerging	seedlings	from	P. edulis seeds, based on the 16S 
rDNA	sequence.	Bootstrap	values	from	1000	replications	are	shown	at	each	of	the	branch	points	on	the	tree
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piceatannol (MIC <	0.2	mM)	(Table	2	and	Figure	A1).	These	results	
indicate that piceatannol strongly inhibits the growth of the isolated 
bacteria.

In	 contrast,	 after	 bacteria	 were	 cultured	 in	 liquid	 LB	 medium	
containing piceatannol at concentrations higher than the MIC, all 
strains	except	PE11-	6,	PE28-	5,	and	PE28-	6	grew	on	solid	LB	medium	
lacking piceatannol (Table 2). In particular, Rhodococcus sp. PE11- 5, 
Brevibacterium sp. PE28- 2, Moraxella sp. PE28- 4, and Bacillus sp. 
PE28- 7 grew on agar medium after treatment with 0.6 mM piceat-
annol	 (MBC	 0.8	 mM),	 although	 this	 concentration	 of	 piceatannol	
strongly inhibited the growth of these 4 strains (Table 2). These re-
sults indicate that piceatannol exerts bacteriostatic rather than bac-
tericidal effects on most of the isolated bacteria.

3.3  |  Growth of the isolated bacteria on different 
carbon sources

We	also	examined	the	growth	of	the	isolated	bacteria	on	different	
carbon sources. Resveratrol and piceatannol were examined first, 
as	these	compounds	are	present	 in	the	seeds.	Bacteria	were	culti-
vated for 7 days in KG medium supplemented with resveratrol or 
piceatannol as a carbon source. However, no bacteria grew on a 

medium containing either resveratrol or piceatannol. Glucose and 
4- hydroxyphenylacetic acid were also tested as typical carbohydrate 
and aromatic compounds, respectively, that are assimilated by many 
species	of	bacteria.	All	strains	grew	in	medium	supplemented	with	
glucose (OD600 > 0.1, Table 3). Janibacter sp. PE11- 1, Brevibacterium 
sp. PE28- 2, and Microbacterium sp. PE28- 13 grew in medium sup-
plemented with 4- hydroxyphenylacetic acid (OD600 > 0.1, Table 3). 
These results indicate that all of the isolated bacteria readily as-
similate glucose but not resveratrol or piceatannol. In addition, 3 of 
the	19	strains	could	utilize	4-	hydroxyphenylacetic	acid	as	a	carbon	
source.

3.4  |  Biocatalytic activity of the isolated bacteria 
toward resveratrol and piceatannol

We	next	explored	 the	biocatalytic	potential	of	 the	 isolated	bacte-
ria to convert resveratrol and piceatannol to other stilbene deriva-
tives.	Bacteria	were	cultivated	for	7	days	on	carbon	sources	that	the	
strains could assimilate. The bacteria were then harvested and incu-
bated for 24 h in a buffer solution containing 5 mM resveratrol or 
2	mM	piceatannol.	Although	most	of	the	strains	did	not	exhibit	any	

TA B L E  2 Antibacterial	activity	of	piceatannol	against	the	
bacteria isolated from the emerging seedlings from P. edulis seeds

Strain MIC (mM)a 
MBC 
(mM)b 

PE11- 1 < 0.2 0.4

PE11- 3 < 0.2 0.4

PE11- 4 < 0.2 0.4

PE11- 5 < 0.2 0.8

PE11- 6 < 0.2 < 0.2

PE28- 1 < 0.2 0.6

PE28- 2 0.4 0.8

PE28- 3 < 0.2 0.4

PE28- 4 0.4 0.8

PE28- 5 < 0.2 < 0.2

PE28- 6 < 0.2 < 0.2

PE28- 7 0.4 0.8

PE28- 8 0.4 0.6

PE28-	9 < 0.2 0.4

PE28- 10 < 0.2 0.4

PE28- 11 < 0.2 0.6

PE28- 12 < 0.2 0.6

PE28- 13 < 0.2 0.6

PE28- 14 0.4 0.6

aMinimal inhibitory concentration (MIC) was determined based on the 
results	in	Figure	A1	as	described	in	the	Materials	and	methods.
bThe	minimal	bactericidal	concentration	(MBC)	was	determined	by	
visual inspection as described in the Materials and methods.

TA B L E  3 Growth	of	the	isolated	bacteria	on	glucose	and	
4- hydroxyphenylacetic acid

Strain

Growth (OD600)a 

Glucose
4- hydroxyphenylacetic 
acid

PE11- 1 0.18 ± 0.01 0.09	± 0.02

PE11- 3 0.67 ± 0.07 0.02 ± 0.01

PE11- 4 0.44 ± 0.06 0.01 ± 0.01

PE11- 5 0.50 ± 0.01 0.01 ± 0.01

PE11- 6 0.21 ± 0.14 0.00 ± 0.01

PE28- 1 0.48 ± 0.20 −0.02	± 0.01

PE28- 2 0.29	± 0.10 0.42 ± 0.01

PE28- 3 0.15 ± 0.04 −0.01	± 0.02

PE28- 4 0.44 ± 0.12 0.02 ± 0.04

PE28- 5 0.37 ± 0.08 −0.01	± 0.03

PE28- 6 0.18 ± 0.03 0.00 ± 0.01

PE28- 7 0.28 ± 0.02 0.01 ± 0.00

PE28- 8 0.32 ± 0.02 −0.01	± 0.02

PE28-	9 0.43 ± 0.17 −0.01	± 0.01

PE28- 10 0.42 ± 0.11 −0.01	± 0.01

PE28- 11 0.07 ± 0.01 −0.01	± 0.01

PE28- 12 0.39	± 0.14 0.00 ± 0.01

PE28- 13 0.42 ± 0.04 0.33 ± 0.03

PE28- 14 0.37 ± 0.01 −0.01	± 0.01

aThe isolated bacteria were cultivated in a medium containing glucose 
or 4- hydroxyphenylacetic acid as a carbon source (5 mM) for 7 days. 
Data are the average of three independent experiments, and error bars 
indicate the standard deviation of the mean.
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biocatalytic activity, Brevibacterium sp. PE28- 2 did convert resvera-
trol.	HPLC	 analysis	 of	 the	 reaction	 of	 glucose-	grown	PE28-	2	 cells	
with resveratrol showed a product peak (retention time, 12.0 min) 
in addition to the substrate peak (13.4 min) (Figure 3a). This product 
was not detected in the control reaction using autoclaved PE28- 2 
cells.	Furthermore,	LC-	MS	analysis	revealed	that	the	[M-	H]− ion of 
this product was m/z =	315.1	(Figure	A2).	In	addition	to	the	parent	
ion, the [M- H]− ion of the resveratrol moiety (m/z = 227.1) was de-
tected	(Figure	A2).	These	results	suggest	that	strain	PE28-	2	converts	
resveratrol to a previously unknown resveratrol derivative with a 
modification corresponding to m/z = 88.0 (Figure 3a). Interestingly, 
when cells grown on 4- hydroxyphenylacetic acid were incubated 
with	resveratrol,	HPLC	analysis	showed	an	additional	product	peak	
(retention time, 12.4 min) (Figure 3b). The compound corresponding 
to this peak was identified as a monooxygenation product of resver-
atrol based on the determination of its mass ([M- H]− m/z = 243.1). 
Furthermore, the retention time and UV- visible absorption spectrum 
of this product were consistent with those of an authentic sample of 
piceatannol	(Figure	A3).	Based	on	these	observations,	this	product	
was identified as piceatannol (Figure 3b).

We	also	found	that	Brevibacterium sp. PE28- 2 converted piceat-
annol.	 HPLC	 analysis	 of	 the	 reaction	 of	 glucose-	grown	 PE28-	2	

cells with piceatannol, and also the reaction of cells grown on 
4- hydroxyphenylacetic acid with piceatannol, showed a product 
peak (retention time, 11.5 min) in addition to the substrate peak 
(12.4	min)	(Figure	4).	LC-	MS	analysis	revealed	the	parent	[M-	H]− ion 
(m/z = 331.1) and [M- H]− ion of the piceatannol moiety (m/z = 243.1) 
(Figure	 A4).	 These	 results	 suggest	 that	 strain	 PE28-	2	 converts	
piceatannol to a previously unknown piceatannol derivative with 
a modification corresponding to m/z = 88.0 (Figure 4), in the same 
manner as the conversion of resveratrol described above.

4  |  DISCUSSION

Although	 the	 human	 placenta	 and	 fetus	 are	 free	 of	 microorgan-
isms	(Segata,	2019),	these	organisms	can	reside	inside	plant	seeds.	
Endophytic bacteria enter various plant compartments, including 
roots, stems, and leaves, from the external environment and colo-
nize	the	 intercellular	spaces.	Such	colonization	reportedly	requires	
that the microorganisms exhibit motility, adhesion, and cell wall deg-
radation	activity	 (Liu	et	al.,	2017;	Reinhold-	Hurek	&	Hurek,	2011).	
Furthermore, some strains of bacteria can be transported from the 
vegetative parts of the plant to the seeds via xylem vessels (Frank 

F I G U R E  3 HPLC	analysis	of	reactions	of	Brevibacterium sp. PE28- 2 with resveratrol. PE28- 2 cells grown on a medium containing glucose 
(a) or 4- hydroxyphenylacetic acid (b) were incubated with resveratrol. Peaks 1 (at 13.4 min), 2 (at 12.0 min), and 3 (at 12.4 min) corresponded 
to	resveratrol,	a	resveratrol	derivative,	and	piceatannol,	respectively.	HPLC	chromatograms	for	the	control	reaction	using	autoclaved	cells	
are	shown	by	gray	lines.	“X”	on	the	chemical	structure	indicates	an	unidentified	moiety	corresponding	to	m/z = 88.0
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et al., 2017). Growing evidence also suggests that seed endophytes 
are transmitted from generation to generation (Frank et al., 2017). 
Inhabiting seeds could be beneficial for bacteria because it would 
enable them to promptly colonize new generations of plants where 
appropriate nutrients are available. This situation is often advanta-
geous to plants because they can select bacteria that are helpful 
for germination, seedling development, and plant growth (Shahzad 
et al., 2018; Truyens et al., 2015). To date, bacteria have been de-
tected inside surface- sterilized seeds of a variety of plants (Frank 
et al., 2017; Shahzad et al., 2018; Truyens et al., 2015). However, the 
isolation of seed endophytes remains challenging due to the unusual 
habitat.

In this study, we successfully isolated several bacterial strains 
from the seedlings emerging from P. edulis seeds. To our knowl-
edge, this is the first report describing seed endophytes of P. 
edulis.	Although	no	microorganisms	grew	 from	surface-	sterilized	
seeds, bacterial colonies were generated from seedlings derived 
from the seeds under sterile conditions. Endophytes can gener-
ally form colonies on agar growth medium directly from seeds 
(Compant et al., 2011; Vega et al., 2005; Verma et al., 2017). 
One possible explanation for this phenomenon is that inhibitors 
in the seeds such as piceatannol hamper the growth of bacteria. 
Transmission from seeds to seedlings might allow the bacteria to 
escape from the inhibitors, thus enabling them to grow on an agar 
medium.	A	phenomenon	similar	to	that	proposed	in	this	hypothe-
sis was observed during the isolation of bacteria from wheat seeds 
(Robinson et al., 2016). That study suggested that antimicrobial 
puroindolines and phenolic acids in wheat seeds inhibit bacterial 
growth. The isolation procedure described here (Figure 1) should 

be generally applicable to the isolation of culturable bacteria from 
various seeds, particularly those containing antimicrobial com-
pounds at high levels.

Using	our	isolation	procedure,	a	total	of	19	bacterial	strains	were	
isolated from the emerging seedlings from P. edulis seeds (Figure 2 
and Table 1), of which 15 strains were classified as Gram- positive. 
The Gram- positive strains belonged to 3 phyla, Actinobacteria 
(12 strains), Deinococcus- Thermus (2 strains), and Firmicutes (1 strain). 
The remaining 4 strains were classified as Gram- negative and be-
longed to 1 phylum, Proteobacteria.	 Bacteria	 of	 Actinobacteria, 
Firmicutes, and Proteobacteria	have	frequently	been	recovered	from	
plant seeds, but there have been no reports to date concerning 
culturable Deinococcus- Thermus seed endophytes (Shahzad et al., 
2018; Truyens et al., 2015). Notably, Gram- positive bacteria domi-
nated the isolated microorganisms. During the maturation process, 
seeds lose water, leading to an increase in osmotic pressure in the 
seeds. Gram- positive bacteria possess a thicker peptidoglycan cell 
wall layer than Gram- negative bacteria, which may render them 
more	 resistant	 to	high	osmotic	pressure	 (Naylor	&	Coleman-	Derr,	
2018). In addition, 1 Bacillus strain belonging to Firmicutes was iso-
lated, which can form endospores to resist environmental stress. 
Furthermore, we also isolated 2 Deinococcus strains that are report-
edly	resistant	to	dehydration	(Bauermeister	et	al.,	2011;	Mattimore	
&	Battista,	1996).	Similar	to	our	results,	it	was	reported	that	more	
Gram- positive isolates can be cultured from rice seeds as the seeds 
mature (Mano et al., 2007). To clarify the reason for the predomi-
nance of Gram- positive bacteria, more detailed characterizations, 
including isolation of bacteria from seeds at different stages, as well 
as metagenomic analyses, are needed.

F I G U R E  4 HPLC	analysis	of	reactions	of	Brevibacterium sp. PE28- 2 with piceatannol. PE28- 2 cells grown on a medium containing glucose 
(a) or 4- hydroxyphenylacetic acid (b) were incubated with piceatannol. Peaks 3 (at 12.4 min) and 4 (at 11.5 min) corresponded to piceatannol 
and	a	piceatannol	derivative,	respectively.	HPLC	chromatograms	for	the	control	reaction	using	autoclaved	cells	are	shown	by	gray	lines.	“X”	
on the chemical structure indicates an unidentified moiety corresponding to m/z = 88.0
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Different genera of bacteria were isolated depending on where 
the plants were grown (Okinawa Prefecture versus Kumamoto 
Prefecture) (Table 1). These results suggest that the symbiotic rela-
tionship between P. edulis plants and the bacteria we isolated is not 
obligate, but the seeds might select specific microorganisms suitable 
for the seed environment via the vegetative parts from among the 
microbial communities around the plants.

We	found	 that	piceatannol	 inhibited	 the	growth	of	 all	 isolated	
bacteria, with MIC values of <0.4	mM	(Table	2	and	Figure	A1).	This	
concentration corresponds to 0.10 mg/g, which is lower than the 
concentration of piceatannol in P. edulis	seeds	(ca.	2	mg/g).	Although	
it is difficult to compare concentrations of this compound between 
the	 liquid	 medium	 and	 seeds,	 these	 results	 suggest	 that	 piceat-
annol in the seeds inhibits the growth of these bacteria in situ. In 
contrast, most of the isolated bacteria grew on a solid medium after 
treatment with piceatannol at concentrations higher than the MIC 
(MBC	> 0.4 mM) (Table 2). Thus, it is conceivable that the effect of 
piceatannol on these bacteria is bacteriostatic rather than bacteri-
cidal. These results also support the possibility that static bacteria in 
seeds are transmitted to seedlings during the germination process, 
in which the bacteria are not exposed to defense compounds such 
as	piceatannol.	As	a	consequence,	these	bacteria	may	be	able	to	es-
tablish colonies from the seedlings on the plates. In other words, 
bacteria capable of enduring a high concentration of piceatannol and 
high osmotic pressure can survive in seeds.

We	also	explored	the	biocatalytic	potential	of	the	isolated	bac-
teria to convert resveratrol and piceatannol. No isolated bacteria as-
similated resveratrol or piceatannol, but strains PE11- 1, PE28- 2, and 
PE28- 13 utilized 4- hydroxybenzoic acid as a carbon source (Table 3). 
In addition, interestingly, Brevibacterium sp. PE28- 2 hydroxylated 
resveratrol	 to	piceatannol	 (Figures	3	and	A3).	Strain	PE28-	2	 is	 the	
first endophyte shown to produce piceatannol, although several 
bacteria isolated from soils reportedly exhibit such activity (Furuya 
et	al.,	2019).	 It	 is	 conceivable	 that	 this	bacterium	evolved	 its	met-
abolic system due to exposure to aromatic compounds such as 
resveratrol and piceatannol in seeds and other environments. The 
resveratrol- hydroxylating activity of strain PE28- 2 was induced 
when the bacteria were cultivated on 4- hydroxyphenylacetic acid 
(Figure	3),	which	is	reportedly	contained	in	many	plants	(Kindl,	1969).	
Thus, 4- hydroxyphenylacetic acid or its analogs present in P. edulis 
might	induce	the	hydroxylation	activity	in	situ.	We	also	found	that	
glucose- grown PE28- 2 cells converted resveratrol and piceatannol 
to their novel respective derivatives, which have a modification cor-
responding to m/z = 88.0 (e.g., C3H4O3)	 (Figures	3,	4,	A2	and	A4).	
Because	attempts	 to	 identify	 the	products	were	unsuccessful	due	
to low yield, further examinations of reaction conditions are needed 
to enhance the production of these compounds. Brevibacterium sp. 
PE28- 2 could be a useful biocatalyst for the production of piceatan-
nol and novel stilbene derivatives.
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APPENDIX A

Figure	A1 Effect	of	piceatannol	on	the	growth	of	the	isolated	bacteria.	Each	bacterium	was	inoculated	into	the	LB	medium	containing	
piceatannol (0– 1.0 mM) and further cultivated at 30℃	for	2	days.	After	cultivation,	bacterial	growth	was	determined	by	measuring	the	
OD600. The average value of the culture without piceatannol was expressed as 1.0. Data are the average of three independent experiments, 
and error bars indicate the standard deviation of the mean
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Figure	A2 LC-	MS	analysis	of	the	reaction	product	formed	from	resveratrol	by	Brevibacterium	sp.	PE28-	2.	LC-	MS	spectrum	for	peak	2	in	
Figure 3 is shown. The reaction product (m/z = 315.1) was identified as a resveratrol derivative with a modification (m/z = 88.0) on the 
resveratrol moiety (m/z = 227.1)

Figure	A3 UV-	visible	absorption	analysis	of	the	reaction	product	formed	from	resveratrol	by	Brevibacterium sp. PE28- 2. The UV- visible 
absorption spectrum for peak 3 in Figure 3 is shown in (a). The spectrum coincided with that of an authentic sample of piceatannol (b)



    |  13 of 13ISHIDA AnD FURUYA

Figure	A4 LC-	MS	analysis	of	the	reaction	product	formed	from	piceatannol	by	Brevibacterium	sp.	PE28-	2.	LC-	MS	spectrum	for	peak	4	in	
Figure 4 is shown. The reaction product (m/z = 331.1) was identified as a piceatannol derivative with a modification (m/z = 88.0) on the 
piceatannol moiety (m/z = 243.1)


