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The research has been conducted on the isolation of antimicrobial compounds from plant natural ex-
tracts and their potential application in oral health care products. This study aimed to investigate
the antimicrobial mechanism by analyzing the changes in gene expression of Streptococcus mutans,
a major oral pathogen, in response to complex compounds extracted from Aralia continentalis and
Arctii Semen using organic solvents. Transcriptome analysis (RNA-seq) revealed that both natural
extracts commonly upregulated or downregulated the expression of various genes associated with differ-
ent metabolic and physiological activities. Three genes (SMU_1584c, SMU_2133¢c, SMU_921), partic-
ularly SMU 921 (rcrR), known as a transcription activator of two sugar phosphotransferase systems
(PTS) involved in sugar transport and biofilm formation, exhibited consistent high expression levels.
Additionally, component analysis of the 4. continentalis extract was performed to compare its effects
on gene expression changes with the A. Semen extract, and two active compounds were identified
through gas chromatography-mass spectrometry (GC-MS) analysis of the active fraction. The n-hexane
fraction (ACEH) from the A. continentalis extract exhibited antibacterial specificity against S. mutans,
leading to a significant reduction in the viable cell counts of Streptococcus sanguinis and Streptococcus
gordonii among the tested multi-species bacterial communities. These findings suggest the broad-spec-
trum antibacterial activity of the A. continentalis extract and provide essential foundational data for
the development of customized antimicrobial materials by elucidating the antibacterial mechanism

of the identified active compounds.
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Fig. 1. Transcriptome analysis of S. mutans when exposed to plant extracts. Differentially expressed genes (DGEs) in each con-
dition, with a log, fold change greater than 1 or less than -1 (p<0.05) were identified and grouped. (A) A Venn diagram
displays the upregulated genes (top) and downregulated genes (bottom) when cells are treated with each extract, with
the number of included genes indicated inside each area. (B) A heatmap shows the log, value of differentially expressed
genes compared to the untreated sample, with hierarchical clustering results represented on the left side of the heatmap.
The red or green color on the individual genes indicate increased or decreased gene expression, respectively, corresponding

to the fold change.
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Table 1. Differentially expressed genes (DEGs) of S. mutans treated with A. Semen extract

Fold change

Gene Locus (log> scale) p value Annotation

SMU 1584c NC _004350.2:1512916-1514686 4.1293 0.00005 putative 67 kDa myosin-crossreactive
streptococcal antigen homolog

SMU 2133c NC_004350.2:1998007-2000512 2.75807 0.00005 putative membrane protein

SMU 921 NC_004350.2:874589-875024 2.35713 0.00005 putative transcriptional regulator

SMU _r15 NC_004350.2:1876785-1878337 2.02291 0.00005 16S ribosomal RNA

SMU r01 NC_004350.2:16876-18428 1.97851 0.00005 16S ribosomal RNA

SMU _r04 NC_004350.2:185748-187300 1.91182 0.00005 16S ribosomal RNA

SMU_1803¢ NC_004350.2:1703515-1704133 1.90786 0.00005 hypothetical protein

SMU ri2 NC_004350.2:1687508-1689060 1.87994 0.00005 16S ribosomal RNA

SMU _r09 NC_004350.2:1659206-1660758 1.87889 0.00005 16S ribosomal RNA

SMU 515 NC_004350.2:482276-484052 1.61242 0.00005 putative 67 kDa myosin-crossreactive
streptococcal antigen

SMU_503c NC_004350.2:472725-473361 1.25273 0.00175 hypothetical protein

SMU 940c, NC_004350.2:891631-892598 1.18516 0.00005 putative hemolysin III and conserved

SMU 941c hypothetical protein

SMU 1345¢ NC 004350.2:1285659-1287561 1.09091 0.00005 putative peptide synthetase similar to
MycA

SMU r1l NC_004350.2:1684219-1687120 1.01659 0.00005 23S ribosomal RNA

SMU r02 NC_004350.2:18816-21717 1.01239 0.00005 23S ribosomal RNA

SMU _r08 NC_004350.2:1655917-1658818 1.01176 0.0002 23S ribosomal RNA

SMU ri4 NC_004350.2:1873496-1876397 1.00909 0.00015 23S ribosomal RNA

SMU _1013c¢ NC_004350.2:967980-969384 -1.02602 0.0009 putative Mg2+/citrate transporter

SMU_264 NC_004350.2:254668-255778 -1.03215 0.0006 conserved hypothetical protein

mreC NC _004350.2:23654-24464 -1.05239 0.00005 putative cell shape-determining protein
MreC

gid NC 004350.2:949331-950666 -1.21272 0.00005 putative glucose-inhibited division protein

clpB NC_004350.2:1354927-1357510 -1.22872 0.0001 putative Clp proteinase ClpB

otcA NC _004350.2:252183-253203 -1.26958 0.0004 putative ornithine carbamoyltransferase

SMU 179 NC _004350.2:175432-176035 -1.27458 0.0001 conserved hypothetical protein

SMU_191c NC_004350.2:192028-193192 -1.31722 0.0017 putative integrase

SMU 575¢ NC 004350.2:537855-538323 -1.40697 0.0034 putative membrane protein

pdhD NC _004350.2:1353361-1354699 -1.47877 0.00035 putative dihydrolipoamide dehydrogenase

mtlA1 NC _004350.2:1125350-1127060 -2.49764 0.00005 PTS system (mannitol-specific enzyme
IIBC component)

SMU 1898, NC_004350.2:1784880-1786489 -3.74266 0.00005 putative ABC transporter

SMU 1899

ZF 1970 9] fraction T 4709] fraction®| Al S &<
Y. FEAEY FEE =017 98l Yl 719 fraction
S E&% 5, tA silica gel columnolA 7 &
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Mool ox
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ol Uehde S Eelsta AAlstslen, TLCol A4
ato] &lsk A thFig. 20). & 1271¢] £8& o] 838t &
T B4e AT 29 11 EYoA g Fgo] #F
= A TH(Fig. 2D).
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Table 2. Differentially expressed genes (DEGs) of S. mutans treated with A. continentalis extract

Fold change

Gene Locus (log> scale) p value Annotation
SMU 1584c¢ NC 004350.2:1512916-1514686 6.03165 0.00005  putative 67 kDa myosin-crossreactive
streptococcal antigen homolog
SMU 2133c NC_004350.2:1998007-2000512 4.51131 0.00005 putative membrane protein
SMU 921 NC_004350.2:874589-875024 3.21072 0.00005 putative transcriptional regulator
copA, copY NC 004350.2:397151-399820 2.67968 0.00005  copper-transporting ATPase; P-type ATPase
and negative transcriptional regulator
SMU 1027 NC_004350.2:977807-978446 2.62798 0.00010  putative transcription regulator
SMU 922, NC 004350.2:875027-878574 2.28909 0.00005  putative ABC transporter and ATP-binding
SMU 923 protein
SMU 2057¢ NC_004350.2:1930286-1932146 2.19506 0.00005 putative cadmium-transporting ATPase;
P-type ATPase
SMU 515 NC_004350.2:482276-484052 2.12178 0.00005 putative 67 kDa myosin-crossreactive
streptococcal antigen
SMU 2027 NC_004350.2:1895651-1896338 1.92677 0.00005  putative transcriptional regulator
SMU_1028 NC_004350.2:978481-979516 1.87034 0.00005  putative hydrolase or acyltransferase
SMU 29 NC_004350.2:31866-32574 1.84657 0.00005  putative phosphoribosylaminoimidazole-
succinocarboxamide synthase SAICAR
synthetase
SMU _438¢ NC_004350.2:407738-412040 1.80782 0.00005  putative (R)-2-hydroxyglutaryl-CoA
dehydratase activator-related protein
scrd NC_004350.2:1739207-1741202 1.8005 0.00005  putative PTS system, sucrose-specific [IABC
component
SMU _r04 NC_004350.2:185748-187300 1.55396 0.00005  16S ribosomal RNA
scnR NC_004350.2:1713700-1714399 1.53977 0.00005 putative response regulator; ScnR homolog
SMU_r09 NC_004350.2:1659206-1660758 1.53224 0.00005  16S ribosomal RNA
SMU 2134 NC 004350.2:2000643-2001198 1.50448 0.00040  putative transcriptional regulator
SMU ri2 NC_004350.2:1687508-1689060 1.49917 0.00005  16S ribosomal RNA
SMU r01 NC_004350.2:16876-18428 1.48976 0.00005  16S ribosomal RNA
SMU 1788c¢ NC_004350.2:1694784-1695132 1.44605 0.00005  putative bacterocin transport accessory
protein, Bta
SMU ri5 NC_004350.2:1876785-1878337 1.43193 0.00005  16S ribosomal RNA
SMU 1243 NC 004350.2:1181477-1182548 1.42871 0.00005 putative low temperature requirement A
protein
fthS NC_004350.2:1016004-1017675 1.40291 0.00005  putative formyl-tetrahydrofolate synthetase
SMU 1577¢ NC_004350.2:1505190-1508940 1.32496 0.00005  conserved hypothetical protein
SMU_1803c¢ NC_004350.2:1703515-1704133 1.32133 0.00010  hypothetical protein
SMU 658 NC 004350.2:617510-618350 1.31883 0.00030  conserved hypothetical protein
hrcA NC_004350.2:83651-84686 1.2849 0.00005  transcriptional regulator; repressor (HrcA) of
class I heat shock genes
SMU 1511c NC _004350.2:1437639-1438161 1.26759 0.00005 putative acetyltransferase
syfA NC_004350.2:1438233-1439277 1.25272 0.00005 putative phenylalanyl-tRNA synthetase
(alpha subunit)
SMU 911c NC_004350.2:868626-869136 1.24034 0.00005  hypothetical protein
SMU 1854, NC_004350.2:1753460-1754545 1.23441 0.00005  conserved hypothetical proteins
SMU_1855
groES NC 004350.2:1834943-1835231 1.22734 0.00005  putative co-chaperonin GroES
SMU_609 NC_004350.2:567243-569079 1.22012 0.00020  putative 40K cell wall protein precursor
SMU 1704, NC_004350.2:1615454-1617188 1.17559 0.00005  conserved hypothetical proteins
SMU_1705,
SMU_1706
malR NC 004350.2:1491976-1492996 1.16822 0.00005  putative maltose operon transcriptional
repressor
SMU 237c, NC_004350.2:225476-227416 1.16019 0.00005 putative integral membrane protein and
SMU 238¢ putative ABC transporter
grpE NC_004350.2:84728-85268 1.15464 0.00005  heat shock protein GrpE
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Fold change

Gene Locus (log> scale) p value Annotation
SMU 1097c, NC 004350.2:1038785-1042469 1.14441 0.00005  putative transcriptional regulator protein,
SMU_1098c, putative oxidoreductase, choline ABC
opuBa, opuBc transporter and choline ABC transporter
pacL NC_004350.2:1485020-1487813 1.10747 0.00005 putative cation-transporting P-type ATPase
ginR NC_004350.2:341142-341514 1.10148 0.00005 transcriptional regulator; glutamine
synthetase repressor
SMU_1296 NC_004350.2:1222268-1223060 1.07959 0.00005  putative glutathione S-transferase
SMU_1602 NC_004350.2:1533195-1533861 1.07208 0.00005  putative NAD(P)H-flavin oxidoreductase
hisS NC_004350.2:1974219-1975509 1.04411 0.00005  histidyl-tRNA synthetase
SMU_840c NC_004350.2:791321-791768 1.03587 0.00055  hypothetical protein
senK NC_004350.2:1712303-1713683 1.0214 0.00005 putative histidine kinase, ScnK homolog
SMU 1040c NC_004350.2:988406-989162 1.01566 0.00010  putative oxidoreductase, short-chain
dehydrogenase/reductase
SMU_1707¢ NC_004350.2:1617366-1617915 -1.00556 0.00045  putative rRNA methylase
ftsL NC_004350.2:422411-422735 -1.01546 0.00125  putative cell division protein
SMU_1286¢ NC_004350.2:1212773-1213952 -1.01608 0.00020  putative permease; multidrug efflux protein
SMU 951 NC 004350.2:900228-901605 -1.01772 0.00005  putative amino acid permease
SMU 346 NC 004350.2:325539-326157 -1.02958 0.00030  putative NADH dehydrogenase; NAD(P)H
nitroreductase
SMU 591c NC_004350.2:550026-551145 -1.05511 0.00035  hypothetical protein
comX1 NC_004350.2:1872020-1872503 -1.07745 0.00300  putative ComX1, transcriptional regulator of
competence-specific genes
SMU 417 NC _004350.2:390361-390853 -1.09436 0.00035  conserved hypothetical protein
SMU 179 NC _004350.2:175432-176035 -1.10509 0.00035  conserved hypothetical protein
SMU 71 NC_004350.2:71522-72872 -1.10874 0.00005  putative cation efflux pump
SMU _1167¢ NC_004350.2:1107322-1108024 -1.17029 0.00165  putative ABC transporter
arcC NC 004350.2:255809-256760 -1.19207 0.00015  putative carbamate kinase
SMU 1139c¢ NC 004350.2:1080036-1081347 -1.19563 0.00005  conserved hypothetical protein; possible
methylase
SMU 308 NC_004350.2:295181-295982 -1.19596 0.00220  sorbitol-6-phosphate 2-dehydrogenase
SMU 1938¢ NC_004350.2:1816573-1817263 -1.19755 0.00010  putative ABC transporter, permease protein
glrd NC_004350.2:984161-985043 -1.20842 0.00275 putative ABC transporter, ATP-binding
protein
pdhD NC _004350.2:1353361-1354699 -1.22526 0.00080  putative dihydrolipoamide dehydrogenase
SMU 196¢ NC_004350.2:193952-195050 -1.2514 0.00085 putative transfer protein
SMU_191c NC_004350.2:192028-193192 -1.31433 0.00130 putative integrase
SMU 1280c¢ NC 004350.2:1210027-1211146 -1.34008 0.00105  conserved hypothetical protein
SMU 1898, NC_004350.2:1784880-1786489 -1.34054 0.00015  putative ABC transporter
SMU_1899
SMU 263 NC_004350.2:253300-254659 -1.35534 0.00030  putative amino acid antiporter
SMU 1939, NC _004350.2:1817264-1819695 -1.35553 0.00005 putative ABC transporter and putative
SMU _1940c peptidase
SMU 1317¢ NC_004350.2:1243079-1243307 -1.37905 0.00280  hypothetical protein
SMU 264 NC_004350.2:254668-255778 -1.46919 0.00005  conserved hypothetical protein
trpE trpG NC_004350.2:498453-500375 -1.46952 0.00005  putative anthranilate synthase
mreC NC 004350.2:23654-24464 -1.49343 0.00005  putative cell shape-determining protein MreC
dinF NC_004350.2:121343-122672 -1.60804 0.00005  putative DinF; possible cation efflux pump
otcA NC_004350.2:252183-253203 -1.65214 0.00010  putative ornithine carbamoyltransferase
SMU 1552c, NC_004350.2:1478104-1478654 -1.6901 0.00305  hypothetical proteins
SMU_1553¢
SMU_1348¢ NC_004350.2:1290631-1291333 -2.07315 0.00005  putative ABC transporter
SMU_1366¢ NC_004350.2:1299661-1300363 -2.11833 0.00005  putative ABC transporter
SMU 531 NC_004350.2:498133-498445 -2.27256 0.00005 putative chorismate mutase
mtlAl NC_004350.2:1125350-1127060 -3.0076 0.00005  PTS system (mannitol-specific enzyme 1IBC

component)
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Fig. 2. (A) The antibacterial effect of the individual layers was
tested by disc diffusion assay. The organic solvents used
for chromatography of 4. continentalis represent are pre-
sented as follows: E for ethanol; Hex for hexane; Chl for

H1234567809101112131415 chloroform; EA for ethyl acetate; BuOH for butanol. H,O

D and DMSO were used as a control. (B) A total of 15 frac-

tions were separated from the ACEH layer using silica

gel and chromatographed on a Thin Layer Chromatography

(TLC) plate. (C) Confirmation of the separation and purifi-

cation of the active layers using a W252 column was made

through TLC. (D) The antibacterial activity of the three

fractions was confirmed following separation through a

W252 column.
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Fig. 3. (A) The substances in each fraction were profiled at a wavelength of 220 nm using Ultra Performance Liquid
Chromatography (UPLC). (B) The major substances comprising the fraction with antibacterial activity against S. mutans
were identified based on GC-MS spectral matching against a reference database.
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Fig. 4. (A) After treating the three strains with the ACEH fraction, the number of viable cells was measured by colony-forming
units (CFU) assay and compared with the number of viable cells in the absence of ACEH. *, statistical significance
was determined by the ANOVA analysis at p<0.05. (B) To measure each strain in the mixed culture, 16s rRNA-specific
oligomers were synthesized and confirmed by PCR amplification with S. mutans genomic DNA as a template. (C) The
ratio of viable cell counts for each strain in the mixed culture was analyzed in the absence or presence of ACEH.
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