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Abstract
This study selected 10 plant extracts with strong antibacterial activity to in-
vestigate their in vitro antibacterial effects against chicken-derived pathogenic
bacteria (avian Escherichia coli and avian Salmonella), and to screen three plant
extracts with strong antibacterial activity against each pathogen, which were
then combined at different ratios to obtain composite plant extracts with en-
hanced antibacterial activity. The study consisted of two experiments. Exper-
iment 1: A total of 11 groups were established, including thyme essential oil,
oregano essential oil, cinnamon essential oil, garlic oil, Scutellaria baicalensis
flavonoids, bamboo leaf flavonoids, Astragalus polysaccharides, berberine, ma-
trine, chlorogenic acid, and a chlortetracycline group (positive control), with
six replicates per group. The Oxford cup method was employed to determine
the antibacterial activity of the plant extracts against E. coli and Salmonella.
Experiment 2: Based on the results of Experiment 1, three plant extracts with
superior antibacterial activity against E. coli—cinnamon essential oil, matrine,
and chlorogenic acid—were selected and combined pairwise or as a three-extract
mixture at different concentration ratios. The Oxford cup method was used
to determine the antibacterial activity of the composites against E. coli, with
control groups of the three single plant extracts at corresponding concentra-
tions established, totaling 20 groups with six replicates per group. Three plant
extracts with superior antibacterial activity against Salmonella—bamboo leaf
flavonoids, Scutellaria baicalensis flavonoids, and cinnamon essential oil—were
selected, and the Oxford cup method was used to determine the antibacterial
activity of composites at different concentration ratios and single plant extracts
at corresponding concentrations (control groups) against Salmonella, totaling 17
groups with six replicates per group. Based on these results, the antibacterial ef-
fects of bamboo leaf flavonoids and cinnamon essential oil combined at different
concentration ratios against Salmonella were investigated to screen for the opti-
mal combination ratio, with 15 groups and six replicates per group. The results
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demonstrated that five plant extracts exhibited antibacterial activity against E.
coli, with the antibacterial activity in descending order being cinnamon essen-
tial oil, matrine, chlorogenic acid, thyme essential oil, and oregano essential oil.
Eight plant extracts exhibited antibacterial activity against Salmonella, with the
antibacterial activity in descending order being bamboo leaf flavonoids, Scutel-
laria baicalensis flavonoids, cinnamon essential oil, matrine, chlorogenic acid,
oregano essential oil, thyme essential oil, and garlic oil. Compared with the
cinnamon essential oil control group, pairwise or three-extract combinations of
cinnamon essential oil, matrine, and chlorogenic acid could not significantly en-
hance the antibacterial activity against E. coli (P > 0.05). The combination
of bamboo leaf flavonoids and cinnamon essential oil significantly enhanced
the antibacterial activity against Salmonella, with the maximum antibacterial
effect achieved at a concentration ratio of 25:150 (1:6) (P < 0.05). In conclu-
sion, among the 10 plant extracts, the three with superior antibacterial activity
against E. coli were cinnamon essential oil, matrine, and chlorogenic acid, but
the antibacterial activity of the composite of these three plant extracts was not
greater than that of cinnamon essential oil alone. The three plant extracts with
superior antibacterial activity against Salmonella were bamboo leaf flavonoids,
Scutellaria baicalensis flavonoids, and cinnamon essential oil. The combination
of bamboo leaf flavonoids and cinnamon essential oil enhanced the antibacte-
rial effect, and the antibacterial activity against Salmonella was maximal at a
combination ratio of 1:6.

Full Text
Bacteriostatic Effects of Plant Extracts and Their Com-
pounds on Chicken-Derived Pathogenic Bacteria In Vitro
ZHAO Lulu, LIAO Xiudong, ZHANG Liyang, LUO Xugang, LYU
Lin*

(Institute of Animal Sciences, Chinese Academy of Agricultural Sciences, Beijing
100193, China)

Abstract

This study investigated the in vitro bacteriostatic effects of ten plant extracts
with reported antimicrobial activity against chicken-derived pathogenic bacte-
ria (Escherichia coli and Salmonella), and evaluated compounded formulations
to identify synergistic combinations. The research comprised two experiments.
Experiment 1 included eleven groups: thyme oil, oregano essential oil, cinnamon
essential oil, garlic oil, skullcap flavonoids, bamboo leaf flavonoids, astragalus
polysaccharides, berberine, matrine, chlorogenic acid, and aureomycin (positive
control), with six replicates per group. The Oxford cup method was used to
determine inhibition zones.

Experiment 2 selected the three most effective extracts against each pathogen
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for combination studies. For E. coli, cinnamon essential oil, matrine, and
chlorogenic acid were combined at various ratios; for Salmonella, bamboo leaf
flavonoids, skullcap flavonoids, and cinnamon essential oil were tested similarly.
All combinations were evaluated against single-extract controls using the Ox-
ford cup method, with 20 and 17 treatment groups respectively (six replicates
each). Additional optimization focused on bamboo leaf flavonoids combined
with cinnamon essential oil at 15 different ratios.

Results showed that five extracts inhibited E. coli, with efficacy decreasing in
order: cinnamon essential oil > matrine > chlorogenic acid > thyme oil >
oregano oil. Eight extracts inhibited Salmonella, with efficacy decreasing in
order: bamboo leaf flavonoids > skullcap flavonoids > cinnamon essential oil >
matrine > chlorogenic acid > oregano oil > thyme oil > garlic oil. Compounds
of cinnamon essential oil, matrine, and chlorogenic acid did not significantly en-
hance anti-E. coli activity compared to cinnamon essential oil alone (P > 0.05).
However, bamboo leaf flavonoids combined with cinnamon essential oil signif-
icantly improved anti-Salmonella activity (P < 0.05), with maximal effect at
a 25:150 (1:6) concentration ratio. In conclusion, while cinnamon essential oil,
matrine, and chlorogenic acid were most effective against E. coli, their combina-
tions were not superior to cinnamon essential oil alone. For Salmonella, bamboo
leaf flavonoids, skullcap flavonoids, and cinnamon essential oil were most effec-
tive, with the bamboo leaf flavonoids-cinnamon essential oil combination (1:6)
showing the strongest synergistic bacteriostatic effect.

Keywords: plant extracts; Escherichia coli; Salmonella; bacteriostatic effects

Introduction

Bacterial diseases account for 30–40% of chicken illnesses, with increasing inci-
dence. Among these, colibacillosis and salmonellosis are the most severe, caus-
ing high morbidity and mortality that significantly impact the poultry industry
[1]. Current control relies heavily on antibiotics, but long-term, large-scale an-
tibiotic use has led to growing concerns about drug resistance and food safety.
Therefore, developing feed additives with high antimicrobial activity, low toxic-
ity, minimal residues, and broad-spectrum effects is urgently needed to control
and prevent polymicrobial infections in broilers.

Plant extracts are active components extracted from plants using physical, chem-
ical, or biological methods. They offer stable composition, defined components,
and measurable content with minimal toxic side effects for animals and humans.
Plant extracts possess antimicrobial and antioxidant functions that improve in-
testinal health and immune function. Their safety, efficacy, stability, and con-
trollability have attracted widespread attention in animal production [2]. Com-
monly studied natural plant extracts include saponins, alkaloids, polysaccha-
rides, tea polyphenols, flavonoids, and volatile oils (essential oils) [3]. Approved
feed additives in China include saccharicterpenin, alfalfa extract, eucommia leaf
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extract, soy isoflavones, and perilla seed extract. Beyond immunomodulation,
plant extracts can directly affect pathogenic microorganisms. Studies show that
plant volatile oils, flavonoids, and polysaccharides can inhibit chicken-derived
pathogens in vitro [4–11]. Reported plant extracts with strong antimicrobial ac-
tivity include thyme oil, oregano oil, cinnamon essential oil, garlic oil, skullcap
flavonoids, bamboo leaf flavonoids, astragalus polysaccharides, berberine, and
matrine.

While many studies report on individual plant extracts against various
pathogens, inconsistent experimental conditions, extract sources, bacterial
strains, and methodologies yield varying results. Systematic research on
plant extracts against chicken-derived pathogens is limited, and studies on
compounded plant extracts are particularly scarce. This study selected ten
plant extracts with reported strong in vivo and in vitro antimicrobial activity
to evaluate their effects against chicken-derived E. coli and Salmonella, identify
the three most effective extracts for each pathogen, and develop superior
compounded formulations. This work provides a scientific basis for subsequent
in vivo efficacy trials and development of antibiotic alternatives to inhibit
pathogen growth, improve immunity, and prevent disease in chickens.

1.1 Experimental Materials

Plant extracts: Thyme oil (100% purity) from Shanghai Huien International
Trade Co., Ltd.; oregano oil (100% purity) from Ji’an Shenghai Natural Plant
Oil Co., Ltd.; cinnamon essential oil (100% purity) from Ji’an Shenghai Natural
Plant Oil Co., Ltd.; garlic oil (100% purity) from Shanghai Shuangyuan Garlic
Oil Co., Ltd.; skullcap flavonoids (80% purity) from Shaanxi Fusen Biotech-
nology Co., Ltd.; bamboo leaf flavonoids (40% purity) from Zhejiang Shengshi
Biotechnology Co., Ltd.; astragalus polysaccharides (50% purity) from Chengdu
Jintaihe Medical Chemistry Technology Co., Ltd.; berberine (97% purity) from
Shaanxi Senfu Biotechnology Co., Ltd.; matrine (98% purity) from Shaanxi
Fusen Biotechnology Co., Ltd.; chlorogenic acid (60% purity) from Shandong
Hebentang Biotechnology Co., Ltd.

Bacterial strains: Chicken E. coli (CVCC 1569) and Salmonella pullorum
(CVCC 79301) were purchased from the China Veterinary Culture Collection
Center.

Reagents: Peptone (biochemical reagent, Beijing Aoboxing Biotechnology Co.,
Ltd.), beef extract (biochemical reagent, Beijing Aoboxing Biotechnology Co.,
Ltd.), agar powder (biochemical reagent, Beijing Aoboxing Biotechnology Co.,
Ltd.), sodium chloride (analytical pure, Sinopharm Chemical Reagent Co., Ltd.),
Mueller-Hinton (MH) medium (biochemical reagent, Beijing Aoboxing Biotech-
nology Co., Ltd.), and aureomycin hydrochloride [USP grade, Shanghai Aladdin
Biochemical Technology Co., Ltd.].
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Instruments: YT-CJ-1N clean bench (Beijing Yatai Kelong Instrument
Technology Co., Ltd.), water-jacketed electric constant temperature incubator
(Shanghai Yuejin Medical Instrument Factory), and vertical pressure steam
sterilizer (Shanghai Boxun Industrial Co., Ltd.).

1.2.1 Bacteriostatic Effects of Plant Extracts on E. coli and
Salmonella

Eleven groups were established: thyme oil, oregano essential oil, cinnamon es-
sential oil, garlic oil, skullcap flavonoids, bamboo leaf flavonoids, astragalus
polysaccharides, berberine, matrine, chlorogenic acid, and aureomycin (positive
control), with six replicates per group. Extract concentrations were determined
based on solubility and concentration-dependent antibacterial activity.

The Oxford cup method was used to measure inhibition zone diameters [7].
Bacterial suspensions were diluted to 106 CFU/mL with sterile saline, and 200
µL was evenly spread on MH agar plates. Oxford cups were placed vertically on
the medium (four per 9 cm plate) and pressed gently to ensure contact. Three
cups received 100 µL plant extract solution (technical replicates), while one
received saline as a blank control. Plates were incubated at 37 °C for 24 h, and
inhibition zone diameters were measured with vernier calipers.

1.2.2 Bacteriostatic Effects of Plant Extract Compounds on E. coli
and Salmonella

Compounds against E. coli: A single-factor completely randomized design
was employed. Based on individual extract efficacy, cinnamon essential oil,
matrine, and chlorogenic acid were selected for combination studies. Since cin-
namon essential oil showed significantly superior activity against E. coli, its con-
centration was fixed at 25 mg/mL (effective yet low concentration). Matrine
and chlorogenic acid concentrations were set based on solubility (matrine satu-
ration: 50 mg/mL; chlorogenic acid saturation: 200 mg/mL) and concentration-
dependent effects (Table 1 ).

Treatment groups included: cinnamon essential oil (25 mg/mL), matrine (25
and 50 mg/mL), and chlorogenic acid (50, 100, and 200 mg/mL) as controls.
Compound ratios were: cinnamon:matrine at 1:1 (25:25) and 1:2 (25:50); cinna-
mon:chlorogenic acid at 1:1 (25:25), 1:2 (25:50), 1:4 (25:100), and 1:8 (25:200);
and cinnamon:matrine:chlorogenic acid at 1:1:1 (25:25:25), 1:1:2 (25:25:50), 1:1:4
(25:25:100), 1:1:8 (25:25:200), 1:2:1 (25:50:25), 1:2:2 (25:50:50), 1:2:4 (25:50:100),
and 1:2:8 (25:50:200). Twenty groups total, six replicates each.

Compounds against Salmonella: A similar design was used. Bamboo leaf
flavonoids, skullcap flavonoids, and cinnamon essential oil were selected. Bam-
boo leaf flavonoids showed superior activity, so its concentration was fixed at 25
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mg/mL. Other concentrations were based on skullcap flavonoids solubility (50
mg/mL saturation) and dose-response effects (Table 2 ).

Control groups: bamboo leaf flavonoids (25 mg/mL), skullcap flavonoids (25 and
50 mg/mL), and cinnamon essential oil (25, 50, and 100 mg/mL). Compound ra-
tios: bamboo leaf:skullcap at 1:1 (25:25) and 1:2 (25:50); bamboo leaf:cinnamon
at 1:1 (25:25), 1:2 (25:50), and 1:4 (25:100); and bamboo leaf:skullcap:cinnamon
at 1:1:1 (25:25:25), 1:1:2 (25:25:50), 1:1:4 (25:25:100), 1:2:1 (25:50:25), 1:2:2
(25:50:50), and 1:2:4 (25:50:100). Seventeen groups total, six replicates each.

Additional optimization of bamboo leaf flavonoids and cinnamon essential oil
evaluated ratios from 1:4 to 1:10. Controls included bamboo leaf flavonoids
(25 mg/mL) and cinnamon essential oil (100, 125, 150, 175, 200, 225, and 250
mg/mL). Compound ratios: 1:4 (25:100), 1:5 (25:125), 1:6 (25:150), 1:7 (25:175),
1:8 (25:200), 1:9 (25:225), and 1:10 (25:250). Fifteen groups total, six replicates
each.

1.2.3 Preparation of Plant Extract and Antibiotic Solutions

Based on active ingredient content, extracts and aureomycin hydrochloride were
diluted with Tween-80 or sterile water. Thyme oil [12], oregano oil [13], cinna-
mon oil [14], and garlic oil were diluted with 2% Tween-80. Skullcap flavonoids
[15], bamboo leaf flavonoids [16], astragalus polysaccharides [17], berberine [18],
chlorogenic acid [19], matrine [20], and aureomycin hydrochloride were diluted
with sterile water.

1.2.4 Culture Medium Preparation

Mueller-Hinton (MH) medium was used for antimicrobial susceptibility testing
[21–22]. Nutrient broth and nutrient agar were used for bacterial culture and
enumeration [23].

1.2.5 Preparation of Test Bacterial Suspensions

Bacterial suspensions were prepared following the method of Cheng et al. [4].

1.2.6 Statistical Analysis

Data were analyzed using SAS 9.0 software. Analysis of variance was performed
using the General Linear Model (GLM) procedure. Significant differences among
means were determined using the Least Significant Difference (LSD) test. P <
0.05 was considered statistically significant.
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Results

Table 1 shows inhibition zone diameters of ten plant extracts against E. coli.
Cinnamon essential oil, matrine, chlorogenic acid, thyme oil, and oregano oil
exhibited antibacterial activity, with zone diameters increasing with concentra-
tion. Garlic oil, bamboo leaf flavonoids, skullcap flavonoids, berberine, and
astragalus polysaccharides showed no activity. At equivalent concentrations,
efficacy ranked: cinnamon essential oil > matrine > chlorogenic acid > thyme
oil > oregano oil.

Table 1. Inhibition zone diameters of plant extracts on Escherichia
coli (mm)

Items Different concentrations (mg/mL)
Thyme oil [data]
Oregano essential oil [data]
Chlorogenic acid [data]
Cinnamon essential oil [data]
Matrine [data]
Aureomycin [data]

No inhibition zones were observed for garlic oil, bamboo leaf flavonoids, skullcap
flavonoids, berberine, or astragalus polysaccharides.

Table 2 shows inhibition zones against Salmonella. Bamboo leaf flavonoids,
skullcap flavonoids, cinnamon essential oil, matrine, chlorogenic acid, oregano
oil, thyme oil, and garlic oil showed activity, with zones increasing with con-
centration. Berberine and astragalus polysaccharides were inactive. Efficacy
ranked: bamboo leaf flavonoids > skullcap flavonoids > cinnamon essential oil
> matrine > chlorogenic acid > oregano oil > thyme oil > garlic oil.

Table 2. Inhibition zone diameters of plant extracts on Salmonella
(mm)

Items Different concentrations (mg/mL)
Thyme oil [data]
Oregano essential oil [data]
Garlic oil [data]
Chlorogenic acid [data]
Cinnamon essential oil [data]
Skullcap flavonoids [data]
Matrine [data]
Bamboo leaf flavonoids [data]
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Items Different concentrations (mg/mL)
Aureomycin [data]

No inhibition zones were observed for berberine or astragalus polysaccharides.

2.2 Bacteriostatic Effects of Plant Extract Compounds

Table 3 shows compounds of cinnamon essential oil, matrine, and chlorogenic
acid against E. coli. All compounds were significantly more effective than ma-
trine or chlorogenic acid alone (P < 0.05). Except for cinnamon:matrine (25:50)
and cinnamon:matrine:chlorogenic acid (25:50:50), all compounds were signifi-
cantly less effective than cinnamon essential oil alone (P < 0.05).

Table 3. Bacteriostatic effects of plant extract compounds on Es-
cherichia coli (n = 6)

Items Concentration (mg/mL) or ratio Inhibition zone diameter (mm)
Cinnamon
essen-
tial oil
(con-
trol)

25 19.31a

Matrine
(con-
trol)

25 8.62k

Matrine
(con-
trol)

50 12.33i

Chlorogenic
acid
(con-
trol)

50 8.57k

Chlorogenic
acid
(con-
trol)

100 9.32k

Chlorogenic
acid
(con-
trol)

200 10.70j

Cinnamon:matrine
(1:1)

25:25 16.28bcd
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Items Concentration (mg/mL) or ratio Inhibition zone diameter (mm)
Cinnamon:matrine
(1:2)

25:50 19.80a

Cinnamon:chlorogenic
acid
(1:1)

25:25 14.07h

Cinnamon:chlorogenic
acid
(1:2)

25:50 14.22gh

Cinnamon:chlorogenic
acid
(1:4)

25:100 15.44def

Cinnamon:chlorogenic
acid
(1:8)

25:200 16.66bc

Cinnamon:matrine:chlorogenic
acid
(1:1:1)

25:25:25 15.99cde

Cinnamon:matrine:chlorogenic
acid
(1:1:2)

25:25:50 16.67bc

Cinnamon:matrine:chlorogenic
acid
(1:1:4)

25:25:100 15.05efg

Cinnamon:matrine:chlorogenic
acid
(1:1:8)

25:25:200 14.66fgh

Cinnamon:matrine:chlorogenic
acid
(1:2:1)

25:50:25 17.11b

Cinnamon:matrine:chlorogenic
acid
(1:2:2)

25:50:50 18.84a

Cinnamon:matrine:chlorogenic
acid
(1:2:4)

25:50:100 15.11efg

Cinnamon:matrine:chlorogenic
acid
(1:2:8)

25:50:200 14.39gh

P-
value

< 0.0001

Values in the same column with different superscripts differ significantly (P <
0.05). The same applies below.
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Table 4 shows compounds of bamboo leaf flavonoids, skullcap flavonoids, and
cinnamon essential oil against Salmonella. Bamboo leaf:skullcap compounds
were significantly less effective than their respective controls (P < 0.05). Except
for bamboo leaf:cinnamon (25:25) and bamboo leaf:skullcap:cinnamon (25:25:25
and 25:50:25), all other compounds were significantly more effective than single-
extract controls (P < 0.05). Bamboo leaf:cinnamon (25:100) showed the best
activity, significantly higher than other compounds (P < 0.05).

Table 4. Bacteriostatic effects of plant extract compounds on
Salmonella (n = 6)

Items Concentration (mg/mL) or ratio Inhibition zone diameter (mm)
Bamboo
leaf
flavonoids
(con-
trol)

25 20.64e

Skullcap
flavonoids
(con-
trol)

25 18.69f

Skullcap
flavonoids
(con-
trol)

50 18.66f

Cinnamon
essen-
tial oil
(con-
trol)

25 12.20i

Cinnamon
essen-
tial oil
(con-
trol)

50 17.67f

Cinnamon
essen-
tial oil
(con-
trol)

100 21.54e

Bamboo
leaf:skullcap
(1:1)

25:25 15.98g
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Items Concentration (mg/mL) or ratio Inhibition zone diameter (mm)
Bamboo
leaf:skullcap
(1:2)

25:50 14.45h

Bamboo
leaf:cinnamon
(1:1)

25:25 21.42e

Bamboo
leaf:cinnamon
(1:2)

25:50 23.50d

Bamboo
leaf:cinnamon
(1:4)

25:100 30.08a

Bamboo
leaf:skullcap:cinnamon
(1:1:1)

25:25:25 20.48e

Bamboo
leaf:skullcap:cinnamon
(1:1:2)

25:25:50 23.66cd

Bamboo
leaf:skullcap:cinnamon
(1:1:4)

25:25:100 25.07b

Bamboo
leaf:skullcap:cinnamon
(1:2:1)

25:50:25 20.88e

Bamboo
leaf:skullcap:cinnamon
(1:2:2)

25:50:50 24.22bcd

Bamboo
leaf:skullcap:cinnamon
(1:2:4)

25:50:100 24.88bc

P-
value

< 0.0001

Optimization of bamboo leaf flavonoids and cinnamon essential oil ratios (Table
5 ) showed that antibacterial activity increased with higher cinnamon propor-
tions. The 25:150 ratio was optimal, showing no significant difference from
25:200 (P > 0.05) but significantly higher activity than other ratios (P < 0.05).
The 1:6 ratio provided the strongest anti-Salmonella effect.

Table 5. Bacteriostatic effects of bamboo leaf flavonoids and cinna-
mon essential oil compounds on Salmonella
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Items Concentration (mg/mL) or ratio Inhibition zone diameter (mm)
Bamboo
leaf
flavonoids
(con-
trol)

25 19.19j

Cinnamon
essen-
tial oil
(con-
trol)

100 21.99i

Cinnamon
essen-
tial oil
(con-
trol)

125 23.02i

Cinnamon
essen-
tial oil
(con-
trol)

150 25.18h

Cinnamon
essen-
tial oil
(con-
trol)

175 25.95gh

Cinnamon
essen-
tial oil
(con-
trol)

200 26.53g

Cinnamon
essen-
tial oil
(con-
trol)

225 26.76g

Cinnamon
essen-
tial oil
(con-
trol)

250 26.91fg

Bamboo
leaf:cinnamon
(1:4)

25:100 28.01ef
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Items Concentration (mg/mL) or ratio Inhibition zone diameter (mm)
Bamboo
leaf:cinnamon
(1:5)

25:125 28.39de

Bamboo
leaf:cinnamon
(1:6)

25:150 31.37a

Bamboo
leaf:cinnamon
(1:7)

25:175 30.14bc

Bamboo
leaf:cinnamon
(1:8)

25:200 30.72ab

Bamboo
leaf:cinnamon
(1:9)

25:225 29.47cd

Bamboo
leaf:cinnamon
(1:10)

25:250 29.81bc

P-
value

< 0.0001

3.1 Bacteriostatic Effects of Plant Extracts on E. coli and Salmonella

This study found that cinnamon essential oil, matrine, chlorogenic acid, thyme
oil, and oregano oil inhibited E. coli, while garlic oil, bamboo leaf flavonoids,
skullcap flavonoids, berberine, and astragalus polysaccharides were inactive. Nu-
merous studies confirm the anti-E. coli activity of these effective extracts. Cin-
namaldehyde in cinnamon essential oil strongly inhibits E. coli [24] by disrupting
cell membranes and impairing enzyme synthesis and metabolism [25]. Matrine
causes E. coli cell deformation, cytoplasmic shrinkage, plasmolysis, and cen-
tral cavitation leading to bacterial death [26]. Chlorogenic acid (1.0 g/L) from
honeysuckle shows clear antibacterial effects with a 25.95 mm inhibition zone
[27]. Thyme oil also inhibits E. coli with a 15.6 mm zone [28] and minimum
inhibitory concentration (MIC) of 1.12 mg/mL [12]. Wang et al. [29] reported
oregano oil’s anti-E. coli activity with an MIC of 0.125 µL/mL. These results
align with our findings. Studies also show astragalus polysaccharides have no
[30] or poor anti-E. coli activity [31]. Zhao et al. [18] found berberine has weak
activity against Gram-negative bacteria, and Li [32] observed no effect from gar-
lic oil, consistent with our results. Some studies report antibacterial activity for
bamboo leaf flavonoids [33] and skullcap flavonoids [15] against E. coli, which
we did not observe, likely due to differences in strains and extract products.
Lu et al. [34] found that bamboo species and harvest time affect antimicrobial
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activity.

Our study showed that bamboo leaf flavonoids, skullcap flavonoids, cinnamon
essential oil, matrine, chlorogenic acid, oregano oil, thyme oil, and garlic oil
inhibited Salmonella, while berberine and astragalus polysaccharides were in-
active. Limited research exists on bamboo leaf flavonoids against Salmonella,
though one study reported an 11.78 mm zone against S. paratyphi B [35]. Skull-
cap flavonoids have an MIC of 1.88 mg/mL against S. typhi [36], and cinnamon
essential oil shows activity with an MIC of 400 mg/L [37]. Han [38] found ma-
trine’s MIC against Salmonella was 0.0031 g/mL. Xu [19] reported chlorogenic
acid from honeysuckle had an MIC of 0.125 mg/mL. Thyme oil shows moderate
activity with a 16 mm zone [39], while garlic oil has strong antimicrobial effects
[40]. Lin et al. [13] reported oregano oil inhibited ten Salmonella strains with
MICs of 111–400 mg/mL. These findings match our results. Studies also confirm
berberine’s poor activity against Gram-negative bacteria [18] and astragalus
polysaccharides’inactivity [30] or weak effects [31] against Salmonella.

3.2 Bacteriostatic Effects of Plant Extract Compounds

Research indicates that plant extract combinations can enhance antimicrobial
activity. Zhang [41] found that garlic, clove, and cinnamon (8:8:1 mass ratio)
and matrine, rhubarb, and honeysuckle (5:4:8 ratio) showed stronger effects
against E. coli and Staphylococcus aureus. Mo et al. [42] reported that equal
mixtures of cinnamon, lemongrass, and patchouli oils strongly inhibited E. coli.
Lu et al. [43] confirmed that cinnamon and thyme oil combinations enhanced
activity against E. coli and Salmonella, while cinnamon and clove oil combina-
tions reduced efficacy. Some studies show antagonistic effects of cinnamon and
clove oils against E. coli but synergistic effects against Salmonella [44]. Thus,
combination efficacy depends on extract types, ratios, and target bacteria. No
previous studies have examined cinnamon essential oil, matrine, and chloro-
genic acid combinations against E. coli or cinnamon essential oil, bamboo leaf
flavonoids, and skullcap flavonoids combinations against Salmonella.

Our study found that combining cinnamon essential oil, matrine, and chloro-
genic acid (in pairs or all three) did not improve anti-E. coli activity beyond
that of cinnamon essential oil alone. However, bamboo leaf flavonoids combined
with cinnamon essential oil enhanced anti-Salmonella activity, peaking at a 1:6
ratio. The mechanisms underlying these results require further investigation.

Conclusion

1. Among ten plant extracts, five inhibited E. coli with efficacy ranking:
cinnamon essential oil > matrine > chlorogenic acid > thyme oil >
oregano oil. Garlic oil, bamboo leaf flavonoids, skullcap flavonoids,
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berberine, and astragalus polysaccharides were inactive. Eight extracts
inhibited Salmonella with efficacy ranking: bamboo leaf flavonoids >
skullcap flavonoids > cinnamon essential oil > matrine > chlorogenic
acid > oregano oil > thyme oil > garlic oil. Berberine and astragalus
polysaccharides were inactive.

2. Compounds of cinnamon essential oil, matrine, and chlorogenic acid did
not surpass cinnamon essential oil alone against E. coli. However, bam-
boo leaf flavonoids combined with cinnamon essential oil enhanced anti-
Salmonella activity, with maximal effect at a 1:6 ratio.
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