ACCESS MICROBIOLOGY @V" MICROBIOLOGY

an apen research platform

#,8 OPEN

4 DATA @ACCESS

Review Tool reports

UNDERSTANDING AND CONTEXTUALIZING THE REPORTS

Readers of these automated manuscript Review Tool reports are encouraged to use them to support them in performing their
own assessment and ‘health check’ on a preprint prior to it completing peer review.

However, these should only be used as a guide, read within the overall context of the article itself, and should never replace
full peer review. Please ensure you read the article fully alongside these and familiarize yourself with the tools and how they
work, using the links provided below.

These reports are published under the terms of the Creative Commons Attribution License

ITHENTICATE® REPORT

iThenticate® (https://www.ithenticate.com) checks the submitted article against an extensive database of articles from the
internet and scholarly publications and highlights where similar sentences or phrases have been used previously, including in
the author’s own published work. Each individual match is given a percentage score based on how much it overlaps with the
previously existing work, and an overall similarity score is given. The report generated from this are included here for
transparency and can be cited independently using the DOI below.

« FAQs: https://www.ithenticate.com/products/fags

« Help pages: https://help.turnitin.com/ithenticate/ithenticate-user/ithenticate-user.htm#TheSimilarityReport

How to cite the iThenticate report for this article:

Kporou EK, Irakoze Z, Voloshchuk N, Lambert JD., Kellogg JJ., et al. iThenticate report for: Evaluating the Antifungal Efficacy
and Bioactive Metabolites of a Traditional Polyherbal Aqueous Formulation BioCC+ against Fusarium graminearum and
Fusarium verticillioides. Access Microbiology. 2026. https://doi.org/10.1099/acmi.0.001173.v1.1


https://creativecommons.org/licenses/by/4.0/
https://www.ithenticate.com
https://www.ithenticate.com/products/faqs
https://help.turnitin.com/ithenticate/ithenticate-user/ithenticate-user.htm#TheSimilarityReport
https://doi.org/10.1099/acmi.0.001173.v1.1

ACMI-S-26-00019.pdf

By Josephine Wee



Access Microbiology

Evaluating the Antifungal Efficacy and Bioactive Metabolites of a Traditional Polyherbal
Aqueous Formulation BioCC+ against Fusarium graminearum and Fusarium
verticillioides
--Manuscript Draft--

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation




2026 Kporou Irakoze et al - Manuscript Click here to access/download;Manuscript (posted publicly as

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

the preprint);2026 Kporou Irakoze et al - Manuscript.docx

Evaluating the Antifungal Efficacy and Bioactive Metabolites of a Traditional Polyherbal
Aqueous Formulation BioCC+ against Fusarium graminearum and Fusarium
verticillioides

Elisee Kouassi Kporou'2**, Zilfa Irakoze'*, Nataliia Voloshchuk', Joshua D. Lambert!,

Joshua J. Kellogg**, Josephine Wee!:**
FE)epartment of Food Science, The Pennsylvania State University, University Park, PA, USA
% Department of Biochemistry and icrobiology, Jean Lorougnon Guede University, Cote
d’Ivoire (Ivory Coast)

3 Department of Veterinary & Biomedical ences, The Pennsylvania State University,
University Park, PA, USA

* One Health Microbiome Center, HUCK Institute for the Life Sciences, The Pennsylvania
State University, University Park, PA, USA

*Co-corresponding authors: jmw970@psu.edu (J.W.), elykoua@ gmail.com (E.K.K.)

*Co-first authors

+
=




26

27

29

30

31

38

39

40

41

42

43

44

45

46

47

48

49

Abstract

Fungal contamination of cereal crops threatens global food security by compromising grain
quality and introducing harmful mycotoxins that endanger human and animal health. In West
Africa, the long-standing ancestral use of native plant extracts to manage fungal contamination
provides sustainable and locally adaptable solutions. Building on this knowledge, BioCC+, a
polyherbal aqueous formulation containing Azadirachia indica, Cymbopogon citratus, Allium
sativum, and Capsicum frutescens, was developed to control maize contamination during
storage in Cote d’lvoire. is study evaluated the antifungal activity of BioCC+ against

Fusarium graminearum and F. verticillioides followed by bioactivity-guided untargeted

metabolomics to explain observed effects. Crude BioCC+ extracts inhibited F. graminearum at

125 mg/mL and F. verticillioides at 25.0 mg/mL, with the dichloromethane extract showing
greater antifungal activity than methanol or water extracts. Based on the observed growth
inhibition the dichloromethane extract (DCMe) was selected for fractionation using ica gel
column chromatography with the following mixtures of hexane:ethyl acetate as the mobile
phase: 0:0 for F1, 75:25 for F2, 50:50 for F3, 25:75 for F4, and 0:100 for F5, as well as 100%
methanol for F6. Fractionation of DCMe revealed Fractions 3,4, and 6 as the most active, with
Fraction 4 showing the strongest inhibition (MIC = 0.4 mg/mL) against F. graminearum.
Integration of antifungal and chemometric data through multivariate analysis identified 26
potential antifungal compounds, including 13 uncharacterized metabolites. These results
demonstrate the value of integrating bioactivity assays with metabolomics to validate ancestral

knowledge and develop community-driven practices for mitigating fungal contamination in

staple crops.

Keywords: Mycotoxins, Biofungicide, Fungal inhibition, Fusarium spp., Metabolomics,

Biochemometrics
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Data Summary

All data generated or analyzed in this study are either presented in the manuscript or publicly

accessible in the ScholarS phere data repository (1).

Impact Statement

This study integrates antifungal bioassays with untargeted metabolomics to identify 26
bioactive metabolites in a prototype biofungicide derived from ancestral plant mixtures from
Cote d’lvoire. By validating traditional practices with modern biochemometrics, our findings
support the development of sustainable, locally adapted antifungal solutions for reducing

mycotoxin contamination and improving food security.

Introduction

Rice, maize, millet, sorghum, and wheat are staple cereal crops grown in diverse

agroecological zones and consumed by people with varying preferences and socio-economic

backgrounds in sub-Saharan Africa (2). The agricultural sector of Céte d'Ivoire contributes 20-
25% to the country’s Gross Domestic Product and employs about 48% of the population (3).

Cote d'Ivoire’s economy is heavily dependent on the export of cash crops such as cocoa, coffee,
and cashew nuts, while cereal crops play a crucial role in food security and supports the local

economy (3). However, cereal crops are susceptible to post-harvest contamination by

filamentous fungi that produce mycotoxins, which pose a threat to human and animal health.

For example, fusarium toxins produced by Fusarium graminearum, F. verticillioides, and F.

culmorum, and aflatoxins produced by Aspergillus flavus and A. parasiticus are regularly

implicated in cereal contamination, both in the field and during storage (4.5). In addition to

adverse effects on human and animal health, mycotoxin contamination of cereal crops results

in considerable economic losses and a reduction in the income of farmers and growers (6). To
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reduce the burden of post-harvest fungal contamination in modern agriculture, countries with
higher socio-economic status rely the use of synthetic chemicals as fungicides. However,
misuse and overuse of fungicides can be expensive, lead to fungal resistance, and further
negative effects on both human and environmental health (7). Therefore, innovative, eco-
friendly, and cost-effective solutions are continuously needed to reduce the burden of fungal
contamination and to improve the safety of food and agricultural products.

In sub-Saharan Africa, including Cote d’Ivoire, there is long-standing indigenous
knowledge of using native plant extracts as an effective solution against plant pests and
pathogens (8-13). Several aromatic plants grown in Cote d’Ivoire have been described to
possess medicinal, insecticidal, and antimicrobial effects that were used historically by local
communities to control post-harvest contamination of food crops (14,15). Traditionally, farmers
would deploy a crude extract of aromatic plants in storage granaries to extend the shelf life of
cereal crops by preventing fungal contamination and repelling insects, rodents, and pests. These
plants include Azadirachta indica Juss (Neem tree), Cymbopogon citratus (DC ex Nees) Stapf.
(lemongrass), Allium sativum L. (garlic), and Capsicum frutescens L. (wild chili pepper), that
have been previously reported to have antifungal and antibacterial activities against several
human and foodborne pathogens (16-18). Additionally, oils extracted from the fresh leaves of
these plants possess potent antifungal and antimicrobial activities against Aspergillus,
Fusarium, and Penicillium spp. (19,20). However, essential oil extraction is time-consuming,
requires specialized equipment, and produces low yields, making the development of oils as
fungicides prohibitively expensive for farmers in sub-Saharan countries. Thus, an alternative
solution is to explore the ability of an aqueous formulation of these plants to reduce or inhibit
fungal contamination of food crops. The use of individual plant extracts offers valuable insights
into the specific antifungal mechanism of bioactive metabolites and allows for a more targeted

approach against specific microorganisms. However, mixtures of plant extracts have previously
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been reported to exhibit combination effects that enhances their bioactive properties (21-24).
Thus, recapitulating traditional knowledge and ancestral practices of using native aromatic plant
mixtures for the development of a biofungicide could increase the bioactivity against
microorganisms and the diversity of microbial targets.

BioCC+ is an aqueous extract of plant mixtures of Azadirachta indica Juss (Neem tree),
Cymbopogon citratus (DC ex Nees) Stapf. (lemongrass), Allium sativum L. (garlic), and
Capsicum frutescens L. (wild chili pepper) developed from traditional knowledge and ancestral
practices of using plants to protect agricultural crops. The constituents of BioCC+ are well-
known edible plants in West Africa with very low toxicity ranging between 2000 mg/kg body
weight for C. citratus (lemongrass) and 0 mg/kg body weight for A. sativum (garlic) by oral
administration (25,26). The objectives of this study were two-fold: first, we employed
bioactivity-guided fractionation to compare the efficacy of crude extracts and fractions of
BioCC+ against two important cereal pathogens, F. graminearum and F. verticillioides through
in vitro antifungal assays. Then, we used untargeted metabolomics and biochemometric
approaches to identify bioactive metabolites from the crude extracts and fractions to potentially
explain observed antifungal effects against Fusarium spp. Outcomes from s study could
provide insights into the antifungal efficacy of BioCC+ and help local researchers and farmers

with further research and development of this prototype fungicide for the control of fungal

contamination in cereal crops.

Methods
Development and preparation of BioCC+
The polyherbal formulation BioCC+ is an aqueous solution developed by a research

team at Jean Lorougnon Guede University, Cote d'lvoire. BioCC+ is a mixture of plant material

harvested from local medicinal plants: leaves of A. indica and C. citratus, bulbs of A. sativum,
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and fruits of C. frutescens. Plant material was macerated together in distilled water for 48 hours
at room temperature (22-23°C) with shaking, filtered, and oven dried for 4 days at 40°C. The

dry extract, herein referred to as native crude extract (NCE), was packaged in plastic jars and

stored at 4°C until use.

Fusarium strains used in this study

Fusarium graminearum (CB-CS-5) and F. verticillioides (61-MS-CS) were provided
by Dr. Gretchen Kuldau (The Pennsylvania State University) for this study. Fungal spores were
obtained by plating Fusarium isolates onto sporulation medium, Synthetic Nutrient-poor Agar
(SNA; 1 g/L KH:POyq, 1 g/L KNOs3, 0.5 g/L MgSO. 7TH»0, 0.5 g/L KCI, 0.2 g/L. glucose, 0.2
g/L saccharose, 20 g/L agar). culated plates were incubated at 28 + 2°C for 7 days. Spores
were harvested using 0.05% Tween-20 and stored in 25% glycerol at -80°C with a concentration
of 10° spores/mL. Identity of fungal strains were cgirmed by PCR amplification followed by

24

Sanger sequencing of the ITSI/JATS4 region wusing primers (ITS1F: 5'-

TCCGTAGGTGAACCTGCGG-3' and ITS4: 5'-TCCTCCGCTTATTGATATGC-3") (27).

Antifungal assay
Antifungal activity assays were conducted on F. graminearum and F. verticillioides in
24-well microplates using a range of concentrations for NCE, chemical extracts, and fractions

(detailed description below) dissolved in DIFCO™ Potato Dextrose Agar (PDA) (BD, Franklin

Lakes, NJ, USA), to a final volume of 2 mL/well containing fungal growth medium with test
compounds. DMSO (2%) (Sigma-Aldrich, St. Louis, MO, USA) was used as a vehicle for

chemical extracts and fractions. The range of concentrations tested was guided by antifungal

efficacy (percent growth inhibition of test condition compared to control). Therefore, the range




150

151

152

153

154

155

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

for NCE, MeOHe, and H20e were 3.0 to 25.0 mg/mL, DCMe was tween 0.8 mg/mL and 6.0
mg/mL, and fractions were evaluated ween 0.2 mg/mL and 2.0 mg/mL.

A 1 pL spore suspension containing 10° spores/mL (equivalent to 100 spores/well) of
each Fusarium strain was center inoculated in h test well and incubated at 30°C for 3 days.
For each test compound and control, four wells e used, and the experiment was repeated
twice (two independent biological experiments) for each concentration range (total, n = 8).
Controls for each condition included an uninoculated PDA, PDA with no antifungal treatment
inoculated with fungal isolates, and PDA + DM SO vehicle inoculated with fungi. Fungal colony
diameter was used to measure growth inhibition, and the inimum inhibitory concentration
(MIC) was defined on day 3 as the lowest concentration that completely inhibits fungal growth
within the range of tested concentrations and conditions. Percent wth inhibition was

calculated using the following formula: Growth Inhibition (%) =[(De - Dt) / Dc] x 100, where:

Dc = colony diameter of the control and Dt = colony diameter of the treatment.

Bioactivity-guided fractionation of BioCC+

The organic solvents dichloromethane (DCM) and methanol (MeOH) used for chemical
extractions were ACS-grade and purchased from Sigma-Aldrich. Native crude extracts were
sequentially extracted with DCM, MeOH, and distilled water (dH-0O) in order of increasing
polarity (Figure S1). Initially, 20 g of NCE was macerated in 250 mL DCM for 48 hours while
stirring at room temperature (22-23°C). Then, the macerate was filtered and evaporated to
obtain the DCM extract (DCMe). The residue was subsequently extracted using 250 mL MeOH
to obtain a MeOH extract (MeOHe). Finally, a water extract (H,Oe) was obtained by the
addition of 250 mL dH>O from the residue of methanol extraction. Each extract was tested for

antifungal activity.
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Based on the observed growth inhibition of DCMe against Fusarium strains, DCMe was

selected for further separation using silica gel column chromatography using the following

mixtures of hexane:ethyl acetate as the mobile phase: 100:0 for F1,75:25 tor F2, 50:50 for F3,

25:75 for E4, and 0:100 for F5, as well as 100% methanol for F6 (Table S1). The solvents were

removed from each fraction using a rotary evaporator. The residue of each fraction was weighed

and stored at 4°C until use. Of the 6 fractions, 5 with the most distinct TLC profiles (F2, F3,

F4, F5 and F6) were selected for antifungal activity assays against Fusarium strains and

subsequent analysis by Liquid Chromatography-Mass Spectrometry (LC-MS).

Liquid Chromatography Mass Spectrometry Analysis

Native crude extract, DCMe, and fractions (F2, F3, F4, F5, F6) were selected for
analysis using a Vanquish UHPLC system coupled to an Exploris 120 mass spectrometer

(Thermo Fisher Scientific, Waltham, MA, USA) with a heated electrospray ionization (HESI)
source at the Metabolomics Core Facility at The Pennsylvania State University. Separation was
achieved on a Waters Acquity CSH CI18 column (2.1 x 100 mm, 1.7 ym particle size),

maintained at 40°C. The mobile phase consisted of solvent A (LC-MS grade water with 0.1%
formic acid) and solvent B (LC-MS grade acetonitrile with 0.1% formic acid). C gradient
elution program was as follows: 0-2 min at 3% B, 12 min at 40% B, 15 min at 85% B, 21 min
at 100% B, and 25-30 min at 3% B.he flow rate was 0.25 mL/min with a 2 gL injection
volume. Data were acquired in both positive and negative ionization modes at a resolution of
120,000 and over a scan range of 80-1000 Da. lon spray tages were set at 4,000 V for
positive mode and -2600 V for negative mode. Additional parameters included a sheath gas

pressure of 35 Arb, auxiliary gas pressure of 10 Arb, sweep gas pressure of | Arb, a vaporizer

temperature of 150°C, and an ion transfer tube temperature of 325°C.
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LC-MS Data Processing
Raw data processing

Raw MS files (raw) were processed using MS-DIAL version 5 for automatic peak
detection using parameters for Exploris 120 (28). Peak detection parameters included a
minimum peak height of 10* amplitude, an MS eranoe of 0.005 Da, and a retention time
range of 0-30 min. Using MS-DIAL, peak spectra were detected, deconvoluted, annotated, and
aligned. To ensure accurate peak detection, peaks were filtered against blanks, with tentative
annotations assigned to all tested features using the MS-DIAL library files under the following
criteria: a minimum MS1 spectrum match of 65% and at least 3 MS2 spectra match. The
resulting aligned peak table, containing mass to charge (m/z) values, MS2 spectra, RT, peak
areas, and tentative annotation, was exported into an Excel file (xls) (deposited into
ScholarSphere data repository (1). Metabolites cctcd in the blank samples were subtracted

from the tested samples. The characterization of F1 was not included in antifungal activity

assays and biochemometric analysis due to its low extracted mass.

Chemometric and Biochemometric Analysis of Compounds Driving Antifungal Activity
Multivariate data analysis was used for the characterization of potential antifungal
compounds driving the observed growth inhibition of BioCC+ against F. graminearum and F.
verticillioides. Using the annotated features and 1( areas, Partial Least Squares Discriminant
Analysis (PLS-DA) was performed to discriminate metabolomic profiles of F2-F6 using
MetaboAnalyst 6.0 (29). Growth inhibition data was concatenated to the metabolomic dataset
for the five fractions (F2, F3, F4, F5, and F6) to identify potential bioactive metabolites(1). The
concentration of fractions against F. graminearum was selected as follows: 1.0 mg/mL was

used for F2, F3, F5, and F6, while 0.8 mg/mL was used for F4. Although two fungal strains

were used for antifungal activity assays, we focused on F. graminearum for biochemometrics
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as this isolate exhibited the highest susceptibility against the tested fractions when compared to
F. verticillioides. The selected concentration of F4 was lower (0.8 mg/mL) than the other
fractions due to a lack of overlap in the range of concentrations tested when compared to the
other fractions. The biochemometrics dataset was used to perform a Partial Least Square
Regression (PLS-R) via SIRIUS version 13.5 (Pattern Recognition Systems AS, Bergen,
Norway). The PLS model was developed with internal cross-validation performed over 100

iterations using a significance threshold of 0.05.

Identification of key antifungal compounds

Putative lead antifungal compounds in tested fractions were identified using two
multivariate models, focusing on features with high peak intensities and strong correlations with
percent fungal growth inhibition. A feature is defined as a unique m/z_RT combination. The
selection of features with the highest peak areas in tested fractions with the highest percent
growth inhibition was informed by e Variable Importance in Projection (VIP) scores from
PLS-DA and by the covariance values from the S-plot generated by PLS-R model.
Concurrently, features with strong correlations between peak arcas and percent growth
inhibition were prioritized based on correlation coefficients observed in the PLS-R S-plot and
Selectivity Ratio (SR) values. The importance of features from each model output was ranked
as outlined in Table S2. Finally, the top 10 features across both models were combined to
generate a list of putative metabolites driving antifungal activity observed in the tested fractions

derived from the DCMe of BioCC+. The metabolomic profiling workflow of lead antifungal

compounds is summarized in Figure S2.

Results and Discussions
Comparing the antifungal efficacy between native crude extract, chemical extracts, and

fractions of BioCC+ against Fusarium species
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Native crude extracts of BioCC+ demonstrated dose-dependent antifungal activity against

Fusarium strains. Complete growth inhibition (100%) was observed at 12.5 mg/mL with F.

graminearum and 25.0 mg/mL with F. verticillioides, indicating that F. graminearum was more

susceptible to BioCC+ NCE compared to F. verticillioides (Figure 1A). Solvent partitions of

the NCE were used to isolate bioactive compounds from the aqueous BioCC+ NCE. Antifungal

activity assays demonstrate that the DCMe exhibited strong, dose-dependent antifungal

activity, achieving 100% growth inhibition of F. graminearum at 1.6 mg/mL and F.

verticillioides at 6.0 mg/mL (Figure 1B). In contrast, neither the H;Oe nor MeOHe achieved

complete growth inhibition of both Fusarium strains within the tested concentration range

(Figure 1C and D).

F. graminearum

A
100

a a

80

60

40

% inhibition

20

o 00 o

Concentration [mg/mi]

C
100

80
60

40

% inhibition

20

0

o g%

Concentration [mg/ml]

% inhibition

% inhibition

F. verticillioides

a
100

80
&0
40

20

0
A g® 0‘? qf?t‘)
Concentration [mg/mi]
100

80

b b P
ORI

Concentration [mag/ml]

B

% inhibition

D

% inhibition

F. graminearum

a aa
100

80
60
40

20‘:

0
ERRRE
&

Concentration [mg/mi]
100
80
60
40

20

S 0.0
0*6:0 © 07

Concentration [mg/mi]

% inhibition

% inhibition

F. verticillioides

a
100

80 b
80

40

0 ¢ g

0
1390 o¥r8ad®
J

Concentration [mg/ml]
100
80
60
40

20

L S0l

o

Concentration [mg/ml]

Figure 1 The effect of BioCC+ NCE (A), DCMe (B), H20e (C), and MeOHe (D) on growth

of F. graminearum and F. verticillioides. Growth was measured by colony diameter after 72 h

and presented as % growth inhibition relative to 0 mg/mL control or DMSO vehicle control
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(2%) with mean + SEM (n=8). Letters above bar graphs indicate statistical significance using
one-way ANOVA analysis followed by Tukey’s multiple comparison test, p < 0.05.

To investigate the relationship between specific compounds in the DCMe and their
antifungal properties, DCMe was further fractionated using silica gel chromatography resulting
in 6 fractions. Among these fractions (F), F3, F4, and F6 exhibited the highest antifungal
activity against both Fusarium strains (Figure 2). We observed complete growth inhibition of
F. graminearum at 2.0 r’mL, 0.4 mg/mL, and 1.0 mg/mL for F3, F4, and F6, respectively
(Figure 2). Similar to antifungal activity of NCE and chemical extracts, F. verticillioides was
more resistant to the antifungal effects of tested fractions. Fractions F2 and F5 did not
demonstrate significant antifungal activity compared to F3, F4, and F6 (Figure S3). The MICs
for all tested fractions compared to chemical extracts and NCE are summarized in Table S3.

While DCM was selected in the present study for its efficiency in recovering medium-
to low polarity metabolites to help explain which metabolites drive antifungal activity, its
volatility and environmental toxicity limit agricultural application. The DCM extract was
primarily used for analytical purposes, rather than a formulation intended for field use. From a
feasibility standpoint, several strategies can enhance the sustainability and applicability of
BioCC+. The crude extract of BioCC+ may be used directly, or the material may be re-extracted
or reformulated using alternative solvents such as ethanol, ethyl acetate, or ethanol mixtures,
which offer a broad polarity range and are approved for agro-industrial applications (30).
Another strategy is to optimize formulation by incorporating the active fractions or purified
compounds into biocompatible carriers (e.g., emulsifiable concentrates, microencapsulated or
nanoparticle-based systems) that improve stability and delivery for intended use (31).
Collectively, these strategies would enable translation of the current antifungal leads from
analytical extracts to environmentally sustainable BioCC+-derived biocontrol formulations

suitable for agricultural deployment.
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Figure 2 Effect of the most bioactive fractions on growth of F. graminearum (left column)

and F. verticillioides (right column). Growth of Fusarium spp. was measured using colony
diameter and presented as % growth inhibition relative to the DMSO vehicle control (2%) for
F3 (panel A), F4 (panel B), and F6 (panel C). Bar graphs represent mean + SEM of % growth
inhibition (n=8). Letters above bar graphs indicate statistical significance ing one-way
ANOVA analysis followed by Tukey’s multiple comparison test, p < 0.05.

Overall, F4 had the highest antifungal efficacy against F. graminearum (MIC =

0.4mg/mL) compared to F. verticillioides (MIC = 1.5mg/mL). The observed susceptibility of
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F. graminearum compared to F. verticillioides could be attributed to genetic differences
between the fungal isolates. Notably, F. verticillioides has been reported to grow more rapidly
and produce more toxic secondary metabolites at 30°C than F. graminearum (32). A relevant
future study would be to test the antifungal efficacy of BioCC+ and its chemical extracts and
fractions with Fusarium isolates grown at various temperatures and on diverse growth media.
This could provide insights into mechanistic differences of growth inhibition between F.

graminearum and F. verticillioides.

Metabolomic profiling of DCM fractions derived from BioCC+

Using MS-DIAL, raw chromatograms from positive and negative modes for all 6
fractions resulted in 22 416 and 11,212 identified features (defined as unique m/z_RT pairs),
respectively (1). The MS-DIAL spectral library files were used to tentatively annotate features,
where 59% of detected features were annotated in positive mode while 40% of the detected
features were annotated in the negative mode. Here, we focused on annotated features for
downstream metabolomic characterization and identification of lead antifungal compounds
driving observed growth inhibition of the most bioactive fractions.

To assess similarities and differences in chemical profiles (chemometrics) of bioactive
fractions, rincipal Component Analysis (PCA) was conducted using the peak areas of the
annotated features. The top two components of the PCA accounted for 74.6% and 67% of the
total variance in positive and negative modes. For both modes, F2 and F3 appear to cluster
together along PCI, suggesting similarities in their respective chemical profiles. All other
fractions were distinctively different from each other, with F4 having the highest distinction in

positive ion mode, while F6 had the highest distinction along PC1 (Figure 3). The clear

metabolomic separation of F4 and F6 from other fractions aligns with their observed high
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percent growth inhibitions, suggesting variation in their chemical composition could help

explain observed antifungal properties.

A B
8
g -
o
FS = +F4
Q —
§ I F5
o *F6 o
% 8- F 2
- ~
a 2
N o ~
o TR=-F
o Q.
8 FB
§_ F2 - 6
E 3 |
]
g
8 aF3
F3 & aF2
=3
T T T T T T T Lt T T T T T
-2000 -1000 0 1000 2000 3000 4000 -1000  -500 0 500 1000 1500
PC1(43.2%) PC1(37.8%)

Figure 3 Principal component analysis (PCA) scores plot of the metabolomic profiles from
fractions (F2, F3,F4, F5, and F6) in positive (A) and negative mode (B) using Metaboanalyst
6.0.
Characterization of lead antifungal compounds from DCM fractions of BioCC+

To identify the bioactive compounds driving fungal growth inhibition across fractions,
a combination of two multivariate analyses,rtial Least Squares Discriminant Analysis (PLS-
DA) and Partial Least Squares Regression (PLS-R), highlighted key antifungal features based
on criteria defined in Table S2. PLS-DA (Permutation testing p<0.0005 (0/2000 permutations),
identified features with ariable Importance in Projection (VIP) scores above one (VIP>1.0),
and the highest mean peak areas (dark, red-colored cubes) in F4 were identified as potential
lead antifungal compounds with strong discriminatory power (p<0.05) (Figure 4). From te

3
PLS-DA VIP score plot with the 20 highest VIP score features, all 20 features in positive mode

and 2 in negative mode were identified as potential lead antifungal compounds.
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Figure 4 The variable importance in projection (VIP) score plots from Partial Least Squares
Discriminant Analysis (PLS-DA) with the top 20 highest VIP features identified in the bioactive
fractions F2 through F6, both in the (A) positive and (B) negative mode. The y-axis represents
annotated features, and the x-axis shows VIP scores. Dark blue to dark red boxes represent
metabolite peak areas ranging from lowest to highest, respectively, with yellow indicating
intermediate peak areas.

To provide complementary insight into bioactive compounds, a ia] least squares
regression (PLS-R) model was developed by integrating metabolomic data with antifungal
activity, measured as percent growth inhibition. This biochemometric approach enables the
identification of metabolic features that correlate with antifungal activity by linking variation
in metabolite profiles across fractions to bioactivity responses. In doing so, this could provide
mechanistic insight into the association of specific chemical classes, such as alkaloids,
flavonoids, terpenoids, and fatty acids, with our observed antifungal effects (33). The top two
PLS-R components in the positive mode explained 57.03% and 99.45% of the variance in
independent and dependent variables, respectively (Figure 5). In the negative mode, the top

two components captured 58.05% and 99.97% of the variance in independent and dependent

variables. PLS-R score plots revealed clustering patterns similar to PCA results, showing close
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spatial relationships between F2 and F3, as well as F4 and F6. The closer proximity between
F4 and F6 observed in the PLS-R scores plot, compared to the PCA plot (Figure 3), is likely

attributed to the antifungal efficacy against F. graminearum at tested concentrations of 0.8

mg/mL (F4) and 1.0 mg/mL (F6) (Figure 5). The S-plot and Selectivity Ratio (SR) analyses
from the PLS-R model identified marker compounds closely associated to the growth inhibition
observed by antifungal assays. These target projection techniques enhance biochemometric
applications by improving effective bioactive compound discovery while minimizing the peak
area only bias of other metabolomics analyses, such as PLS-DA (34,35). Targeted projections
enhance biochemometric applications by improving bioactive compound discovery while

minimizing peak area bias compared to other metabolomics analyses such as PLS-DA(34,35).
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Figure 5 Score plots for the first two partial least squares regression (PLS-R) components (%

independent variable - % dependent variable) in positive (A) and negative (B) mode.
Independent variables were the peak areas of the mass spectrometry features, and the dependent
variable was percentage growth inhibition.

We combined the top 10 features from PLS-DA VIP, PLS-R Covariance, PLS-R

Correlation, and PLS-R SR analyses to provide a chemometric and biochemometric consensus
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approach to identify putative antifungal compounds in BioCC+. This integration resulted in the
identification of overlapping features (Figure S4) and a list of 67 tentatively identified lead
antifungal features in positive (31) and negative (36) modes (1). Features identified from model
outcomes with similar statistical foundations showed notable overlap, showing the potential
bias associated with relying on individual methods. For instance, PLS-DA and PLS-R
covariance analyses shared five overlapping atures in the positive mode and two in the
negative mode (Figure S4). This overlap arises because both PLS-R covariance and PLS-DA
VIP scores prioritize features based on their quantitative contribution (e.g., peak area
magnitude) to the response variable within the model. To mitigate this inherent bias, the
incorporated metrics of PLS-R correlation and SR had four overlapping features in positive and
two in the negative ion mode (Figure 84). PLS-R correlation and SR facilitate the identification
of features with consistent predictive power, emphasizing variables whose trends are strongly
aligned with the response rather than solely their magnitude. These ndings underscore the
importance of integrating multiple models to enhance the accuracy and reliability of identifying
bioactive compounds.

To increase confidence in the reported compounds, lead antifungal candidates identitied
were cross-referenced with compounds identified through GNPS. In addition, their mass
fragmentation spectra were further matched using Mass Bank of North America (MONA)
database to generate a final super list of 26 putatively identified lead antifungal compounds
(Tables 1 and 2). Synthetic compounds and primary metabolites were excluded. Previous
literature identified 11 out of 26 metabolites with established antifungal properties that were
categorized into flavonoids, alkaloids, terpenoids, polyketides, and hydroxy- and oxy-

polyunsaturated fatty acids (Tables 1 and 2). Many of these classes are known to exhibit

antioxidant, anticancer, antibacterial, and antifungal properties, emphasizing the likelihood that
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the putative identified compounds are the lead antifungal agents in the studied fractions (36—
39).

Among the tentatively identified compounds was capsaicin, an aromatic fatty amide and
the major bioactive component of C. frutescens that is known for its antifungal activity against
various plant fungal pathogens (40). Another was chrysoeriol, which at 1,000 ppm was found
to inhibit the growth of F. graminearum by 20.7% when grown in vitro for a week (41). While
all 11 compounds have demonstrated antifungal properties, to the best of our knowledge, only
capsaicin, chrysoeriol, and 2 4-diacetyl phloroglucinol, have been directly evaluated against
Fusarium species (26,40-42). Some other compounds include alkaloids (hetisine), as well as
metabolites previously identified only in soil microorganisms (e .g.,diacelylphloroglucinol

(24 DAPG) from Pseudomonas spp). Research suggests that compounds with antibiotic

properties produced by endophytic microorganisms, such as 2.4 DAPG from Pseudonionas

Sfluorescens, may increase the overall bioactivity observed in plant extracts and plant growth

(4344). In addition, 2 compounds (,4-dihydroxy-6-mcthy1-3-[(2E,4E)-3-methyl-5-
[(IR 2R,6R)-1,2 6-trimethyl-3-oxocyclohexyl|penta-2.4-dienyl] benzaldehyde and
ancistrocladine) were identified to not have any antifungal activity, while 13 other metabolites
had not been studied for their antifungal activities (Tables 1 and 2). Some of these unknown
compounds share structural similarities with bioactive classes such as terpenes, alkaloids,
hydroxy polyunsaturated fatty acids, and polyphenols—classes commonly associated with
antifungal activity. For example, FA 18:2+420, an oxidized polyunsaturated fatty acid derivative
of linoleic acid, a compound that has been found to exhibit >55% of growth inhibition against
multiple plant pathogens, including Rhizoctonia solani and Pythium ultimum (38).
Biochemometric analysis indicates that F4 and F6 are enriched in multiple classes of
chemical compound that associate with bioactivity, including flavonoids (e.g., isorhamnetin,

chrysoeriol), phenylpropanoid and lignin derivatives, oxidized polyunsaturated fatty acids (e.g.,
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9-HODE), short- and medium-chain fatty acids (e.g., lauric acid), polyketides (e.g., 2.4-

diacetylphloroglucinol), and select terpenoids. These classes have well-documented antifungal
mechanisms such as membrane disruption and increased permeability, disruption of ergosterol
biosynthesis or ergosterol-dependent membrane architecture, and enzyme inhibition or
induction of oxidative stress (45-47). The co-occurrence of these chemotypes within F4 and F6
likely results in additive or synergistic effects, providing a plausible explanation for their
enhanced bioactivity relative to other fractions. The putative identification of these compounds
underscores the need for further validation of their antifungal properties. Follow-up studies to
definitively annotate these unknown metabolites by testing the bioactivity using chemical
standards, targeted nuclear magnetic resonance spectroscopy, and targeted mechanism of action
studies are essential for determining their potential applications in combating fungal pathogens.

Using biochemometrics that combines antifungal activity and metabolomic profiling,
our study demonstrates that plant mixtures of BioCC+, a formulation traditionally developed
based on ancestral practices Cﬁte d'Ivoire is effective in inhibiting the growth of two major
fungal pathogens, F. graminearum and F. verticillioides. Integration of bioactivity assays with
chemometric data using multiple multivariate data analysis models help explain the observed
efficiency of BioCC+ components, facilitating the discovery of novel compounds for
development of new biofungicides. Outcomes from this study could provide insights into
sourcing local plant extracts to further improve the strength and specificity of the prototype

biofungicide by integrating antifungal efficacy with metabolite fingerprinting.
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antifungal properties of the polyherbal formulation, BioCC+ against F. graminearum and F.
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Figure S2 Workflow for the metabolomic identification and characterization of lead antifungal
compounds. All samples (NCE, chemical extracts, and fractions) were separated and analyzed
using UHPLC-MS. The resulting raw chromatograms were processed in MS-DIAL to extract
and quantify features, followed by a fentative annotation. Lead antifungal compounds were
identified by integrating chemometric analysis (PLS-DA, using MetaboAnalyst) with

biochemometric modeling (PLS-R, using SIRIUS 13.5).
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Figure S3 The effect of fractions F2 and F5 on growth of F. graminearum (left column) and
F. verticillioides (right column). Growth of Fusarium spp. was measured using colony diameter
and presented as % growth inhibition relative to the DMSO vehicle control (2%) for F2 (panel
A) and F5 (panel B). The bar graphs represent mean + SEM of % growth inhibition (n=4).
Letters above bar graphs indicate statistical significance using one-way ANOVA analysis

followed by Tukey's multiple comparison test, P<0.05.
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Figure S4 Overlap of key bioactive metabolites identified by PLS-DA and PLS-R in positive
(A) and negative (B) ion modes. A consolidated list of highly significant bioactive metabolites
was generated for the positive and negative ion modes by combining the top 10 metabolites

from each model ranked as most bioactive based on the criteria outlined in Table S2.




Table S1 Mobile phase composition used for fractionation of DCM extracts using column

chromatography
Mobile phase Proportions V/V | Fraction Mass Yield
(mg) (%)
Hexane-Ethyl acetate 100/0 F1 10 1.42
Hexane-Ethyl acetate 75/25 F2 280 40
Hexane-Ethyl acetate 50/50 F3 100 14.2
Hexane-Ethyl acetate 25/75 F4 60 8.57
Hexane-Ethyl acetate 0/100 F5 40 5.72
Methanol 100 F6 210 30

V/V : volume to volume ratio

Table S2 Criteria used to rank features as lead antifungal compounds using PLS-R and PLS-

DA

models

Model Outputs of interest from

Criteria  for

selection

important features

of highly

cach fraction

o Feature’s mean peak area in

Fract4=Fract2,
Fract4=Fract6

PLS-R e S-plot correlation® e >09
¢ S-plot covariance® o >1*10E4
s SR plot o Highest SR value
PLS-DA | ¢ WVariable of Importance |e >1.0
Projection (VIP) e Fract4=Fractl,

Fract4>Fract5, and

*Correlation: A high positive correlation indicates that the feature’s peak area increase aligns with greater

fungal growth inhibition

"Covariance: a high covariance indicates that the feature’s large peak area is contributing to the growth
inhibition variable, focusing on the magnitude of peak area




Table S3 Summary of MIC values for BioCC+, chemical extracts, and fractions against
Fusarium spp. grown on PDA at 30°C for 72 h

MIC (mg/mL)
Species tested BioCC

3 DCM | MeOH | H20 F1 | F2 | F3 | F4 F5 | Fe

F. graminearum | 12.5 1.6 >250 | >25.0 | NT [>20]| 20 | 04 | >10 | 10

F.verticillioides | 25.0 6.3 >250 | =25.0 | NT | NT | 20 | 1.5 | NT |20

NT : Not tested
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