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Abstract

Essential oils, hydrolates and some homeopathic substances derived from essential oils are
alternatives for the control of pathogenic fungi. The molecular effect of several essential
oils is still unknown and there is no research on the effect of hydrolates and homeopathic
substances. The objective was to evaluate in vitro the effect of essential oil, hydrolate, and
homeopathic oil from Tagetes remotiflora and Tween 20 (TW) against B. cinerea; as well as
to determine the expression of B. cinerea genes due to the effect of hydrolate and Tween 20.
The in vitro inhibition effect of these substances was evaluated in culture media. Essential
oil and hydrolate were the most effective treatments in inhibiting the growth of B. cinerea,
while Tween 20 and homeopathic oil had a lesser effect. RNA-seq was used to identify
differentially expressed genes (DEGs) in response to the treatments evaluated in vitro. In
response to hydrolate, 1,662 DEGs were found, 1,314 down-regulated and 348 up-regulated.
With Tween 20, 791 DEGs were found, 456 down-regulated and 335 up-regulated. Due to
the low effect of the homeopathic essential oil on B. cinerea, no DEGs were found. The
high inhibition of the essential oil on the fungus did not allow its sequencing because RNA
of sufficient quantity and quality was not obtained. The hydrolate affected pathways related
to amino acids and carbohydrates; while Tween 20 affected the peroxisome and fatty acid
metabolism. /n vitro evaluation and transcriptomic analysis confirmed that the essential
oil and hydrolate of 7. remotiflora have potential application against B. cinerea, without
detracting from the importance of the surfactant.
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Introduction

The “gray mold” disease, caused by Botrytis cinerea (Ascomycota-
Sclerotiniaceae), affects different crops and is the second fungal
pathogen of scientific and economic importance.' Its complete genome
was sequenced during 2016, estimated at about 42,630,066 assembled
nucleotides.”> This fungus infects more than 400 economically
important plant species, including vegetables, fruits and flowers.? For
crops such as strawberry (Fragaria * ananassa Duch.) with global
importance, “gray mold” causes fruit losses of up to 40%.* Therefore,
the development of fungicides has been necessary; however, chemicals
are a global concern because of their toxic effects on humans and the
environment.” Continuous applications of chemicals have generated
resistance in B. cinerea leading to an increase in the applied dose and
the development of more potent chemicals and further aggravating the
negative effects against the environment and human health.®

Some current control alternatives promote the use of plant-
derived natural products and biocontrol agents,” of which essential
oils and hydrolates have emerged as a biological alternative for
their protective and preventive activity against B. cinerea.® Both
essential oils and hydrolates are safe and environmentally friendly
alternatives.” The essential oils are recognized as safe by the Food
and Drug Administration (FDA).'* Moreover, hydrolats have uses in
the food sector due to their antimicrobial or antioxidant properties,
suggesting that they are also safe substances.!!

The genus Tagetes (Asteraceae) includes several species that have
been studied for their biological activity against fungi.'> Uniquely,
essential oils of Tagetes lemmonii and T. patula have partially or
completely inhibited B. cinerea in vitro."*'* Recently, hydrolates of

T. coronopifolia, T. terniflora, T. minuta and T. parryi inhibited this
fungus in vitro."®

The inhibition effects observed on B. cinerea and in other fungi
are related to the mechanism of action associated with the diversity
of chemical compounds present in essential oils.'® Recently,
omics sciences have been employed to understand the effect these
compounds have on fungal cells.”” Particularly, transcriptomics is
useful to investigate genes related to pathogenesis and response to
stimuli.’ For example, by transcriptomic analysis, the change in
gene expression in response to essential oil applications against fungi
has been investigated.'>? Also, the effect that essential oils can have
on specific fungal pathways has been shown, for example, causing
damage to secondary metabolite biosynthesis, amino acid metabolism,
energy metabolism, carbohydrate, membrane, ribosome, cell wall,
transport, lipid and genetic information processing.?'*?

Although there is a history of transcriptomic analyses on the effect
of essential oils against fungi, for hydrolats no information is yet
generated. It is only known that their effects could be attributed to the
presence of hydrocarbons, alcohols, ketones, aldehydes, esters, acids
or to phenolic compounds.?2*

On the other hand, homeopathy applied to plants is another
alternative to combat and control fungal diseases.”® For example, it
has been possible to inhibit the germination of Alternaria solani and
Corynespora cassiicola treated with homeopathic essential oils 6, 12,
30, 30, 60, 60, 100 and 200 CH derived from Eucalyptus citriodora,
Cymbopogon citratus.* It has also been possible to partially inhibit B.
cinerea with nosode 7 CH and arsenic 6 CH."
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On the mechanism of action of homeopathic substances, it has been
confirmed that they work through the regulation of gene expression.?’
High dilutions could affect some subtle and early levels of signal
transduction or gene expression.?

Surfactants (Tween 20, Tween 40, Tween 80) are used to prepare
emulsions with essential oils.” However, they have been found to
have inhibitory effects or are growth stimulants of Beauveria bassiana
and Cordyceps sinensis.>*3!

Although research has been conducted on the control of pathogens
through the application of homeopathic substances, there is little
information on the molecular mechanisms and metabolisms affected
by homeopathics, as well as on the effect of hydrolats. Therefore, the
objective of the study was to evaluate in vitro the effect of essential
oil, hydrolate, and homeopathic oil from 7. remotiflora and Tween 20
against B. cinerea; as well as to determine the transcriptomic profile
of B. cinerea in response to the antifungal activity of the substances
evaluated.

Material and methods

In vitro inhibition assays against B. cinerea

Evaluation of PDA medium: A strain of B. cinerea stored in the
Genetic Resistance Laboratory of the Universidad Autonoma Chapingo
(accession PP401673.1) was used. The fungus was reactivated in
Potato Dextrose Agar (PDA) medium (BD Bioxon®) and incubated
in dark conditions at 20 + 2 °C for five days. In five Erlenmeyer flasks,
100 mL of PDA medium was prepared and sterilized at 120 °C for
15 min (FelisaR Autoclave, Mexico). The PDA medium was allowed
to cool to room temperature (17 °C). The treatment substances (v:v)
were added: essential oil (EO) of T. remotiflora (500 pL), 100 mL
of hydrolate (H), 100 pL of Tween 20 (TW), 40 uL of homeopathic
essential oil (HO) and one treatment was used as control (CO).

From a five-day-old colony of B. cinerea, inoculum was obtained
and transferred to the center of the Petri dishes. Incubation was as
indicated above. To estimate the percentage of inhibition, radial growth
was measured with a digital vernier every 24 h.3? Each treatment had
five replicates. A completely randomized design was used. Analysis of
variance was performed in SAS® OnDemand for Academics.®

Evaluation in NYDA liquid medium: Nutrient yeast-glucose agar
(NYDA) medium was prepared with 1.2 g nutrient broth, 0.75 g
yeast extract, 1.5 g glucose and 150 mL distilled water. In 50 mL
Falcon tubes, 10 mL of sterilized medium was added followed by the
treatment substances (EO, H, HO and TW). The control treatment
consisted of NYDA medium alone. Tubes were inoculated from a
1x10* uL! spore suspension. Three replicates were applied for each
treatment. The inoculated tubes were incubated at 20 + 2 °C and
constant agitation at 100 rpm in an orbit shaker (ORBIT, Labline
instruments) for 96 h. Every 24 h, fungal growth was estimated by
changes in optical density with an ND-1000 v3.5 spectrophotometer
(NanoDrop Technologies, Inc. USA).

RNA extraction: 48 h cultures from liquid medium were used for
RNA extraction, the culture was recovered by cold centrifugation
at 3,800 rpm for 17 min (eppendorfR 5810R, Germany). TRIzol™
Reagent kit (Invitrogen) was used for extraction. RNA quality and
quantity were determined with the RNA Pico Sensitivity Reagent Kit
and LabChipGX Touch PE (PerkinElmer, USA). Twenty-four libraries
were synthesized with TruSeq Stranded mRNA LT Sample Prep
Kit. On an Agilent 2100 Bioanalyzer with DNA 1000 chip, the size
distribution of PCR-enriched fragments was analyzed. Sequencing of
101 bp paired-end reads was performed at Macrogen (Seoul, South
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Korea) with NovaSeq6000 (Illumina, USA). Sequence files were
registered at the National Center for Biotechnology Information,
accession numbers: BioProject PRINA1143533 (SRR30421781-
SRR30421792).

Sequencing, mapping and annotation: Bioinformatics analysis
was performed in Galaxy Europe (https://usegalaxy.eu//). FastQC
(v0.74+galaxy0) tools were used to create a quality report of
the reads. Trimmomatic (v0.39+galaxy2) with the parameters
Slidingwindow:5:25, Avgqual:30 and Minlen:60 was used to improve
the quality of the readings by trimming and filtering. Mapping was
performed with the RNA STAR tool (v2.7.11at+galaxy0) to map
the trimmed reads to the reference genome of Botrytis cinerea
B05.10. obtained from https://genome.ucsc.edu/index.html. The
FeatureCounts tool (v2.0.3+galaxy2) was used for counting reads per
gene. The Limma-Voom v3.58.1+galaxy0 tool was used to determine
the differentially expressed genes (DEGs) for hydrolate vs control,
homeopathic oil vs control and Tween 20 vs control comparisons. A
[logFC[>1 and adjusted p-value <0.05 were used for DEGs extraction.
The heatmap?2 tool (v3.1.3.1+galaxy0) was used to visualize the data.

Gene ontology (GO) analysis and KEGG pathways: For
enrichment of DEGs in KEGG pathways, KOBAS 3.0%* was used. In
the GO analysis, g:Profiler®® was used. In both programs, significance
threshold: Benjamini-Hochberg FDR=0.05 and the reference genome
B. cinerea B05.10 were used.

Results

In vitro inhibition assays against B. cinerea

Evaluation of PDA medium: Inhibition results with the treatments
essential oil, hydrolate, homeopathic oil, Tween 20 and control were
reported at five days. Essential oil inhibited mycelial growth by 91%
and hydrolate by 86% (p < 0.05). Tween 20 inhibition was 28% (p <
0.05). The homeopathic essential oil inhibited fungal growth by 19%,
but with no statistical difference compared to the control. Essential
oil and hydrolate inhibited mycelial growth four times more than
homeopathic essential oil and three times more than Tween 20 (Figure
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Figure | Inhibition of mycelial growth of B. cinerea at five days due to the effect
of the treatments essential oil 0.5% (EO), hydrolate 100% (H), homeopathic
oil 6 CH (HO), Tween 20 0.1% (TW) compared to control (CO). Means *
standard deviation (n=5) with different letters are statistically different (p <
0.05).

Evaluation of NYDA liquid medium: The mycelial growth observed
on NYDA liquid medium was similar to that on PDA medium. The
essential oil caused the least growth of B. cinerea at the 24 and 48
h evaluation times (p < 0.05), whereas, the hydrolate reduced the
growth of the fungus at both times, although the differences were only
significant at 24 h. Mycelial growth in the homeopathic oil and Tween
20 treatments was lower than that of the control, but there were no
significant statistical differences (p < 0.05) (Figure 2).
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Figure 2 Growth of B. cinerea in NYDA liquid medium with the treatments of
0.5% essential oil (EO), 100% hydrolate (H), 6 CH homeopathic oil (HO) and
0.1% Tween 20 (TW) compared to control (CO). Means + standard deviation
(n=5) with different letters are statistically different (p < 0.05).

Sequencing and mapping: Total RNA was sequenced from four
treatments: hydrolate, homeopathic oil, Tween 20 and control. Due to
severe inhibition of the fungus with the essential oil treatment (Figures
1 and 2), RNA of sufficient quantity and quality was not obtained for
sequencing. The total number of reads from the twelve libraries was
293,555,820 and ranged from 20,435,149 (TW3) to 31,220,838 (H2)
with an average of 24,462,985 reads (Table S1). After quality control,
261,319,701 clean reads were retained, a maximum of 27,696,340
(H2) and a minimum of 18,294,462 (TW3), with an average of
21,776,641 reads. About 89% of readings were retained (Table S1).

The total number of clean reads mapped onto the Botrytis cinerea
B05.10. reference genome was 252,138,043 which represented 96.5%;
and this percentage ranged from 95 (H3) to 98.4% (TO2). Similarly,
the percentage of uniquely mapped reads ranged from 94.8% (H3) to
98.1% (TO2) (Table S1).

Differential gene expression: The Limma-Voom method was used
to extract DEGs (|logFC[>1 and adjusted p < 0.05) and adjusted p
< 0.05) from comparisons between the three treatments and the
control. The MDS plot showed that the first three axes collected most
of the gene expression variation (86%). The first axis collected the
largest percentage of the variation (58%) and on which the hydrolate
treatment was separated from the other three treatments, while, on
axis 2 (23%), the Tween 20 treatment was separated from the other
treatments (Figure 3). The transcriptomic profile under homeopathic
oil treatment was indistinguishable from the control (Figure 3).
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Figure 3 MDS plot showing gene expression variation of B. cinerea obtained
from RNA-seq data at 48 h in response to 100% hydrolate (HI,H2,H3),6 CH
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homeopathic oil (HOI, HO2, HO3), 0.1% Tween 20 (TWI,TW2,TW3) and
control (COI, CO2, CO3) treatments.

In the hydrolate vs control comparison, 1,662 DEGs were
identified (JlogFC[>1 and adjusted p < 0.05), of which 1,314 were
down-regulated and 348 up-regulated. In the Tween 20 vs control
comparison, 791 DEGs were found, of which 456 were down-
regulated and 335 up-regulated. However, in the homeopathic
essential oil vs control comparison, no DEGs were found (|logFC|>1
and adjusted p<0.05) (Figure 4). A total of 469 DEGs were common
between the hydrolate treatment and the Tween 20 treatment. While
1,193 and 322 DEGs were unique to both treatments (Figure S1).
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Figure 4 Number of differentially expressed genes (DEGs; |logFC|>1 and
adjusted p-value <0.05) in B. cinerea because of hydrolate and Tween 20
compared to control.

Hydrolate Tween 20

Supplementary Figure |.Venn diagram showing unique and shared DEGs
of B. cinerea due to hydrolate and Tween 20 treatments.

Annotation of differentially expressed genes
Enrichment of KEGG pathways

The 1,662 DEGs extracted from the hydrolate vs control
comparison allowed enrichment of 3 KEGG pathways (p < 0.05),
namely “valine, leucine and isoleucine degradation”, “propionate
metabolism” and “sulfur metabolism”. For the pathway: “valine,
leucine and isoleucine degradation”, thirteen genes were found, of
which only gene BCIN _01g09170 was up-regulated due to hydrolate,
whereas genes BCIN_13g03020, BCIN _01g03020, BCIN_08g05100,
BCIN_04g04810, BCIN _02g07690, BCIN 11g04250,
BCIN_07g02750, BCIN_08g05050, BCIN_08g05040,
BCIN 13g01430, BCIN_03g05840 and BCIN _02g06840 were down-
regulated (Figure 5A). In the pathway: “propionate metabolism”,
nine genes (BCIN_13g03020, BCIN 15g05660, BCIN_01g03020,
BCIN 11g04250, BCIN_03g05840, Bcpdhl, BCIN_04g03150,
BCIN 13g01430, BCIN_07g03110) were found, all were down-
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regulated due to hydrolate (Figure 5B). In the “sulfur metabolism”
pathway, seven genes were found, of which six were up-regulated
(Bcmet5, Bemet3, BCIN 15g02880, Bcmetl0, Bemetl6, Besox1) due
to hydrolate and BCIN 12g05950 gene was down-regulated (Figure
5C).

Sulfur metabolism

Figure 5 Heat maps of the expression profile of genes related to KEGG
pathways enriched in B. cinerea in response to 100% hydrolate (HI, H2, H3)
compared to control (COI, CO2, CO3). A: valine, leucine and isoleucine
degradation, B: propionate metabolism, C: sulfur metabolism. Heat maps
were constructed based on Z-score. Red color indicates up-regulated genes,
and blue color indicates down-regulated genes, the intensity of the colors
represents the level of expression.

The 791 DEGs extracted from the Tween 20 vs control comparison
allowed enrichment of five KEGG pathways (p < 0.05): “peroxisome”,
“fatty acid degradation”, “fatty acid metabolism”, “unsaturated
fatty acid biosynthesis” and “glyoxylate and dicarboxylate
metabolism”. For the pathway: “unsaturated fatty acid biosynthesis”,
the four identified genes (BCIN [4g02030, BCIN 03g03940,
BCIN 04g06330, BCIN 13g00280) were up-regulated (Figure
6A). For the pathway: “fatty acid metabolism”, seven genes
(BCIN_14g02030, BCIN 03203940, Bcfaa2, BCIN_04g06330,
BCIN 16g03180, BCIN 11g01810, BCIN 13g00280) were found,
all were up-regulated due to Tween 20 treatment (Figure 6B). For
the pathway: “fatty acid degradation”, seven DEGs were found,
BCIN _02g04910, BCIN_14g02030, Bcfaa2, BCIN_16g03900,
BCIN 16g03180 and BCIN 03g03940 genes were up-regulated due
to Tween 20 and BCIN 01g02880 gene was down-regulated (Figure
6C).
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Figure 6 Heat maps of the expression profile of genes related to KEGG
pathways enriched in B. cinerea in response to Tween 20 (TWI,TW2,TW3)
compared to control (CO1,CO2,CO3).A:unsaturated fatty acid biosynthesis,
B:fatty acid metabolism, C:fatty acid degradation. Heat maps were constructed
based on Z-score. Red color indicates up-regulated genes, and blue color
indicates down-regulated genes, the intensity of the colors represents the
level of expression.

For the pathway: “glyoxylate and dicarboxylate metabolism”,
five genes were found, of which two (BCIN 09g01320 and
BCIN 09g06110) were up-regulated and three (Bccat7, Bccat5
and Bcfdhl) were down-regulated because of Tween 20 (Figure
7A). For the pathway: “peroxisome”, 19 genes were found, 17
of them (BCIN_05g06540, BCIN 14g02960, BCIN_14g02030,
BCIN 03g03940, Bcpexll, Bcspsl9, Bcfaa2, BCIN 04g06330,
BCIN 15g01560, BCIN 16g03900, Bcepex6, Bepxal,
BCIN 07g03000, BCIN 04g03710, Bcpexl3, Bcpexl0, Bcpexi4)
were up-regulated with Tween 20 and only two genes (Bccat7,
Bccat5) were down-regulated (Figure 7B).
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Figure 7 Heat maps of the expression profile of genes related to KEGG
pathways enriched in B. cinerea in response to Tween 20 (TWI,TW2,TW3)
compared to control (COI, CO2, CO3). A: glyoxylate and dicarboxylate
metabolism, B: peroxisome. Heat maps were constructed based on Z-score.
Red color indicates up-regulated genes, and blue color indicates down-

regulated genes, the intensity of the colors represents the level of expression.

Gene ontology (GO) analysis: The 1,662 DEGs from the hydrolate
vs control comparison allowed the enrichment of 62 GO terms (p <
0.05). For the category “molecular function” (MF), 33 GO terms were
enriched, the three most significant were “oxireductase activity”,
“catalytic activity” and “monooxygenase activity”. For the category
“biological process” (BP), 27 GO terms were enriched, the three
most significant were “transmembrane transport”, “carbohydrate
metabolic process” and “carbohydrate catabolic process”. In addition,
other carbohydrate-related terms such as “polysaccharide catabolic
process” “polysaccharide metabolic process” and “maltose metabolic
process” were enriched. For the category “cellular component”
(CC), two GO terms were enriched, these were “membrane” and
“extracellular region” (Table S2).

In the Tween 20 vs control comparison, the 791 DEGs allowed the
enrichment of 77 GO terms. For the MF category, 23 GO terms were
enriched, the three most significant were “oxidoreductase activity”,
“catalytic activity” and “heme binding”. For the BP category, 47 GO
terms were enriched, the most significant were “fatty acid metabolic
process”, “peroxisomal membrane transport” and ‘“peroxisome
organization”. Also, other terms related to “fatty acid beta oxidation”,
“fatty acid oxidation”, “fatty acid catabolic process” and “fatty acid
transport” were enriched. For the CC category, seven GO terms were
enriched, the three most significant were “microbodies”, “peroxisome”
and “membrane” (Table S3).

Notably, several enriched GO terms were related to the enriched
KEGG pathways. Specifically, GO terms related to carbohydrate
metabolism and transport in the hydrolate vs control comparison
and GO terms related to fatty acid metabolism in the Tween 20 vs
control comparison. In addition, GO terms related to detoxification
were enriched due to the two treatments hydrolate and Tween 20
which were “response to toxic substances”, “cellular response to toxic
substances”, “detoxification”, “cellular detoxification” and “cellular
oxidative detoxification” (Tables S2 and S3). For the comparison
hydrolate vs control, 13 DEGs were found in these four GO terms,
except for the term “cellular oxidative detoxification” where 12 genes
were identified (Figure 8A). For the Tween 20 treatment, the same
nine DEGs were found in the five GO terms related to detoxification
(Figure 8B). The Bccat6, Beprd4, Beprx9, Beglr2, Begst8, Beprx2 and
Bcprdl0 genes were identified only in the hydrolate treatment and the
Bccat2, Begstl2, Becat5 and Beprdll genes were found only in the
Tween 20 treatment. While Bccat7, BecatA, BeppoA90, Beprd3 and
Bcceep?2 genes were common in both treatments (Figure 8 A and B).
In terms of expression, Bccat6, Beeep2, Beprd3 and Beprx2 genes

Citation: Ruiz-Gonzalez MA, Serrato-Cruz MA, Solano-Vidal R, et al. Transcriptomic analysis of Botrytis cinerea in response to Tagetes remotiflora derived
essential oil, hydrolate, and homeopathic oil. Horticult Int J. 2025;9(3):120-128. DOI: 10.15406/hij.2025.09.00333


https://doi.org/10.15406/hij.2025.09.00333
https://medcraveonline.com/HIJ/HIJ-09-00332S2.zip
https://medcraveonline.com/HIJ/HIJ-09-00332S3.zip

Transcriptomic analysis of Botrytis cinerea in response to Tagetes remotiflora derived essential oil,

hydrolate, and homeopathic oil

were up-regulated and Bccat7, Beprd4, Beprx9, BecppoA90, BecatA,
Beglr2, Begst8, Beprdl0 genes were down-regulated in the hydrolate
vs control comparison. In the Tween 20 vs control comparison, Becat2,
Bceceep2, Beprd3 and Begstl2 genes were up-regulated and Bccat5,
Bccat7, BecatA, BeppoA90, Beprdll genes were under-expressed.
In both treatments: hydrolate and Tween 20, Bccat7, BcppoA90
and BccatA genes were down-regulated while Beeep2 gene was up-
regulated (Figure 8 A and B).
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Figure 8 Heat maps of the expression profile of genes related to “cellular
oxidative detoxification” in B. cinerea in response to hydrolate (HI, H2, H3)
and Tween 20 (TWI,TW2, TW3) compared to control (COI, CO2, CO3).
Heat maps were constructed based on Z-score. Red color indicates up-
regulated genes, and blue color indicates down-regulated genes, the intensity
of the colors represents the level of expression.

Discussion

Essential oils, hydrolats and some homeopathic substances are
alternative antifungal substances to chemical fungicides. Essential
oils have more diverse uses, although the use of hydrolates and
homeopathic substances for fungal control is still underexplored.
Although the effect of oils on fungi has already been studied by
transcriptomics, no information has been found on the effect of
hydrolates and homeopathic substances derived from essential oils.

In vitro inhibition of B. cinerea

In this experiment, 7. remotiflora, a species with abundant
chemical compounds, was studied.*® Of the treatments evaluated,
essential oil, hydrolate, homeopathic oil and Tween 20, the 0.5%
essential oil of 7. remotiflora was the most effective in controlling
the growth of B. cinerea under in vitro conditions, which coincides
with results observed with the oils of 7. tenuifolia (2 pL) and T.
lemmonii (1%).'**7 In this study, 100% hydrolate of 7. remotiflora also
significantly reduced the growth of B. cinerea. Likewise, hydrolates
obtained from 7agetes species (7. coronopifolia, T. minuta, T. parryi
and 7. terniflora) as well as Daucus carota hydrolates also inhibited
fungal growth.®!3

The amount, diversity and abundance of compounds present in the
oils and in the hydrolates affect the fungal and bacterial inhibition
processes differently.'®3 The inhibitory effect of the essential oil can
be attributed to the majority compounds (trans-p-ocimene, 2-carene,
cyclohexene, 1-methyl-4-(1-methylethylidene)- and 5,7-octadien-4-
one, 2,6-dimethyl-, (E)-) of the essential oil of 7. remotiflora.’® The
hydrolates contain traces of essential oils,* therefore, some common
compounds are found with essential oils, however, the abundance
is different, and this could influence fungal inhibition.”” 7. parryi
hydrolate was effective in controlling B. cinerea on flowering and
fruiting strawberry plants.'® Therefore, the next task will be to validate
the effect of 7. remotiflora hydrolate under in vivo conditions.
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In the present study, Tween 20 at 0.1% reduced to 28% the growth
of B. cinerea. The inhibitory effect of Tween 20 has already been
observed on Beauveria bassiana.’! However, Rhizopus oryzae was not
inhibited by a high concentration (1.5%) of Tween 20.* This indicated
that surfactants do not inhibit all fungi, they may even stimulate
the growth and germination of Beauveria bassiana conidia.’' Also,
the type of surfactant influences the inhibition response of fungi.*’
Therefore, it is recommended to use low concentrations (<0.2%) or
standardize concentrations according to the organism.

The 6 CH homeopathic oil treatment of 7. remotiflora had the
lowest inhibition (19%) against B. cinerea. Different results have
been mentioned in other studies; homeopathic 6 CH of Eucalyptus
citriodora and Cymbopogon citratus inhibited the germination of
Alternaria solani and Corynespora cassiicola conidia from 26 to
34%.%¢ Also, homeopathic oils of Psidium cattleyanum (7 CH and
12 CH) reduced the incidence of Aspergillus flavus and Penicillium
sp. on bean seeds.*! Therefore, evaluation of other dynamizations (>6
CH) of T. remotiflora could enhance the inhibition of B. cinerea.

Transcriptomic profiling of B. cinerea in response to
hydrolate and Tween 20

Although the severe inhibition of the fungus with the essential
oil treatment did not allow obtaining RNA of sufficient quantity and
quality for sequencing, a shorter sampling time (6, 12 and 24 h) could
allow the recovery of RNA for future analysis.

To evaluate the effect of the hydrolate and Tween 20 treatments at
the molecular level, gene expression profiles obtained from RNA-seq
data at 48 h were compared. The number of clean sequences obtained
in B. cinerea was 18,294,462 to 27,696,340 (average 21,776,641,
89% of the total) and was similar to that reported by Li et al.”! where
they obtained 22,130,161 to 31,530,791 reads (average 24,950,141)
from 72 h in vitro B. cinerea cultures treated with Melaleuca
alternifolia essential 0il.?! Similarly, Haile et al.*? obtained 18,245,810
to 55,880,939 reads (average 27,363,951) in samples of Vitis vinifera
fruits inoculated with B. cinerea and collected after four weeks.
Variations among RNA-Seq reads could be due to the fungal strain
used, sampling time, experimental conditions, sequencing strategies
and bioinformatic analysis flow. The results are directly related to the
design, execution and analysis of the experiment.*

As for the mapping performed in this study, about 96.4% of the
clean reads were mapped onto the Botrytis cinerea B05.10 reference
genome. In other studies, the mapping onto the same genome has been
67 to 78%,* while Srivastava et al.* mentioned that the mapping was
97% in samples obtained from Solanum lycopersicum infected by
B. cinerea. The sequencing data and mapping obtained in this study
indicated the suitability of this information for further analysis.

In the DEGs extracted from the hydrolate, 1,662 DEGs were
found, of these, 1,314 were down-regulated and 348 were up-
regulated. Li et al.,*! in cultures of B. cinerea treated with Melaleuca
alternifolia oil, identified 280 DEGs, of which 173 were up-regulated
and 107 down-regulated. Due to the effect of Perilla frutescens
oil against Aspergillus flavus, 5,914 DEGs were identified, 3,025
were up-regulated and 2,889 were down-regulated.” In Alternaria
alternata, 1,334 DEGs were found, 621 up-regulated and 713 down-
regulated in response to citral.** In Sclerotinia sclerotiorum treated
with Anethum graveolens essential oil, 3,793 DEGs were identified,
of which 2,334 were up-regulated and 1,459 down-regulated.” In
addition to the experimental and analytical factors mentioned above,
another factor that could influence the differences between DEGs is
the diversity of compounds present in the essential oils evaluated. For

Citation: Ruiz-Gonzalez MA, Serrato-Cruz MA, Solano-Vidal R, et al. Transcriptomic analysis of Botrytis cinerea in response to Tagetes remotiflora derived
essential oil, hydrolate, and homeopathic oil. Horticult Int J. 2025;9(3):120-128. DOI: 10.15406/hij.2025.09.00333


https://doi.org/10.15406/hij.2025.09.00333

Transcriptomic analysis of Botrytis cinerea in response to Tagetes remotiflora derived essential oil,

hydrolate, and homeopathic oil

example, Melaleuca alternifolia oil contains two major compounds
(1,8-cineole and terpinen-4-ol).2! Whereas that of Perilla frutescens
contains at least 13 compounds* and in the work of Wang et al.¥
only one compound (citral) was used. Anethum graveolens contains
26 compounds.?? The essential oil of 7. remotiflora evaluated in this
study contains 31 chemical compounds.*

Regarding the effect of Tween 20, 791 DEGs were found, 456 were
down-regulated and 335 were up-regulated. In Rhizopus oryzae, 2,935
DEGs were identified, 1,094 up-regulated and 1,841 down-regulated
due to the effect of triethanolamine.** Surfactants can influence the
surface of fungi through the adsorption process and change their
physicochemical characteristics.”’ In addition, each surfactant may
have different effects on different fungal species.*’

Enrichment of KEGG pathways due to hydrolate

DEGs due to hydrolate allowed the enrichment of pathways
related to amino acid and carbohydrate metabolism. Specifically,
the pathways “valine, leucine and isoleucine degradation”, “sulfur
metabolism” and “propionate metabolism” were activated. “Sulfur
metabolism” was also enriched with Melaleuca alternifolia oil in B.
cinerea.”® In Aspergillus flavus, the pathways: “valine, leucine and
isoleucine degradation” and “sulfur metabolism” were enriched due to
Perilla frutescens 0il.> The pathways: “valine, leucine and isoleucine
degradation” and “sulfur metabolism” were enriched due to citral in
Alternaria alternata.*®

For the pathway: “valine, leucine and isoleucine degradation”,
there were 12 genes down-regulated due to hydrolate. The down-
regulated genes BCIN 13g03020, BCIN _01g03020, BCIN 08205040,
BCIN 08205050, BCIN 13g01430, BCIN 11g04250 and the up-
regulated gene (BCIN 01g09170) affected the catabolic process of
branched-chain amino acids (valine, leucine and isoleucine). These
amino acids are important components of proteins and precursors
of secondary metabolites in fungi.*®* The genes BCIN 08g05100,
BCIN 07g02750,  BCIN 04g04810,  BCIN 02¢07690  and
BCIN_03g05840 were involved in the inhibition of fatty acid beta-
oxidation (3-methylbut-2-enoyl-CoA). This process (B-oxidation of
fatty acids) is required for cell development.’! The BCIN 07g02750
and BCIN 02g06840 genes inhibited the synthesis of acetoacetyl-
CoA, a metabolic intermediate important for the synthesis of
ergosterol which is a component of membranes and is important in
antifungal activity.

Inhibition of the “propionyl-CoA metabolism” pathway was
due to the down-regulated of nine genes. The BCIN 13g03020,
BCIN 01g03020, BCIN 13g01430 and BCIN 11g04250 genes
inhibited propionyl-CoA synthesis, whereas the BCIN 04g03150 gene
inhibited propionate synthesis. Blocking propionyl-CoA or propionate
utilization has been reported to be related to fungal inhibition.*
BCIN 01g03020 and BCIN 03g05840 genes inhibited acetyl-CoA,
an essential molecule of metabolism and its high production is an
indicator of good metabolic status of the organism.’! Bepdhl and
BCIN 07g03110 genes influenced the synthesis of methylisocitrate
and propionyl-CoA. Zhu et al.> mention that the accumulation of
intermediates such as propionyl-CoA and methylisocitrate, which
inhibit the pyruvate dehydrogenase complex and succinyl-CoA
synthetase in primary metabolism, has an impact on the inhibition of
filamentous fungi.

In the “sulfur metabolism” pathway, six genes were found to be
up-regulated and one gene down-regulated due to hydrolate. The
only down-regulated gene (BCIN 12g05950) was involved in sulfide
oxidation by quinone: oxidoreductase. Affecting this process could
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generate the accumulation of hydrogen sulfide which is usually toxic
in the organism.>® The up-regulated genes, Bcmet5, Bcmet3 and
BCIN 15g02880 are involved in the biosynthesis of amino acids such
as cysteine, this sulfur amino acid is part of proteins and is a precursor
of several metabolites.>* The genes Bcmet3, Bemet5 and Bemetl6
are involved in sulfate assimilation. This process is essential as
sulfate assimilation is required for its incorporation into cysteine and
homocysteine.”* The genes Bemetl0 (sulfite reductase activity) and
Besox1 (oxidoreductase activity) are important for the oxidation of
sulfite to sulfate®® and in the degradation or detoxification of pollutants
through oxidation.’” The gene overexpression observed in B. cinerea
could be due to the fact that sulfur availability is essential for defense
against oxidative stress and is involved in several metabolic processes
in fungi.>

Enrichment of KEGG pathways by Tween 20

DEGs in response to Tween 20 enriched four peroxisome and fatty
acid related pathways (“peroxisome”, “fatty acid degradation”, “fatty
acid metabolism”, “unsaturated fatty acid biosynthesis”) and one
carbohydrate pathway (“glyoxylate and dicarboxylate metabolism™).
With the application of triethanolamine, Wu et al.* did not find
the same enriched pathways, however, they reported the “lipid
metabolism” pathway which is akin to fatty acid metabolism. In this
study, most of the genes found in the “peroxisome” pathway were
up-regulated (BCIN 04g03710, BCIN 14g02030, BCIN 04g06330,
BCIN 03g03940, Bcpxal, Bespsl9, BCIN 14g02960, Bcfaa2,
BCIN 16g03900) and act in fatty acid oxidation. As mentioned above,
B-oxidation of fatty acids is essential to utilize acetyl-CoA as a carbon
and energy source for growth.”® The genes Bepex6, BCIN 05g06540,
Bcepex10, Bepexl3, Bcepexl4 and Bcepexll influenced membrane
proteins (PEX2, PEX6, PEX10, PEX11, PEX13, PEX14). These
proteins (peroxins) are of importance in membrane assembly and
import of matrix proteins.”® While the two down-regulated genes
(Bccat7 and Becat5) are in response to hydrogen peroxide. The under-
expression of these genes could affect cellular compounds in the
fungus.*

Peroxisome impairment impacted fatty acid synthesis, oxidation
and degradation.® In addition, peroxisomes are part of fungal
membranes,®! necessary to sustain fruiting body formation, maturation
and germination of sexual spores.®? In filamentous fungi, including
B. cinerea, peroxisomes are key to produce secondary metabolites
necessary for their development and pathogenesis.®

In the enriched and fatty acid-related pathways, they were mostly
up-regulated genes involved in f-oxidation of fatty acids, for example,
in the “fatty acid degradation” pathway BCIN 02g04910 and
BCIN 16g03900 genes were up-regulated. Also, the BCIN 14g02030
and BCIN 03g03940 genes that enable B-oxidation of fatty acids
were up-regulated in all three pathways (“fatty acid degradation”,
“fatty acid metabolism”, “unsaturated fatty acid biosynthesis”). The
genes Bcfaa2 and BCIN 16g03180 (“fatty acid degradation”, “fatty
acid metabolism™) act in fatty acid biosynthesis.** Likewise, the
BCIN 04206330 and BCIN 13g00280 genes, common in the “fatty
acid metabolism” and “unsaturated fatty acid biosynthesis” pathways,
were associated with f-oxidation and omega-6 fatty acids. These are
structural constituents, are part of lipids and are signaling compounds
in several pathways.®

As for the “glyoxylate and dicarboxylate metabolism” pathway, the
down-regulated genes Bccat7 and Bcecat5 act in response to hydrogen
peroxide and the Bcfdhl gene (down-regulated) catalyzes the NAD-
dependent oxidation of formate to carbon dioxide, which has a role
in the detoxification of exogenous formate in non-methylotrophic
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organisms.** The BCIN 09¢01320 gene (up-regulated) enables
isocitrate lyase enzyme activity and the BCIN 09g06110 gene enables
malate synthase activity. Isocitrate lyase is a glyoxylate cycle enzyme
that converts isocitrate to succinate during glyoxalate derivatization,
which aids the growth of the organism,* while malate synthase is
important in the pathogenicity and virulence of various fungi.*’
The glyoxylate cycle may act in stress defense in fungal cells and
pathogenesis.®

Although in this study Tween 20 showed 28% inhibition and
significant impact on B. cinerea gene expression, it is important to
consider possible neutral effects since organisms respond differently
(inhibition, stimulation of growth and germination) as indicated by
previous studies.

Enrichment of GO categories by hydrolate and Tween 20

As described above, hydrolate and Tween 20 affected B. cinerea
differently. For each treatment, several GO terms related to the enriched
KEGG pathways were enriched. Functional annotation of DEGs from
the hydrolate treatment allowed the enrichment of 62 GO terms. For
the category “molecular function” (MF) 33 GO terms were enriched,
27 for “biological process” (BP) and 2 for “cellular component”
(CQC). In another investigation, where essential oils were applied in
B. cinerea, 42 GO terms were enriched, 15 for MF, 18 in BP and 13
in CC.2! In other fungi (Alternaria alternata, Sclerotinia sclerotiorum
and Aspergillus flavus) treated with essential oils, 40 GO terms were
enriched, 12 for MF, 25 in BP and 3 in CC.* Chen et al."” mentions
the enrichment of 56 GO terms, 19 for MF, 19 in BP and 18 in CC.
While, Hu et al.?? indicated the enrichment of 34 GO terms, in each
GO category 10 GO terms were enriched. Some GO terms enriched
in this research were also enriched in some studies mentioned above.
For example, in the MF category the pathway “catalytic activity’?!4
and “oxireductase activity”'** were enriched. For the BP category,
the GO terms “transmembrane transport”, “carbohydrate metabolic
process”,” “polysaccharide catabolic process” and ‘“carbohydrate
catabolic process™ are also affected. For the CC category, the
categories “extracellular region” and “membrane” were enriched.!

Tween 20 DEGs enriched 77 GO terms, of these, 23 GO terms were
enriched for the MF category, 47 in BP and seven for the CC category.
In response to triethanolamine against R. oryzae there was enrichment
of 20 GO terms, of which six were enriched for the MF category,
six in BP and eight for the CC category.** Both treatments (Tween
20 and triethanolamine) affected GO terms of “catalytic activity” and
“membrane”. Although Tween 20 affected more processes (77) in B.
cinerea, this could be because Tween 20 dissolves cell membrane
lipids and makes them permeable.® While triethanolamine, in addition
to its use as a surfactant, is also a pH regulator.”

In both treatments (hydrolate and Tween 20), several GO
terms related to detoxification were enriched. All enriched GO
terms (“response to toxic substances”, “cellular response to toxic
substances”, “detoxification”, “cellular detoxification” and “cellular
oxidative detoxification”) are activated when the organism is in
contact with toxic substances, thus triggering a transport process to
move the toxic substance away from sensitive areas or to reduce or
eliminate the toxicity of superoxide radicals or hydrogen peroxide.”
In this study, due to hydrolate, genes that enable peroxidase and
catalase activity were down-regulated (Bcprd10, BeppoA90, Beprd4,
Beprx9 and Becat7) and there were also up-regulated genes (Beprd3,
Bceep?2 and Bcecat6). These enzymes are oxidoreductases that act
against reactive oxygen species present within cells.”” The Bcprx2
gene, up-regulated in B. cinerea, enables thioredoxin peroxidase
activity and thioredoxin peroxidase has been shown to be useful for
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detoxification.” Likewise, the enzymes glutathione transferase and
glutathione reductase are essential for detoxification and free radical
scavenging.” In the present study, Bcgst8 (glutathione transferase)
and Bcglr? (glutathione reductase) genes were down-regulated
due to hydrolate. Also, the BccatA gene, which catalyzes hydrogen
peroxide degradation, was down-regulated. In response to Tween 20,
also peroxidase activity genes were down-regulated (Bcprdll and
BecppoA90) and up-regulated (Beprd3 and Bcecep?2). Likewise, the
catalase activity genes, Bccat7 (down-regulated) and Beprd3 (up-
regulated). As in the hydrolate treatment, genes that aid in hydrogen
peroxide degradation were down-regulated (BccatA and Becat). Most
organisms exert two mechanisms for detoxification; the first is the
use of vacuoles™ and the second is based on chemical modifications
(inactivation, hydrolysis, oxidation or conjugation.”® For example,
Beauveria bassiana uses single vesicles to direct toxic compounds
into detoxifying vacuoles.” Other fungi perform direct detoxification
of toxic compounds through catalysis and enzymatic modification.”’

Conclusions

In the laboratory conditions, 7. remotiflora hydrolate and essential
oil are more effective in controlling B. cinerea than Tween 20 and
homeopathic oil. At the molecular level, B. cinerea shows a different
gene response to hydrolate and Tween 20. Hydrolate inhibited
the mycelial growth of B. cinerea by affecting amino acid and
carbohydrate-related pathways. While Tween 20 affected peroxisome
and fatty acid metabolism. Although hydrolate and Tween 20 affected
detoxification-related functions, the gene profile was different for
each treatment. Hydrolate could be used as a safe antifungal input
against B. cinerea once its in vivo effect is verified.
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