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Deciphering the biosynthesis
pathway of gamma terpinene
cuminaldehyde and para cymene in
the fruit of Bunium persicum
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Persian cumin (Bunium persicum) is a widely used plant in Iranian cuisine, valued for its aromatic

and therapeutic compounds, primarily monoterpenoids such as y-terpinene, cuminaldehyde, and
p-cymene. Many ambiguities surround the exact process by which monoterpenoids are synthesized in
plants. This study investigates the key genes and biosynthetic pathways involved in monoterpenoid
production during fruit development. To achieve this, RNA sequencing and GC-MS analysis were
performed on two tissues (inflorescence and stem) to identify differentially expressed genes
associated with volatile compound biosynthesis. Our findings revealed four highly expressed genes,
terpinene synthetase (TPS1, and TPS2), and two geraniol hydroxylases—correlated with y-terpinene
and cuminaldehyde production. We also propose that cuminaldehyde biosynthesis from p-cymene
likely involves two hydroxylation steps mediated by cytochrome P450 enzymes (CYP76B) family
genes. Additionally, we identified other candidate genes, including those from the P450 family,
alcohol dehydrogenases, and hydroxylases, that may contribute to the pathway of cuminaldehyde
biosynthesis. Ultimately, this study presents a comprehensive analysis of Bunium persicum’s
transcriptome and proposes potential key genes involved in the biosynthesis of cuminaldehyde and
y-terpinene.
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Abbreviations

Inflor Inflorescence

GPP Geranyl pyrophosphate
TPS Terpene synthases

GTS y-Terpinene synthetase

B. persicum  Bunium persicum

Bunium persicum (Boiss.) B. Fedtsch. is a perennial medicinal plant of the Apiaceae family with 14 diploid
somatic chromosomes (2n=14). Although it shares the same chromosome number with Cuminum cyminum
L. (cumin), it belongs to a different genus and exhibits distinct genetic and biochemical characteristics. In
contrast, Carum carvi L. (caraway), another species with a comparable essential oil composition, has 2n=20
chromosomes, highlighting its greater genetic divergence from B. persicum'. Various names have been given to
this species, including black cumin, black caraway, Persian cumin, kalazira, and wild cumin? It is typically found
in temperate to arid climates and mountainous regions. The plant grows to a height of 40-80 cm, has small leaves,
and produces umbrella-shaped flowers with white florets in the third year after fruit planting. It generally matures
within three months in both vegetative growth and fruit production®. Due to limited knowledge regarding its
domestication and commercial cultivation, along with high market demand and uncontrolled wild harvesting,
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this species faces the risk of extinction®. Given the frequent confusion between this plant and other species, we
provide an illustrative photograph of the entire plant and its fruits in Fig. 1 to aid in accurate identification.

Iranians, Indians, and other cultures have long incorporated the fruits of this plant into their diet due
to its aromatic scent and medicinal properties. In addition to dietary use, the fruits are also essential in the
food industry’. Studies have shown that black cumin fruits exhibit various medicinal properties, including
antidiarrheal, anticancer, and antimicrobial effects®®. Furthermore, black cumin fruits are widely reported to
contain a diverse range of phytochemicals, particularly monoterpenoids*°.

Plants produce a highly diverse array of monoterpenes, with over 1000 structurally distinct compounds
identified so far. This diversity is evident in species from the Apiaceae family, such as Foeniculum vulgare
Mill. (fennel), as well as other aromatic plants like Mentha spicata L. (spearmint), Bunium persicum (Persian
cumin), and Thymus vulgaris L. (thyme), which synthesize various volatile compounds contributing to their
characteristic aromas. Final stages of monoterpene production pathways are still unclear and poorly defined. It
has been suggested that the production of monoterpenes is divided into four stages, the first and second stages
producing the geranyl pyrophosphate (GPP, which is a precursor agent for terpenoid production) through both
mitochondrial and cytoplasmic pathways®!°. The cytoplasmic The mevalonate (MEV) pathway exhibits greater
activity in the production of sesquiterpenes, alkanes, and triterpenes, whereas the plastidial methylerythritol
phosphate (MEP) pathway is responsible for synthesizing monoterpenes, diterpenes, and tetraterpenes'!. Stage
three monoterpenoids producing involves the production of intermediate agents of monoterpenoids, which are
produced by terpene synthase (TPSs) and CYP family proteins'2. The enzymes required for this stage have been
identified to some extent'>-1%. In the final step, as a result of oxidase and dehydrogenase enzymes like CYP P450,
the intermediate compounds are converted into a wide variety of monoterpenes'’. Despite many uncertainties,
some studies have identified the precise mechanism by which monoterpenoid compounds such as carvacrol
and linalool are formed'®. However, in our knowledge, no reports have been made regarding the formation of
cuminaldehyde, the most abundant compounds of B. persicum.

In this study, we aimed to provide a comprehensive understanding of the monoterpenoid biosynthetic
pathway in B. persicum by integrating transcriptomic and metabolomics data (GC-MS). First, we introduced
the fundamental transcriptomic statistics and provided an overall description of B. persicum transcriptome
enrichment and differential expression patterns between the stem and inflorescence, with a particular focus
on the monoterpenoid biosynthetic pathway. In the second part of the study, we specifically focused on
identifying the genes involved in cuminaldehyde production. We conducted a literature review and examined
the chemical structure and functional groups of these compounds. Based on this analysis, we hypothesize that
cuminaldehyde is the final product of the main monoterpenoid pathway in B. persicum. According to this
prediction, y-terpinene undergoes aromatization to form p-Cymene, which is then oxidized in two sequential
steps to produce cuminaldehyde. This transformation likely involves hydroxylation or oxidation processes to
convert an alkane group into an aldehyde. Finally, by integrating transcriptomic data with metabolomics data
(GC-MS), we explored the biosynthetic pathways of monoterpenoids in B. persicum, with a specific focus on the
synthesis of cuminaldehyde and y-terpinene.

Fig. 1. Morphology of B. persicum. (A) The plant in its natural habitat. (B) Aerial parts and underground
tuber. (C) Inflorescence of B. persicum during the fruit formation stage. (D) Final stage of B. persicum fruits in
the market.
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® Complete(single)
OFragmented

Sampl Number of reads | Number of reads remaining after trimming (%) | GC content (%) | Q20 (%) | Q30 (%)
Inflorescence 1 | 46,443,507 96.77 44.76 98.59 95.67
Inflorescence 2 | 44,145,890 97.74 44.12 97.24 94.30
Stem 1 43,562,830 98.55 43.95 98.11 95.98
Stem 2 44,058,732 97.32 44.59 97.87 94.43

Table 1. Statistics and the quality of the samples.
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Fig. 2. Overall statistical quality and quality of the samples. (A) Results of BUSCO (Benchmarking Universal
Single-Copy Orthologs) analysis. (B) Length distribution of the assembled transcriptome.

Result

De novo transcriptome assembly and quality evaluation

The sequencing and assembly of raw reads yielded high-quality and reliable data. In total, approximately
178 million raw reads were obtained across all samples. Nearly 94-96% of the reads remained after trimming,
with a Q30 quality score ranging from 94.30 to 95.98%. The GC content varied between 43.95% and 44.76%,
aligning with expected values for plant transcriptomes. After trimming, approximately 1.45-3.23% of the reads
were discarded, primarily due to adapter contamination and low-quality sequences (Table 1). More than 70% of
the contigs were longer than 500 bp, while 50% were longer than 1000 bp (Fig. 2B). Transcriptome completeness
analysis revealed that 80% of the contigs were of high quality, 6% were fragmented, and the remaining 14% were
either missing or of low quality (Fig. 2A). The assembled transcriptome was clustered into 46,156 groups. The
N, and mean length of the contigs were 1,450 and 1,191, respectively. Overall, these results suggest that the
assembly and resulting unigenes are of good quality and can be relied upon for further analysis.

Functional annotation, gene ontology classification, and enrichment analysis

An analysis of seven databases revealed that 91.7% of unigenes were present in at least one database. A high
percentage of unigenes were annotated in the NR (Non-Redundant Protein Database) and NT (Nucleotide
Database), with 89.6% and 80%, respectively, while the lowest percentage was associated with KOG at 23.36%
(Fig. 3A). Based on an evaluation of annotated unigene terms in NR, 89% showed similarity to Daucus carota L.,
followed by Vitis vinifera L. (4.8%) (Fig. s1).

GO analysis indicated that a significant portion of the transcriptome was involved in metabolic and cellular
processes within the biological process category. Binding and catalytic activities constituted the majority of
the molecular function category. In the cellular component category, the terms “cell,” “cell part, “membrane;”
“organelle,” and “membrane part” had the highest number of unigenes (Fig. 3B).

Differential gene expression between stem and inflorescence tissues

The analysis of gene expression levels between stem and inflorescence samples revealed distinct expression
patterns. The mapping of each sample’s reads to the de novo assembled reference transcriptome was reliable, with
over 85% of each sample successfully mapped (Table 2). Principal Component Analysis (PCA) indicated clear
differences in gene expression patterns between the two groups (Fig. 4A). Additionally, overall gene expression
levels were higher in the inflorescence compared to the stem (Fig. 4B). Differential expression analysis identified
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Fig. 3. Overview of the functional annotation and classification of assembled unigenes. (A) Summary of
annotation and classification of de novo-assembled unigenes from all B. persicum samples in eight databases.
(B) GO enrichment analysis of all assembled unigenes from all samples.

Total mapped
89.78%

Sample name

Inflorescence 1

Inflorescence 2

88.68%

Stem 1

87.87%

Stem 2

86.75%

Table 2. Overview of the alignment percentage.

approximately 20,000 genes, with around 10,000 genes significantly more highly expressed in each group
(Fig. 4C).

KEGG pathway enrichment of DEGs highlighting monoterpenoid biosynthesis

Through meticulous analysis of both shared and differentially expressed genes, we determined that gene
clusters are more abundant in nearly all metabolic processes in the inflorescence compared to the stem (Fig. 5).
This disparity is particularly pronounced in metabolic pathways related to secondary metabolites. A detailed

Scientific Reports|  (2025) 15:22438 | https://doi.org/10.1038/s41598-025-05415-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A B C
10
o Inflor Inflor_vs_Stem
Stem
g 25000 22216
g _ § 20000
o Z 6 - &
3 ) £ 15000
g = = 11402 10814
o8 % % S 10000
g g 2 |
s = £
& i Z 5000
E 7 100150 h
& o
= = é\ﬁ 0
g s 3 Total Up Down
s 200 T T T T DEGs  Regulated Regulated
200-150-100 =50 0 50 100 150 200 Stem-1 Stem-2 Inflor-1 Inflor-2

PC1 (41.33%)

Fig. 4. Differential expression analysis of B. persicum. (A) PCA of all samples. (B) Log2 expression distribution
of all samples. (C) Statistical representation of differentially expressed genes between inflorescence and stem
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Fig. 5. Enrichment analysis results obtained by BLASTing the assembled unigenes against genome references
of Arabidopsis thaliana (L.) Heynh., Daucus carota L., and Vitis vinifera L. using the KAAS tool from the KEGG
database.

breakdown of the BLAST processing, focusing on pathways directly or indirectly involved in the production
of monoterpenoids, is presented in Table 3. It is observed that, in nearly all processes related to the production
of terpenoids, and particularly monoterpenoids, the inflorescence exhibits a greater number of gene clusters.
Accordingly, out of approximately 200 blasted clusters (including 163 KO-terms) involved in the production
of monoterpenoids and polyketides, 188 clusters (72 KO-terms) were found in both inflorescence and stem
tissues. As with other processes, the inflorescence contained more clusters than the stem (122 clusters and 54
KO-terms), while the stem contained 86 clusters (37 KO-terms)'”!8.
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Non DEGs Up regulated Down regulated
Number

Number of KO | Number of | Number of KO | Number of | Number of KO | of
KEGG terms related to terpenoids biosynthesis terms clusters terms clusters terms clusters
Metabolism of terpenoids and polyketides 72 188 54 122 37 86
Terpenoid backbone biosynthesis 22 42 24 42 12 15
Monoterpenoid biosynthesis 2 9 3 14 2 10
Sesquiterpenoid and triterpenoid biosynthesis 5 15 5 13 1 5
Diterpenoid biosynthesis 6 11 2 12 3 9
Zeatin biosynthesis 6 32 4 16 2 10
Limonene degradation 1 10 1 5 1 2
Pinene, camphor and geraniol degradation 2 4 2 5 1 1
Carotenoid biosynthesis 17 31 7 7 9 20
Biosynthesis of other secondary metabolites 54 275 75 245 39 143
Biosynthesis of various plant secondary metabolites | 14 47 11 39 9 30
Xenobiotics biodegradation and metabolism 38 179 40 139 31 58
Metabolism of xenobiotics by cytochrome P450 3 36 4 23 5 20
Drug metabolism - cytochrome P450 4 39 3 31 5 23
Drug metabolism - other enzymes 10 51 16 44 7 19

Mevalonate pathway

Table 3. Selected date of KEGG enrichment analysis related to terpenoids biosynthesis.
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Fig. 6. Terpenoids precursor production pathway expressions of B. persicum. (A) Illustration cytoplasmic and
mitochondrial pathways of terpenoid precursor (GPP) production based on mean of Log2 FPKM (Fragments
per kilobase of transcript per million mapped reads) of inflorescences and stems of B. persicum. (B) The results
of real-time PCR for confirmation of the sequencing results. ***, indicates the significant level of 0.001.

Expression analysis and validation of monoterpenoid biosynthesis pathway

Earlier, it was noted that the inflorescence was more active in producing secondary metabolites, especially
monoterpenoids, than the stem. The BLAST results revealed that at least one cluster per gene was identified for
both the cytoplasmic and mitochondrial pathways of terpenoid backbone biosynthesis (Fig. s2). Upon analyzing
the expression levels of unigenes derived from sequencing for the first and second steps of the monoterpenoid
pathway, which culminate in GPP production, the average expression levels of the clusters in the inflorescence
were significantly higher than in the stem (Fig. 6A). Real-time PCR analysis of genes such as Mevalonate kinase
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Fig. 7. Overview of the proposed cuminaldehyde biosynthesis pathway and gene expression analysis. (A)
Proposed pathway of cuminaldehyde production. (B) FPKM values of the selected genes. (C) Real-time PCR
results of the final selected genes. ***, indicates a significance level of 0.001.

Study | y-terpinene | Cuminaldehyde | y-Terpinen-7-al | Cuminic-alcohol | p-Cymene
19 23% 27.8% 13.5%

2 46.1% 15% 7.5% 6.7%

z 44.2% 16.9% 10.5% 8%

2 44.2% 16.9% 8%

B 46.1% 23.9% 4.5% 15.9%

2 46.1% 15.5% 7.4% 6.7%

Table 4. Summary of GC-MS results of previous research on B. persicum fruits.

(MVK) and Isopentenyl shikimate kinase (ISPH) further confirmed the sequencing results, showing that the
inflorescence exhibited significantly higher gene expression levels compared to the stem (Fig. 6B)".

Prediction of cuminaldehyde biosynthesis pathway and essential oil analysis by GC-MS
Reviewing of the previous research indicated that there was a meaningful relation between the B. persicum
essential compound composition. Based on this relation and considering their chemical structure, we predicted
a possible model of cuminaldehyde biosynthesis in B. persicum fruit (Fig. 7A; Table 4). In this mean, two steps
are proposed to convert p-Cymene to cuminaldehyde, which includes two steps of oxidation on the alkane group
to convert this group to an aldehyde group, and as a result, p-Cymene convert to cuminaldehyde.

In the present study, the results of GC-MS showed a significant difference in the composition of compounds
in stem and inflorescence essential oils (Table sla and s1b). Based on the results, it appears that the inflorescence
produces significantly elevated levels of cuminaldehyde and y-terpinene than the stem. In contrast, the stem
contains predominantly germacrene D and caryophyllene (Fig. 8). Considering the amount of dry tissue used
for essential oil preparation, both stems and inflorescences are active in producing cuminaldehyde, but evidently,
inflorescence produce much greater levels than stem.

It should be noted that, based on a review of past studies and the results from the GC-MS analysis in this study
(Fig. 9), there is a discrepancy regarding the expected levels of cuminic alcohol, which are lower than anticipated
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Fig. 9. The volatile compounds identified in GC-MS analysis of inflorescence and stem of B. persicum.

(around 10%). However, some studies have reported amounts of this compound that align with the predictions
and expectations of this study'*?*. This discrepancy, however, warrants further detailed investigation.

Keyword-based search in the annotation data file and correlation analysis

Through correlation analysis and keyword-based searches in the annotation data file (Additional File 1), 31
genes were identified as final candidates for the predicted pathway. Correlating compound levels in each tissue
with gene expression levels revealed that each cluster had similar term categories (Fig. 8A). The volcano plot
(Fig. 8B) showed that all selected genes were positioned in the upper right quadrant, indicating their significant
differential expression. Notably, four genes (Cluster-2027.18783, Cluster-2027.16027, Cluster-2027.17744,
and Cluster-2027.16026) were identified among the final gene list as the most likely candidates involved in
the predicted cuminaldehyde biosynthesis pathway, based on their functional annotation and previous studies
(Table 5). Additionally, several other selected genes appear to be promising candidates for facilitating specific
reactions within this pathway. For instance, alcohol dehydrogenases (ADHs) and short-chain dehydrogenases/
reductases (SDRs) have been previously reported to play a role in monoterpenoid transformation and
biosynthesis!'®2°.

Final pathway proposal and gene validation in cuminaldehyde biosynthesis
As mentioned above, the final gene list is potentially capable of catalyzing each reaction in the pathway. However,
the selection of the best candidate for each reaction was based on a review of the literature, differences in FPKM
levels between the inflorescence and stem, and the levels of the compounds of interest (Fig. 7A). In the end,
two genes, TPS1 and TPS2 (GTS), were selected as final candidates for catalyzing the conversion of GPP to
y-terpinene. This prediction has also been suggested in previous studies, indicating that this pathway requires
two enzymatic reactions. Furthermore, for the downstream pathway following p-Cymene formation, which has
not been previously studied, our results identified two genes from the CYP76B family as potential candidates,
ultimately leading to the production of cuminaldehyde.

he gene expression results from real-time PCR align well with the sequencing data, showing significantly
higher expression in the inflorescence than in the stem (Fig. 7B, C). Additionally, band density analysis confirms
both gene expression and the quality of the assembled transcriptome (Fig. s3)!72%. Of note, the primers were
developed using the shared region of the two CYP76B fragments.

Differential abundance of transcription factors in inflorescence and stem tissues

In the inflorescence tissue of B. persicum, a comprehensive analysis of transcription factors (TFs) revealed a total
of 2505 TFs. Among these, the MYB, SNF2, C2H2, and C3H families were identified, with respective counts of
18, 12, 11, and 11. Additionally, the AP2, MYB, WRKY, and bZIP families were predominant in stem tissues,
with counts of 30, 22, 21, and 20, respectively (Fig. 10).
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Genes

NT description

KO description

Swissprot description

keyword-based search terms

Cluster-2027.21807

SDR39U1 homolog

SDR39U1 homolog

SDR +p-Cymene

Cluster-2027.24019

Dehydrogenase reductase 3b

SDR +p-Cymene

Cluster-2027.14501

Aldehyde dehydrogenase family 2
member C4-like

Coniferyl-aldehyde dehydrogenase

Aldehyde dehydrogenase family 2
member C4

Dehydro+Gamma T

Cluster-2027.10849

(+)-Neomenthol dehydrogenase-like

(+)-Neomenthol dehydrogenase

(+)-Neomenthol dehydrogenase

SDR + p-Cymene/Hydro + Gamma
T

Cluster-2027.21020

UDP-glucose 6-dehydrogenase 5-like

UDPglucose 6-dehydrogenase

UDP-glucose 6-dehydrogenase 5

Hydro+Gamma T

Cluster-2027.3199

S-linalool synthase (LINS)

1,8-cineole synthase

(-)-Alpha-terpineol synthase

TPS + Cumin

Cluster-2027.18201

Cytochrome P450 89A2-like

Cytochrome P450 89A2

Cyt+ C-alcohol/Cyt + Cumin/
P450 + Cumin/P450 + C-alcohol

Cluster-2027.13367

Coumaroylquinate(coumaroylshikimate)
3’-monooxygenase

Cytochrome P450 98A2

Cyt + C-alcohol/Cyt + Cumin/
MonoOx + Cumin

Cluster-2027.19783

Isoflavone 2'-hydroxylase

Cyt + C-alcohol

Cluster-2027.4574 | Cytochrome P450 (CYP76AE8) Cytochrome P450 family 76 Cytochrome P450 76A2 Cyt+ C-alcohol
Cluster-2027.11484 | S-linalool synthase (LINS) 1,8-cineole synthase (-)-Alpha-terpineol synthase TPS+Gamma T
Cluster-2027.20660 | Terpene synthase (TPS1) 1,8-cineole synthase Monoterpene synthase TPS+Gamma T

Cluster-2027.9829

Cytochrome P450 CYP736A12

Biphenyl-4-hydroxylase

Cytochrome P450 CYP736A12

Cyt + C-alcohol/Cyt + Cumin/
P450 + Cumin/P450 + C-alcohol

Cluster-2027.20384

Cytochrome P450 CYP72A219

Cytochrome P450 CYP72A219

Cyt + C-alcohol/P450 + Cumin/
P450 + C-alcohol

Cluster-2027.14771

2-Haloacrylate reductase-like

NADPH2: quinone reductase

Quinone oxidoreductase

ADH + C-alcohol

Cluster-2027.25542

Aldo-keto reductase family 4 member
C9-like

Alcohol dehydrogenase (NADP+)

NADPH-dependent aldo-keto
reductase

ADH + C-alcohol

Cluster-2027.22671

Short-chain dehydrogenase/reductase
2b

(+)-Neomenthol dehydrogenase

Salutaridine reductase

ADH + C-alcohol

Cluster-2027.18568

Cytochrome c oxidase subunit

Cytochrome c oxidase subunit 6a

Cytochrome c oxidase subunit 6a

Cyt + C-alcohol

Cluster-2027.5219

Cinnamoyl-CoA reductase 2

Cinnamoyl-CoA reductase 2

Hydro + Cumin/Hydro + C-alcohol

Cluster-2027.13906

Isoflavone 2'-hydroxylase

Cyt+Cumin

Cluster-2027.20126

Aldehyde dehydrogenase family 2
member B4

Aldehyde dehydrogenase (NAD+)

Aldehyde dehydrogenase family 2
member B4

Hydro + Cumin/Hydro + C-alcohol

Cluster-2027.9221

Cytochrome P450 83B1-like

Cytochrome P450 83B1

Cyt+Cumin

Cluster-2027.9148

Dehydrogenase reductase 2a-like

Short-chain dehydrogenase
reductase 2a

SDR +p-Cymene

NADPH-dependent mannose

NADP-dependent p-sorbitol-6-

Cluster-2027.16916 6-phosphate reductase (m6pr) Aldehyde reductase phosphate dehydrogenase Hydro + Gamma T
Cluster-2027.16027 | Cytochrome P450 (CYP76B8) Cytochrome P450 family76 Geraniol 8-hydroxylase Cyt+Gamma T
Cluster-2027.17744 | y-Terpinene-terpinene synthase (GTS) | (-)-Alpha-terpineol synthase (-)-Alpha-terpineol synthase TPS+Gamma T
Cluster-2027.16026 | Cytochrome P450 (CYP76B8) Cytochrome P450 family 76 subfamily C | Geraniol 8-hydroxylase Cyt+Gamma T/Cyt + Cumin

Cluster-2027.18116 | Cytochrome P450 78 A7-like Cytochrome P450 family 78 subfamily A | Cytochrome P450 78A7 Cyt+Gamma T/P450 + Gamma T
Cluster-2027.18040 | Alcohol dehydrogenase 1 Alcohol dehydrogenase class-P Alcohol dehydrogenase 3 Hydro+Gamma T
Cluster-2027.18115 | Cytochrome P450 78A7-like Cytochrome P450 family 78 subfamily A | Cytochrome P450 78A7 Cyt+Gamma T
Cluster-2027.16251 | — - Flavonoid 3’-monooxygenase Cyt+Gamma T
Cluster-2027.18783 | Terpene synthase (TPS1) 1,8-Cineole synthase Monoterpene synthase TPS +Gamma T/TPS + Cumin

Table 5. Annotation summary of the final obtained clusters.

Discussion

Several studies have investigated the compounds in B. persicum fruit essential oil, and the majority have identified
cuminaldehyde, y-terpinene, and p-Cymene as the three most abundant constituents (Table 4). However, the
biosynthetic pathway of cuminaldehyde has not been proposed until now. In the current study, the essential oil
of B. persicum stem and inflorescence was analyzed using GC-MS during fruit development, revealing distinct
monoterpene compositions between the two tissues. Despite the significant presence of cuminaldehyde in the
inflorescence, the stem produced negligible amounts of this metabolite. Instead, it predominantly contained
Caryophyllene and Germacrene D. Interestingly, Caryophyllene, which is abundant in the stem, has been
reported to have therapeutic benefits?’-2,

As evidenced by qualitative and quantitative analysis of the read lengths and the annotation of contigs
in different databases, the raw data and assembled contigs of this study were highly reliable for further
transcriptomic investigations of this plant. After de novo transcriptome assembly, approximately 46,000
unigenes were yielded from the transcriptome of this plant. The BUSCO results and quality control analysis
conducted prior to assembly demonstrate that the resulting reads are of high quality and reliable for further
analysis. In line with previous studies examining the transcriptomes of plants in the Apiaceae family, this study
found the transcriptome to be most similar to that of carrot, as carrot is the only plant in the Apiaceae family

Scientific Reports | (2025) 15:22438 | https://doi.org/10.1038/s41598-025-05415-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

32 30
35
37
3141 | y
41 a4 T 59 61
W S g5 fas 28T
aMYB m ©AP2/ERF-ERF 6 C3H BHHLH =bzIP
BNAC BmTERF  BWRKY BSNF2 BSET BGRAS
BAUNIAA  ©HB-HDZIP wB3 GARP-G2-like & PHD =TCP
BGNAT WMADS-MIKC BTrihclix ~ MC2C2-Dof  BC2C2-GATA BTRAF
@HSF @ HB-other O Others
20 - .
L 18 Up Regulated in Inflorescence Up Regulated in Stem
51 30
-
17
2 25
On
15
BT 3 2
g 3 15
g ¢ b 10
2 4 -]
2 g 5
0 ] 0
= S OAR LD LD & TS DS S R
R » SN ¥ & S ' SO
e ‘c'&v\:ﬁy Ve 3?5\&0 o“i%\ro?ov“& CFL Q'ﬁb»f‘“
& 5 TS &
7 » (4 [l ’rc" \G‘?
7 o X S
é & & & °
,\fv & ol
g

Fig. 10. Transcription factor family analysis. (A) Total transcription factors in stem and inflorescence tissues,
(B) Upregulated transcription factors in inflorescence tissue, and (C) Upregulated transcription factors in stem
tissue.

with a complete genome sequence®. The study of green cumin (Cuminum cyminum L.), a species closely related
to B. persicum, confirmed that cumin has a similar unigene count of 53,103,

Our analysis of the cytoplasmic and mitochondrial pathways involved in terpenoid backbone biosynthesis
in B. persicum revealed that all key genes were expressed in both the stem and inflorescence. Hereupon, study
of Zeidabadi et al., has reported that two genes of both mitochondrial and cytoplasmic pathways (HMGR and
IPI) were actively expressed during different growth stage of B. persicum fruit®!. However, real-time PCR and
sequencing data showed significantly higher expression levels in the inflorescence, suggesting a more active
terpenoid biosynthesis in this tissue. This pattern is consistent with findings in other Apiaceae species, where
fruits and seeds serve as major sites for terpenoid biosynthesis. For instance, in Cuminum cyminum L. (cumin),
terpenoid accumulation is significantly higher in seeds compared to vegetative tissues, as these metabolites
contribute to seed protection and dispersal”. Similarly, in Foeniculum vulgare Mill. (fennel), the fruit is the
primary site of essential oil production, with key terpenoid biosynthetic genes showing higher expression
compared to stems*’. Our results reinforce the idea that reproductive structures, particularly fruits and seeds,
prioritize terpenoid biosynthesis, likely due to their ecological roles in seed dispersal, defense, and germination
success.

One of the most abundant compounds found in B. persicum and other Apiaceae family is y-terpinene?!.
As of yet, a suggestion has been made for the production of y-terpinene from geranyl pyrophosphate (GPP).
In this process, the linalyl diphosphate is initially created by re-adding pyrophosphate to the Geranyl cation.
Afterward, a linalyl cation is produced through ionization and isomerization of linalyl diphosphate. Next, the
a-Terpinyl cation is created through 1,6 ring closure from a linalyl cation. Finally, to produce y-terpinene via
a y-terpinene synthase activity, the a-Terpinyl cation must first be converted to Terpinen-4-yl cation®. The
driving genes of this reaction, according to reports and suggestions, are TPS1 and TPS2. While TPSI proceed the
initial part of the pathway, the creation of a-Terpinyl cation® y-terpinene synthase, which is a TPS2, catalyze the
conversion of Terpinen-4-yl cation into y-terpinene®. In line with our findings, some researchers have identified
the y-terpinene synthetase (TPS2) responsible for the production of y-terpinene®’-*. Our transcriptomic
analysis identified two terpene synthase genes, TPS1 and TPS2, that exhibited significant expression in the
inflorescence, the tissue with the highest y-terpinene content. Previous studies have reported similar findings in
other plants. The functional roles of these genes were supported by studies on other plants, where y-terpinene
synthase genes have been shown to play crucial roles in the biosynthesis of monoterpenes. For instance, Nigella
sativa L. (black cumin), a plant known for its medicinal potential, has been found to produce y-terpinene as
a precursor to thymoquinone, the key bioactive compound in its seeds. In this plant, a y-terpinene synthase
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(NsTPS1) was functionally characterized and shown to catalyze the conversion of geranyl diphosphate (GDP)
into y-terpinene®. Similarly, in Thymus vulgaris L. (thyme), the y-terpinene synthase gene (Ttps2) has been
sequenced and shown to play a key role in the production of thymol, a major essential oil compound in thyme
species®”. The co-expression of TPS1 and TPS2 with y-terpinene accumulation in B. persicum inflorescence in
our study supports their functional role in y-terpinene biosynthesis from GPP, similar to findings in these other
species.

Currently, some specific details regarding the biosynthesis of terpenoids, particularly monoterpenoids,
remain unknown“®4!. Since the enzymes responsible for the final stages of monoterpenoid production have not
been well characterized!? still some uncertainty remains for downstream biosynthesis stages of monoterpenoids
from GPP*2. In general, however, cytochromes P450 enzymes and TPSs are the main candidates that could be the
most potential candidate to advance the synthesis of these compounds*®. Studies in the past somehow predicted
the formation of p-Cymene from y-terpinene!® however, the formation of cuminaldehyde from y-terpinene in
different plants have not been proposed. There has only been limited research reporting the conversion of the
C-10 alkane group of p-Cymene to an aldehyde group in the past. However, this pathway was found only in
bacteria, which is interestingly similar to our proposed pathway for producing cuminaldehyde from p-Cymene.
In this process, which involves two oxidation steps, oxygenation and alcohol dehydrogenation, the alkane group
is converted into aldehyde®*>. In the current study, four genes were proposed based on their relatively high
expression and the high correlation between their differences in expression and differences in y-terpinene and
cuminaldehyde content in two tissues as candidate genes for accomplishing the proposed pathway. For this
means, the results indicated that there were two Geraniol hydroxylase, belonging to the CYP76B and CYP76C
family highly correlated with cuminaldehyde and y-terpinene. Previous research showed that these genes could
convert geraniol biphosphate into cyclic monoterpenoid intermediates through hydroxylation of an aldehyde
group of acyclic compounds like geranyl cation®’. Notably, the proposed reaction in current study needs
conversion of an alkane group into an aldehyde of a cyclic compound (p-Cymene). To support this claim, a
study has reported that this genes were also able to perform such rection on a cyclic compound a-terpineol and
convert it into a 10-hydroxy-a-terpineol. In addition, the carbon number 10 which is the target al.dehyde group
of p-Cymene to be converted to cuminaldehyde has been shown to be hydroxylated by CYP76B and CYP76C
family?6:48,

Transcription factors (TFs) play a crucial role in regulating gene expression by modulating the expression
levels of their target genes. Recent advancements in Next-Generation Sequencing (NGS) techniques have
facilitated the identification of TFs and their associated target proteins across diverse species?>*. In the context
of terpenoid synthesis, the overexpression of specific TFs, such as MYB, bHLH, and NMN, has been observed
to affect gene expression patterns, ultimately influencing the production of final terpenoid compounds®->3.
Notably, our current research highlights a significant upregulation of the MYB family in B. persicum fruit,
suggesting its potential role as a key enhancer in volatile compound production.

The distinct volatile compound compositions between the stem and inflorescence of B. persicum provide a
valuable framework for studying the relationship between metabolite production and gene expression. In this
study, we proposed candidate genes involved in the biosynthetic pathway of cuminaldehyde based on their
expression levels and correlation with y-terpinene and cuminaldehyde content. While CYP76B and CYP76C
family genes emerged as the strongest candidates, it is important to acknowledge that other enzymes, such as
neomenthol dehydrogenase and CYP76AES, which exhibit alcohol dehydrogenase activity, could theoretically
contribute to the conversion of cuminic alcohol into cuminaldehyde25’54. However, based on prior studies and
correlation analyses, CYP76B and CYP76C were identified as the most plausible candidates. Nevertheless, we
recognize that our conclusions are based on transcriptomic and metabolomic correlations rather than direct
enzymatic assays. Additionally, the limited sample size (four biological replicates) may not fully capture the
complexity of monoterpenoid biosynthesis in B. persicum. Further experimental validation, including enzyme
functional characterization and a broader sampling approach, is necessary to confirm the proposed pathway and
refine our understanding of cuminaldehyde biosynthesis.

Conclusions

This study provides the first comprehensive analysis of B. persicum’s transcriptome, identifying key genes involved
in the biosynthesis of its volatile compounds, including cuminaldehyde. We found that the inflorescence, with
higher expression of terpenoid biosynthetic genes, is more active in metabolite production, potentially linked to
ecological functions like pollination and defense. Our data suggest that CYP76B and CYP76C genes are likely
responsible for the final stages of cuminaldehyde production, while two terpene synthases (TPS1 and TPS2) play
a crucial role in the conversion of y-terpinene from GPP. However, further experimental validation is needed to
confirm these findings.

These results offer valuable insights into B. persicum’s metabolic pathways and lay the groundwork for future
research focused on optimizing its volatile compound production. A more comprehensive study, including
larger sample sizes and functional validation, would be crucial not only to confirm these results but also to
support the domestication and conservation of this endangered plant, potentially enhancing its productivity
and essential oil yield. Additionally, a deeper understanding of the environmental factors that may influence
the production of targeted metabolites would further enrich the findings and guide more effective cultivation
strategies for this valuable species.
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Materials and methods
Plant collection and RNA extraction
In late spring, we collected the aerial parts of Bunium persicum from the foothills of Kerman, while the fruits
were in the middle stages of maturation (Fig. 1C). The collected samples were immediately transferred to liquid
nitrogen. After brief disinfection, RNA extraction was performed according to the protocol of the Zist-Asia RNA
extraction kit. Finally, the quality and quantity of RNA were measured using a 1% agarose gel, and the ratio of
0D260/280 and OD260/230 was assessed with a NanoDrop spectrophotometer.

The botanical specimens were authenticated by Dr. Seyed Mansour Mirtadzadini, a botanist at the herbarium
within the Shahid Bahonar University of Kerman’s biology department. The assigned specimen number is MIR:
4551 (https://biol.uk.ac.ir/). The specimens were obtained in accordance with governmental regulations.

cDNA library construction and sequencing

Four samples of B. persicum (two inflorescences and two stems) were sequenced by the Beijing Genomes Institute
(China). First, their quality was checked using a Bioanalyzer, and samples with the highest RIN (above 8) were
selected for sequencing. cDNA was synthesized using poly-A selection and then sequenced using the standard
Ilumina kit. Sequencing was performed with a read depth of 6 gigabases (per sample) in paired-end mode with
aread length of 150 bp.

RNA sequencing data availability

Raw RNA sequencing data generated in this study have been deposited in the NCBI Sequence Read Archive
(SRA) under the BioProject accession number PRJNA1105724. The corresponding SRA accession numbers
are SRR28827920, SRR28827918, SRR28827917, and SRR28827919. All data are publicly available and can be
accessed at: https://www.ncbi.nlm.nih.gov/bioproject/PRINA1105724.

Data processing and de novo transcriptome assembly

The quality control of the reads was checked before and after trimming by FastQC software (Version 0.11.9
in the Linux operating system environment. The raw reads were trimmed by Trimmomatic>® software (Version
0.37), and low-quality adapters and reads were removed. Due to the lack of a reference genome for B. persicum,
the de novo assembled transcriptome for high quality reads was created by Trinity software (v2.13.2)* and
K-mer 32 was used to assemble the reads and the rest of its parameters were set to default. After that, CORSET?>8
software was applied to remove the redundance and them clustering the Trinity results. Hierarchical clustering
performs based on multiple mapping events and expression pattern.

)55

Functional annotation of assembled transcriptome

After assembling, to evaluate the quality of the reconstructed transcript, the unigenes were analyzed using
BUSCO tool*. To perform functional annotation of unigenes, the nucleotide sequences were first converted
to amino acid sequences by Trans-Decoder software® (an ORF prediction software) with default parameters.
Subsequently, for gaining functional annotation of unigenes, all unigenes were blasted against databases such as
NR® NT®2 SwissProt®® KOG* and KEGG® with the BLASTx®® program (E-value < le-5). Data were analyzed
utilizingBlast2GO® to acquire GO annotation of the unigenes. Metabolic pathways were achieved based on the
KEGG (KAAS® and BlastKOALA®) pathway database. In the study, the PlantTFDB (http://planttfdb.gao-lab.or

g) was employed to identify and classify transcription factors (TFs) associated with B. persicum®.

Differential gene expression analysis

To evaluate the gene expression, the number of Illumina reads was measured employing Bowtie 27° with default
parameters, which characterized each unigene expression level of each sample. The quantities of assembled
transcripts were calculated by the RSEM software’". First, the reads were aligned back to the de novo assembled
transcriptome utilizing Bowtie, after that the RSEM was used to calculate the number of aligned reads for each
sample. To standardize the expression of genes, the expression values of the unigenes were computed based on
fragments per kilobase of transcript per million aligned reads (FPKM > 1) by RSEM software.

Differentially expressed contigs were identified from the count’s matrix estimated by RSEM through the
edgeR using Rstudio. The TMM normalization were applied to adjust for any differences in sample composition.
To obtain the differentially expressed genes (DEGs), a threshold false discovery rate (FDR) of <0.001 and an
absolute value of log2 fold ratio > 2 were used.

Identification of unigenes and gene families related to terpenoid biosynthesis

To elucidate the cuminaldehyde production pathway, we initially reviewed several studies that investigated the
quantification of volatile compounds in B. persicum fruit. Then, based on the possibility of chemical conversion
between compounds, a pathway for producing and converting compounds was suggested. For finding the target
genes and due to the fact that there is little information on the function of genes involved in monoterpenoid
production, this study attempted to introduce genes associated with the production pathway of black cumin’s
most important compounds, First, by performing a keyword-based search in the annotation data file (keywords:
P450, CYP, Cytochrome, Monooxygenase, Hydrogenases, Hydrolase, Dehydrogenase, TPS, Terpenoid synthase)
to identify potential genes related to monoterpenoid biosynthesis. Next, following the selection of the most
relevant genes, correlation analysis, and Euclidean relationships were determined between the level of gene
expression and the level of metabolite production produced in the stem and inflorescence (using COR function
and Pheatmap package in R). Finally, to identify conclusive candidate genes, we considered terminology, the
feasibility of advancing the reaction by consulting various databases, the highest correlation, and the closest
Euclidean relationship (Fig. 11).
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Fig. 11. Processes of selecting most potential clusters for cuminaldehyde production.

Real time PCR

Three biological and three technical replicates were utilized to perform the qRT-PCR assay. The data were
analyzed using SPSS software, employing the comparative threshold cycle (ACT) method to ascertain the relative
gene transcription level. The primer sequences are available in Table s2.

Essential oil extraction and GC-MS analysis

Briefly, a Clevenger apparatus was used to prepare the essential oil. GC-MS analysis was performed with helium
gas flowing at a rate of 1 mL/min, and the injector temperature was set at 250 °C. The oven temperature was
maintained at 50 °C for 2 min before gradually increasing by 10 °C per minute, reaching 250 °C after 15 min. A
Thermo Finnigan Trace DSQ GC-MS system was used for this analysis, with a 70 eV ionization energy, and the
column operated using a DB-5 capillary column and helium as a carrier gas. The composition of the compounds
was determined by comparing the relative retention times (RT) and mass spectra with those in standards, the
NIST, Wiley, and Adam’s libraries of the GC-MS system, as well as from literary sources. Notably, to achieve
an equivalent quantity of essential oil, varying weights of different tissues were required. Specifically, to yield
1 milliliter of essential oil, approximately 18 g of dry inflorescence tissue were used, while the same amount of
essential oil required 100 g of dry stem tissue.

Data availability

Raw RNA sequencing data generated in this study have been deposited in the NCBI Sequence Read Archive
(SRA) under the BioProject accession number PRINA1105724. The corresponding SRA accession numbers are
SRR28827920, SRR28827918, SRR28827917, and SRR28827919. All data are publicly available and can be ac-
cessed at: https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1105724.
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