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SUMMARY 

 

Pepper (Capsicum annuum L.) is a vital food commodity, and its shelf life plays a crucial role in 

determining economic viability. Ethylene, a key regulator in the ripening of climacteric fruits, such as 

peppers, considerably affects postharvest longevity. The ethylene biosynthesis pathway incurs 

management from gene families encoding 1-aminocyclopropane-1-carboxylate synthase (ACS) and 1-

aminocyclopropane-1-carboxylate oxidase (ACO). The following study investigated the expression 

patterns of the ACS gene (CaACS6) and the ACO gene (CaACO1), along with a housekeeping gene 

(CaGAPDH), in three pepper cultivars (Cherry, Anaheim, and Bohemian), using quantitative 

polymerase chain reaction (qPCR). Gene expression assessment progressed across three maturity 

developmental stages (young green, large green, and ripening) to elucidate their influence on 

ethylene synthesis and pepper shelf life. The expression of the CaACS6 gene showed a positive 

correlation with the ripening stage across all cultivars. In the Cherry cultivar, the expression of gene 

CaACO1 significantly decreased at the ripening stage, indicating reduced ethylene production and 

potential for extended shelf life. Similarly, the Anaheim cultivar exhibited a decrease in the expression 

of both genes (CaACS6 and CaACO1) during the ripening stage, revealing a reduced ethylene 

production, suggesting a potential for reduced ethylene production and extended shelf life. These 

insights provide valuable guidance for selecting pepper cultivars with prolonged shelf life, thereby 

enhancing postharvest quality and commercial sustainability. 
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Key findings: In pepper (C. annuum L.) cultivars, the gene CaACS6 expression with an increased 

ethylene biosynthesis at the ripening stage, confirmed its role in maturation. Reduced gene CaACO1 

expression in pepper cultivars (Cherry and Anaheim) at the ripening stage suggested lower ethylene 

production, supporting their potential for extended shelf life. 
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INTRODUCTION 

 

The fruit ripening process involves an intricate 

regulation and delineation into climacteric and 

non-climacteric fruits by ripening behaviors. 

Climacteric fruits, such as bananas, tomatoes, 

and peppers (Capsicum annuum L.), undergo 

pronounced surges in ethylene production and 

respiration, distinguishing them from non-

climacteric fruits (Aizat et al., 2013). In the 

context of ethylene biosynthesis, 

understanding the rate-limiting steps and the 

regulatory genes involved in ethylene 

biosynthesis is paramount. Ethylene, a pivotal 

phytohormone, governs a myriad of 

physiological variations associated with fruit 

ripening phases, including alterations in color, 

texture, flavor, and aroma (Prasanna et al., 

2007). 

In climacteric fruits, such as tomatoes 

and peppers, ethylene production precedes 

color development and other ripening 

manifestations, showing the considerable 

regulation of ethylene biosynthesis (Klee and 

Giovannoni et al., 2011; Lü et al., 2018). In 

the papaya plant, these two genes have also 

undergone studies, cloning, and uses to 

develop papaya cultivars with delayed ripening 

characteristics (Magdalita et al., 2002, 2013). 

This increase in ethylene, as intertwined with 

climacteric respiration and biochemical 

transformations, leads to variations in pigment 

composition and cell wall structure (Afshar-

Mohammadian et al., 2019; Abd-El-Moneim et 

al., 2020). Therefore, the role of ethylene in 

climacteric fruit ripening is well established; 

however, its role in non-climacteric fruit 

ripening remains less explored (Giovannoni, 

2004; Pech et al., 2012). 

Moreover, semi-climacteric fruits like 

peppers exhibited intermediate ripening 

patterns, where ethylene production was less 

distinct compared with climacteric fruits; 

however, it still influenced the ripening-

associated variations (McGlasson et al., 1978). 

This complex regulation of ethylene synthesis 

in semi-climacteric fruits underscores the need 

for comprehensive studies to explore the 

underlying molecular mechanisms governing 

their ripening dynamics. Therefore, this study 

delved into the expression patterns of the 

crucial genes involved in ethylene biosynthesis, 

particularly focusing on peppers and shedding 

light on the complex interaction between gene 

regulation and fruit ripening processes. 

In fruits, ethylene biosynthesis involves 

two key enzymes: ACS (1-aminocyclopropane-

1-carboxylate synthase) and ACO (1-

aminocyclopropane-1-carboxylate oxidase). 

The ACS catalyzes the conversion of S-

adenosyl-L-methionine (SAM) to the ethylene 

precursor 1-aminocyclopropane-1-carboxylic 

acid (ACC) and often acts as the rate-limiting 

step (Lin et al., 2009). Subsequently, the ACO 

converts ACC to ethylene (Yang and Hoffman, 

1984; Bleecker and Kende, 2000). However, 

both climacteric and non-climacteric fruits 

produce ethylene at the basal levels, referred 

to as System-1; climacteric fruits undergo a 

transition to System-2 upon maturation, 

increasing ethylene production that initiates 

ripening (Lelièvre et al., 1997; Pech et al., 

2012). 

Ethylene acts as a pivotal regulator of 

ripening, facilitating the transcription and 

translation of enzymes involved in these 

processes, such as cell wall degradation, 

pigment synthesis, and flavor development 

(Bapat et al., 2010). In peppers, a significant 

increase in expression of ACS, ACC, and ACO 

genes was evident during ripening, 

underscoring the importance of ethylene in 

maturity (Yokotani et al., 2009; Sharma et al., 

2021). Moreover, synthetic compounds 

targeting ACS and ACO activities have reached 

exploration to mitigate postharvest losses 

(Ghosh et al., 2020). In ripening-related 

genes, including PG, Psy, and ACO1, the ACS6 

plays a remarkable role in ethylene 

biosynthesis and cell wall metabolism, 

influencing fruit texture and shelf life (Barry et 

al., 2000; Aizat et al., 2013).  

Extending the fruit's shelf life is a key 

breeding objective, and modulating fruit 

ripening processes through transcriptional 

regulation of ripening-related genes holds 

promise in achieving this goal (Causier et al., 

2002). Understanding the intricate interplay 

between ethylene biosynthesis and ripening-

associated gene expression is essential for 
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developing strategies to enhance fruit quality 

and prolong its shelf life, thereby contributing 

to the economic viability of fresh produce. 

The genus Capsicum encompasses 

various domesticated pepper cultivars, 

alongside approximately 32 wild relatives 

(Magdy et al., 2019). These wild pepper 

phenotypes have attained adaptation to 

diverse environments, and the study focus 

primarily lies on local cultivars, which are more 

crucial from a breeding viewpoint, as they aim 

to enhance pepper quality and shelf life. In 

genus Capsicum, nine species identification 

was successful with varying ripening behaviors, 

and some displayed climacteric ethylene 

production as cultivated tomatoes (Grumet et 

al., 1981). Understanding the dynamics of 

ethylene biosynthesis during pepper fruit 

development is pivotal, as it considerably 

affects the ripening and shelf-life phases. 

Therefore, the presented study aimed to 

assess the ripening characteristics and shelf 

life of newly introduced greenhouse pepper 

cultivars in Saudi Arabia, leveraging the 

quantitative polymerase chain reaction (qPCR) 

analysis. Additionally, elucidating the roles of 

ACO and ACS genes in ethylene production 

provides valuable insights to support breeding 

efforts focused on enhancing pepper shelf life. 

 

 

MATERIALS AND METHODS 

 

Plant materials and growth conditions 

 

The concerned experiment utilized three 

commercial pepper (C. annuum L.) cultivars 

(Cherry, Anaheim, and Bohemian). Planting 

the seeds proceeded in a non-heated, rain-

sheltered greenhouse from April 2021 to 

January 2022, following a randomized scheme 

at the Department of Botany, Faculty of 

Agriculture, Ain Shams University, Cairo, 

Egypt. Plant fertilization continued weekly 

using NPK fertilizer (Polyhalite fertilizer, UK). 

Transplanting occurred when the seedlings 

were 50 days old. Plants entailed vertical 

training with a single stem and topping by 

cutting at the second leaf above the ninth 

truss. Each truss bore four or five pepper 

fruits. For this experiment, pepper fruit 

harvesting transpired at three different stages 

to monitor the expression patterns of ACS and 

ACO genes, irrespective of their commercial 

maturity: young green (10 days after 

pollination, or DAP), large green (30 DAP), and 

large red/ripe (60 DAP). The identification of 

ripening stages and their categorization 

followed the USDA color index (USDA, 2005; 

López-Camelo and Gómez, 2004), with the 

examples for the cultivars Cherry and Anaheim 

depicted in Figure 1. The sampling stages 

according to the expected ethylene pattern 

reached their designs based on previous 

studies (Yokotani et al., 2009). 

 

RNA extraction and cDNA synthesis 

 

The experiment followed the method outlined 

by Kim et al. (2006) with slight modifications. 

Each sample comprised three biological 

replications. Total RNA extraction occurred 

from fresh fruit samples using Triazole® 

reagent (Sigma-Aldrich, St. Louis, MO, USA), 

followed by purification via phenol-chloroform 

extraction. RNA quality assessment via 2% 

agarose gel electrophoresis used 2 µg RNA per 

lane (FUJIFILM), while the measurement of 

RNA concentrations utilized a Quantus™ 

Fluorometer (Promega, USA). The isolated 

total RNA underwent treatment with RNase-

free DNase I (Promega, Madison, WI, USA) for 

45 min at 37 °C. For each stage (10, 30, and 

60 DAP), the usage of purified total RNA 

amounts of 1.5 and 2 µg succeeded. The 

conduct of first-strand cDNA synthesis applied 

M-MLV RT-reverse transcriptase (Invitrogen, 

Carlsbad, CA, USA) and random hexamers 

following the kit instructions. Upon completion, 

the cDNA storage at -20 °C ensued until 

further quantification. 

 

Quantitative real-time PCR (RT-PCR) 

 

Real-time quantitative PCR commenced using a 

20 μl master mix, comprising 10 μl of SYBR 

green (Thermo Fisher Scientific's SYBR Green 

Master Mix), 0.5 μl of primer (P1), and 0.5 μl 

of primer (P2). They are newly designed 

primers using NCBI-Primer-BLAST (Table 1), 

https://documents.thermofisher.com/TFS-Assets/LSG/manuals/MAN0018825_PowerTrackSYBRGreenMasterMix_UG.pdf
https://documents.thermofisher.com/TFS-Assets/LSG/manuals/MAN0018825_PowerTrackSYBRGreenMasterMix_UG.pdf
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Table 1. Oligonucleotide primers used in the RT-PCR of ethylene-related genes in pepper cultivars. 

Gene product Gene name Primer name sequence (5ˊ→3ˊ) 

ACS CaACS6 
CaACS6F ATGCTGCCACGGTCTTTGAT 

CaACS6R AGCCTTTCGGAACTCTCAGC 

ACO CaACO1 
CaACO1F GCATTTTCACGGAGCAAGGG 

CaACO1R TCCCGTCCTTTTCAGCCATC 

GAPDH CaGAPDH 
CaGAPDHF GCTCGTCTGAATGGAGGAGG 

CaGAPDHR GGTGGGTTAAAGTAGGGGCC 

 

 

 
 

Figure 1. Illustration of fruit-ripening stages of pepper (C. annuum) cultivars: Cherry, Anaheim, and 

Bohemian at 60 DAP (mature stage). 

 

along with 1.2 μl of buffer, 6.6 μl of H2O, and 

1.2 μl of cDNA template, in addition to the 

TaKaRa rTaq polymerase (TaKaRa, Kyoto, 

Japan) kit. The qPCR program included an 

initial denaturation at 92 °C for 2 min, followed 

by 40 cycles of denaturation at 92 °C for 5 s, 

annealing at 56 °C for 15 s, and extension at 

72 °C for 26 s. A dissociation test continued 

from 95 °C to 50 °C at 10-min intervals to 

determine the dimerization. Employing 

glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) served as a housekeeping gene 

(Coker and Davies, 2003). 

 

Statistical analysis 

 

In accordance with the method proposed by 

Livak and Schmittgen (2001), the cycle 

threshold (CT)’s computation used the default 

settings of sequence detection results obtained 

from the real-time software. Determining the 

number of cDNA molecules utilized the 

equation provided on the graph per microgram 

of mRNA-converted cDNA. The Ct values, as 

employed, estimated gene expression through 

relative quantification. Using the fold change 

method, the target genes attained a 

comparison with the control. The performance 

of a one-way analysis of variance (ANOVA) 

used SAS v8.2, based on a general linear 

model, which was followed by Duncan's 

multiple range test (DMRT) for means 

comparison and separation. 

 

RESULTS AND DISCUSSION 

 

The qPCR assay and validation 

 

Real-time quantitative polymerase chain 

reaction (qPCR) was a widely used method for 

gene quantification due to its broad dynamic 

range, high sensitivity, and specificity (Mesfer 

et al., 2022). The qPCR has achieved effective 

application to both climacteric and non-

climacteric fruits to detect ripening-related 

transcriptional changes with high accuracy, 

making it suitable for assessing ethylene-

related genes in peppers (C. annuum L.). 
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Table 2. The PCR cycle threshold obtained by RT-PCR for genes GAPDH, CaACS6, and CaACO1 at 

young green (10 DAP), large green (30 DAP), and large red/rip (60 DAP) stages of the three pepper 

cultivars. 

Pepper line ID 
GAPDH CaACS6 CaACO1 

HKG 10 DAP 30 DAP 60 DAP 10 DAP 30 DAP 60 DAP 

Cherry 29 26 24 32 23 22 25 

Anaheim 29 29 27 28 28 29 33 

Bohemian 29 28 22 31 24 25 29 

 

 

 
 

Figure 2. The fold-change ratios of relative expression for the ethylene synthase-associated gene ACS 

measured at three fruit-growth stages for the three imported pepper cultivars. 

 

The promising study examined the ACS 

and ACO gene expressions at three ripening 

stages—young green (10 DAP), large green 

(30 DAP), and large red/ripe (60 DAP)—using 

GAPDH as the reference gene for 

normalization. The GAPDH stability in pepper 

and tomato has been confirmatory in 

developmental and stress studies, ensuring 

that observed variations in ACS/ACO gene 

expression reflect the biological variations 

rather than technical bias. 

Melting curve analysis confirmed 

single, specific amplification peaks for genes 

CaACS6 and CaACO1, indicating primer 

specificity. In the pepper cultivar Bohemian, 

the Ct values ranged from 22 (CaACS6) to 30 

to 33 DAP (CaACO1) in FR-stage fruit (Table 

2). Reports of similar Ct ranges for ethylene 

biosynthetic genes have also emerged in 

pepper during ripening phases (Lee et al., 

2010), supporting the reliability and 

comparability of the present expression data. 

 

Expression of the gene CaACS6 

 

Assessing expression variations entailed 

calculating the delta Ct values by subtracting 

target gene Ct values from those of GAPDH 

(Livak and Schmittgen, 2001), allowing the 

estimation of relative expression and fold 

change. The highest CaACS6 gene expression 

resulted in the pepper cultivar Bohemian at 30 

DAP, with lower levels at the FR stage (Figure 

2). Comparable qPCR-based fold variation 

patterns have been notable in tomato and 

melon fruits during the maturation process 

(Chen et al., 2022). 

Across the pepper cultivars, CaACS6 

gene expression peaked at 30 DAP in the 

Bohemian and Cherry cultivars but remained 
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low in the Anaheim cultivar. Similarly, ACS 

gene induction patterns have appeared in 

climacteric fruits, with the expression 

enhanced during active ripening (Tatsuki et al., 

2007). This also authenticates the cultivar-

specific regulation for ethylene biosynthesis. 

The CaACS6 gene encodes ACC 

synthase, which converts S-

adenosylmethionine to ACC (Yang and 

Hoffman, 1984). Its downregulation at 60 DAP 

in the pepper cultivars Bohemian and Cherry 

coincides with ripening completion, whereas 

cultivar Anaheim’s persistently obtained 

recordings with low expression, which may 

underlie its delayed ripening and extended 

shelf life (Bapat et al., 2010). 

 

Expression of the gene CaACO1 

 

The expression of the CaACO1 gene reached 

primary detection at the young green (10 DAP) 

and large green (30 DAP) stages, with cultivar-

specific differences (Figure 3). In the cultivar 

Cherry, CaACO1 gene expression was high at 

10 DAP (80.63) and peaked at 30 DAP 

(128.00), suggesting increased ethylene 

demand during early-to-mid ripening. In the 

cultivar Bohemian, the gene expression was 

relatively high at 10 DAP (32.00); however, it 

declined at 30 DAP (20.16), contrasting with 

the sharp CaACS6 gene increase at this stage. 

This divergence signifies distinct regulatory 

control of the two genes in the pepper cultivar 

Bohemian. 

In the cultivar Anaheim, the CaACO1 

gene expression remained low across all the 

fruit growth stages, with only minor 

fluctuations (2.00 at 10 DAP, 1.26 at 30 DAP, 

and 1.00 at 60 DAP, respectively). Such low 

levels indicate a reduced ethylene biosynthesis 

system, which may contribute to delaying the 

ripening and extending the shelf life. Similar 

tightly regulated ACO1 gene patterns have 

succeeded their documentation in tomato, 

where expression may be negatively regulated 

in some cultivars (Nakatsuka et al., 1998). 

 

Comparative expression trends of CaACS6 

and CaACO1 

 

By considering them together, the CaACS6 and 

CaACO1 genes exhibited distinct yet 

complementary expression patterns across 

pepper cultivars. In the Cherry cultivar, both 

genes’ high expression emerged at 30 DAP, 

although the gene CaACO1 also showed a 

pronounced peak at 10 DAP, suggesting earlier  

 
 

Figure 3. The fold-change ratios of relative expression for the ethylene synthase-associated gene 

ACO1 measured at three fruit-growth stages for the three imported pepper cultivars. 
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activation of ethylene biosynthesis. In the 

cultivar Bohemian, the CaACS6 gene displayed 

a dramatic rise at 30 DAP, whereas the gene 

CaACO1 declined at the same stage. This 

indicates differential regulation of the two 

steps in ethylene biosynthesis, with the same 

findings also observed in tomato ripening 

studies (Nakatsuka et al., 1998; Wang et al., 

2006). Meanwhile, in the cultivar Anaheim, 

both genes were consistently remarkable with 

low expression across all the fruit stages, 

supporting the cultivar’s delayed ripening and 

extended shelf life. These results are 

consistent with findings that link reduced ACS 

and ACO activity to slower maturation and 

firmer fruit texture (Bapat et al., 2010). These 

combined patterns highlight that the CaACS6 

gene variation largely drives mid-ripening 

ethylene synthesis, while the CaACO1 gene 

regulation may influence early- to mid-stage 

ethylene dynamics in a cultivar-dependent 

manner. 

 

 

CONCLUSIONS 

 

The presented study elucidates the genetic 

regulation of ethylene biosynthesis in peppers 

(C. annuum L.) and its role in fruit ripening, 

revealing significant cultivar-dependent 

differences. The low expression of CaACS6 and 

CaACO1 genes in the cultivar Anaheim 

correlates with the delayed ripening, reduced 

ethylene production, and extended shelf life. It 

identifies the said genotype as a promising 

breeding material and strong candidate for 

future studies on shelf life. These findings can 

help in marker-assisted selection and precision 

breeding to develop long-lasting cultivars 

adapted to Saudi Arabia’s environmental 

conditions and market demands. Furthermore, 

biotechnological tools, such as clustered 

regularly interspaced palindromic repeats 

(CRISPR)-Cas9, RNA interference (RNAi), and 

postharvest ethylene inhibitors, offer 

complementary strategies for shelf-life 

extension. Integrating these genetic, 

molecular, and postharvest approaches holds 

substantial potential to enhance the 

sustainability and competitiveness of the 

regional pepper industry. 
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