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Introduction

Phenylpropanoid metabolism is a central pathway in plant 
secondary metabolism, directing carbon flow from primary 

metabolism into the biosynthesis of lignin, flavonoids, 
phenolic acids, and other specialized metabolites. 4CL 
catalyzes the formation of hydroxycinnamoyl-CoA esters, 
serving as a key entry point into various downstream 
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Abstract

Background and aims: 4-Coumarate:CoA ligase (4CL) is a key enzyme in the phenylpropanoid pathway, directing 
metabolic flux toward lignin and flavonoid biosynthesis. This study aimed to identify and characterize the 4CL gene 
family (Ah4CLs) in Agave and to analyze their expression patterns during leaf development and under heavy metal and 
biotic stresses.
Methods: Ah4CL genes were identified from transcriptome data. Phylogenetic analysis was performed using  
the Maximum Likelihood (ML) method with IQ-TREE. Expression patterns were examined by qPCR across three leaf 
developmental stages and under copper (Cu), lead (Pb), and Phytophthora nicotianae treatments.
Results: Phylogenetic analysis classified the five genes into three groups: Group I (Ah4CL1, predicted lignin-related), 
Group II (Ah4CL2, predicted flavonoid-related), and Group III (Ah4CL3-5, 4CL-like). Expression profiling revealed 
that Ah4CL1, Ah4CL4, and Ah4CL5 were highly expressed in unexpanded leaves and were coordinately upregulated 
under Cu and Pb stress. Conversely, Ah4CL1 and Ah4CL2 were significantly induced by P. nicotianae infection.
Conclusions: The Ah4CL gene family exhibits functional diversification. Ah4CL1, Ah4CL4, and Ah4CL5 are primarily 
associated with leaf development and heavy metal tolerance, while Ah4CL1 and Ah4CL2 play a significant role in biotic 
defense. These findings provide a foundation for the genetic improvement of stress resilience in Agave.
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branches of the pathway (Lavhale et al., 2018). Using ATP 
and Mg²⁺ as cofactors, 4CL converts several cinnamic 
acid derivatives (including cinnamic acid, 4-coumaric 
acid, caffeic acid, ferulic acid, 5-hydroxyferulic acid, and 
sinapic acid) into their corresponding acyl-CoA thioesters 
(Li et al., 2020a). This enzyme modulates intracellular 
CoA ester levels through its action on different substrates 
and contributes to lignin biosynthesis via the activities of 
cinnamoyl-CoA reductase (CCR) and cinnamyl alcohol 
dehydrogenase (CAD). As a key rate-limiting enzyme 
in the synthesis of phytochemical monomers in vascular 
plants, 4CL has garnered significant attention in genetic 
engineering studies aimed at modulating lignin content 
(Liu et al., 2018; Li et al., 2020a). Research has shown that 
4CL can regulate the expression of lignin biosynthesis-
related genes, influence lignin accumulation, and thereby 
affect plant adaptability to drought and salt stress (Wang  
et al., 2025; Zhang et al., 2025c). Additionally, 4CL 
supports flavonoid production through its involvement 
with chalcone synthase (CHS) or chalcone isomerase 
(CHI) (Harding et al., 2002). 

Since the initial isolation of 4CL cDNAs from parsley 
(Petroselinum hortense) (Kuhn et al., 1984; Lozoya  
et al., 1988) and potato (Solanum tuberosum) (Becker-
André et al., 1991), the 4CL gene family has been 
widely investigated for its structural diversity, regulatory 
complexity, and biotechnological potential. In plants, 4CL 
constitutes a medium-sized gene family whose members 
have functionally diverged to participate in the biosynthesis 
of diverse phenylpropanoid derivatives, including lignin 
and flavonoids. Beyond their canonical roles, 4CL 
enzymes also participate in ubiquinone (coenzyme Q) 
biosynthesis. For example, in Arabidopsis thaliana, 4-CL8 
(AT5G38120) localizes to peroxisomes and contributes 
to the formation of the benzenoid ring of coenzyme Q 
(Soubeyrand et al., 2019). More critically, this superfamily 
contains a subclade of proteins closely related to 4CLs but 
possessing distinct catalytic activities, namely acyl-CoA 
synthetases (ACS). In Arabidopsis, AT1G62940 encodes 
a peroxisomal ACS involved in fatty acid metabolism. 
Other ACS isoforms, such as AT4G05160, AT5G63380, 
and AT1G20510, are also localized to peroxisomes, 
where they participate in fatty acid β-oxidation and 
jasmonic acid biosynthesis (Kienow et al., 2008). These 
peroxisomal homologues form a separate phylogenetic 
clade from the bona fide 4CLs, despite sharing the 
conserved AMP-binding domain. 4CL proteins typically 
contain two conserved motifs: Box I (SSGTTGLPKGV), 
which corresponds to the AMP-binding domain, and  
Box II (GEICIRG), which is essential for catalytic activity 
(Costa et al., 2005; Lavhale et al., 2018). Plant 4CL 
genes are typically classified into two major phylogenetic 
clades: Class I (lignin-related) and Class II (non-lignin or 
flavonoid-related). Class I 4CLs, including Arabidopsis 
At4CL1 (AT1G51680), At4CL2 (AT3G21240), At4CL3 
(AT1G65060), and At4CL4 (AT3G21230, also referred to 
as At4CL5 in some literature) (Ehlting et al., 1999) as well 
as rice Os4CL1 (Q6ETN3), Os4CL3 (P17814), Os4CL4 
(Q67W82), and Os4CL5 (Q6ZAC1) are primarily involved 
in monolignol biosynthesis for lignin deposition and cell 

wall reinforcement, with some members also contributing 
to soluble phenolic esters like sinapoylmalate (Afifi et al., 
2022). Class II 4CLs, represented by Arabidopsis At4CL3 
(AT1G65060) and rice Os4CL2 (Q6ZAC1), predominantly 
function in flavonoid metabolism, anthocyanin production, 
and UV stress responses, often exhibiting distinct tissue-
specific expression patterns such as high expression in 
anthers and inducibility by UV radiation. Notably, some 
4CL members display unique substrate specificities. For 
instance, At4CL4 specifically activates sinapate, while 
Os4CL4 participates in tricin biosynthesis and phosphorus 
acquisition, highlighting the functional diversification of 
this gene family across different plant lineages. Therefore, 
when conducting homology searches to identify 4CL 
genes, it is crucial to distinguish true 4CLs from ACS and 
4CL-like sequences. In the present study, we employed 
a multi-step screening strategy using conserved motif 
analysis (Box I and Box II) and excluding sequences 
with high similarity to peroxisome-targeted ACS proteins 
to ensure the accurate identification of five Ah4CL 
candidates from the sisal transcriptome. Comparable 
classification schemes and functional divergence have also 
been reported in tobacco (Nicotiana tabacum) (Lee and 
Douglas, 1996), pine (Pinus) (Zhang and Chiang, 1997), 
apple (Malus domestica) (Ma et al., 2023) and walnut 
(Juglans regia) (Ma et al., 2024). Recent genome-wide 
studies in wheat (Triticum aestivum) and Brassica species 
have further expanded this classification framework.  
In wheat, 110 putative Ta4CL genes were identified and 
classified into seven clades, with Ta4CL91 showing 
pronounced responsiveness to drought and salt stress 
(Zhang et al., 2025c). Across Brassica U’s triangle 
species, a total of 53 4CL genes were identified and 
phylogenetically grouped into four distinct clusters 
(Zhang et al., 2025a). Expression analyses revealed that 
4CL genes exhibit tissue-specific patterns and substantial 
variation in transcript levels across developmental stages, 
reflecting their functional diversification (Fu et al., 2025). 
In apple, the expression of different 4CL gene members 
varied significantly depending on cultivar and tissue type, 
with generally higher levels observed in fruits, flowers, 
and leaves. Moreover, their expression was positively 
correlated with the intensity of fruit coloration and 
anthocyanin accumulation (Ma et al., 2023). 

Accumulating evidence underscores that 4CL genes 
are transcriptionally regulated in response to diverse 
abiotic stresses, playing a pivotal role in plant adaptation. 
This regulation is evident at the promoter level, as seen in 
cassava where Me4CL32 possesses cis-elements responsive 
to various hormones (Ran et al., 2024). Functional 
studies across species consistently demonstrate that 4CL 
activation is a central strategy for stress mitigation. For 
instance, in maize and wheat, the induction of Zm4CL2 
and Ta4CL91 by drought or salt stress, respectively, is 
crucial for enhancing tolerance through lignin deposition 
and oxidative stress reduction (Wang et al., 2025; Zhang  
et al., 2025c). This mechanism extends to other stresses and 
metabolic outputs. Overexpression of 4CL genes in Salvia 
miltiorrhiza and tobacco redirects metabolic flux towards 
phenolic acids or flavonoids, concomitantly improving 
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growth and stress resilience (Li et al., 2020a). A detailed 
study on maize Zm4CL2 further revealed that it coordinates 
drought-responsive lignin biosynthesis by interacting with 
ZmCCoAOMT (Wang et al., 2025). Notably, this paradigm 
of 4CL-mediated cell wall reinforcement is also a key 
defense against heavy metal toxicity. Under conditions like 
copper and lead stress, 4CL upregulation promotes lignin 
biosynthesis, which reinforces the cell wall and sequesters 
metal ions, thereby alleviating oxidative damage and 
cellular injury (Le Gall et al., 2015; Tugbaeva et al., 2022). 
Therefore, the transcriptional regulation of 4CL genes 
represents a conserved regulatory node that orchestrates 
the biosynthesis of protective phenylpropanoids, enabling 
plants to cope with a wide spectrum of environmental 
challenges.

To date, no systematic study has been conducted to 
identify members of the 4CL gene family in Agave or to 
investigate their evolutionary relationships and expression 
patterns. Transcriptome sequencing has emerged as  
a powerful tool for gene discovery in non-model plants 
such as Agave, whose large and complex genomes have 
hindered whole-genome sequencing efforts. Huang et al. 
performed de novo transcriptome assembly of Agave 
hybrid 11648 (A. H11648), generating 148 046 unigenes 
and identifying 38 CesA genes that are critical for cellulose 
biosynthesis during fiber formation (Huang et al., 2019). 
Wang et al. sequenced the transcriptome of A. amaniensis, 
identifying nine expansin A genes involved in cell wall 
loosening and fiber elongation (Wang et al., 2023). Most 
expansin genes exhibited high expression in shoot tissues, 
with expression levels declining during leaf maturation, 
suggesting a negative correlation with leaf elongation. 
Notably, AhEXP2 was significantly upregulated under 
biotic stress induced by Phytophthora nicotianae infection, 
indicating its potential role in disease resistance. Beyond 
these studies, Wang et al. reported the first transcriptome 
of A. schidigera, identifying 72 160 unigenes and cloned 
20 PAL genes from four Agave species and analyzed 
their expression under different developmental and stress 
conditions (Wang et al., 2024). Furthermore, our team 
successfully applied PacBio sequencing to obtain full-
length transcriptomes from five distinct tissues of Agave 
leaves (Huang et al., 2024). This dataset represents  
the first comprehensive full-length transcriptomic resource 
for Agave, providing a valuable foundation for gene 
discovery and functional studies in this genus.

Agave species are economically important CAM plants 
with diverse agricultural applications, including tequila 
production and natural fiber manufacturing. A. H11648 
is the predominant cultivated variety for fiber production 
in tropical regions worldwide. Therefore, investigating 
the 4CL gene family in sisal may not only facilitate  
the accumulation of valuable metabolites such as 
flavonoids and lignin but also improve the plant's resilience 
to environmental stresses. Furthermore, understanding  
the evolution and function of these genes can offer valuable 
insights into the genetic basis of sisal development. Based 
on the available transcriptome data for A. H11648, this 
study identified and cloned the 4CL genes, systematically 
analyzed their phylogenetic relationships and expression 

patterns during leaf development and characterized their 
differential expression under copper stress, lead stress, 
and pathogen infection. These findings will enhance our 
understanding of the functional roles of 4CL genes in sisal 
fiber development and in stress and disease resistance 
mechanisms, thereby providing a theoretical foundation for 
breeding high-yielding, high-quality, and multi-resistant 
sisal varieties. In this study, we classified both 4CL and 
4CL-like genes into the 4CL gene family and designated 
them collectively under the Ah4CL nomenclature.

Materials and methods

Material cultivation and processing: The main Agave 
cultivar A. H11648 was cultivated at the Institute of 
Environment and Plant Protection, Chinese Academy 
of Tropical Agricultural Sciences (19.99°N, 110.33°E). 
Two-year-old potted plants were sampled at three leaf 
developmental stages: heart leaf, unexpanded leaf, and 
fully expanded leaf (defined as having an angle greater than 
45° from the central axis). One-year-old potted plants were 
used for stress treatments. Heavy metal stress was applied 
by irrigating with aqueous solutions of copper sulfate or 
lead nitrate, using clean water irrigation as the control. 
Based on established protocols, two concentrations were 
used: 1 g/L CuSO4 and 1.3 g/L Pb(NO3)2. Each treatment 
received 500 mL of the respective solution, and leaf samples 
were collected approximately two weeks post-treatment 
when curling symptoms appeared due to heavy metal 
toxicity. For pathogen infection, detached leaves were 
wound-inoculated with P. nicotianae, the causal agent of 
zebra spot disease in Agave. Control leaves were wounded 
but not inoculated. Sampling was performed at 24 and  
48 h post-inoculation. For each developmental stage, stress 
treatment, and control, samples were collected from three 
independent plants as biological replicates. All collected 
tissues were immediately flash-frozen in liquid nitrogen 
and stored at –80°C until use. Total RNA was extracted 
using a Plant Total RNA Extraction Kit (Tiangen Biotech, 
Beijing, China) and preserved for subsequent analysis.

Identification and analysis of the Ah4CL genes:  
To ensure the identification of bona fide 4CL genes rather 
than ACS or other 4CL-like homologs, we employed  
a multi-step screening strategy. First, using functionally 
characterized 4CL sequences from A. thaliana (At4CL1 - 
At4CL4) and rice (Os4CL1 - Os4CL5) (Hamberger 
and Hahlbrock, 2004; Gui et al., 2011) as queries, we 
performed a systematic search of the Agave transcriptome 
database using the TBlastx algorithm. Only sequences 
showing an E-value of ≤1 × 10–10 in the BLAST results 
were retained as candidate members of the Ah4CL gene 
family. The identified transcripts were subsequently 
analyzed for ORFs using the ORF-FINDER tool, and 
only those containing a complete coding sequence were 
retained for further analysis. Second, candidate sequences 
were examined for the presence of complete and 
conserved catalytic motifs, including the AMP-binding 
domain (Box I: SSGTTGLPKGV) and the putative 
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catalytic site (Box II: GEICIRG). For multiple sequence 
alignment of the identified Agave 4CL protein sequences, 
we used DNAMAN software (Lynnon Biosoft, San Ramon, 
CA, USA) to identify conserved amino acid sequences 
within functional domains. The protein length, molecular 
weight, and pI were predicted using the ProtParam tool 
(ExPASy, SIB, Geneva, Switzerland), while subcellular 
localization was predicted with the CELLO prediction 
system (National Taiwan University & Academia Sinica, 
Taipei, Taiwan, China). Third, sequences showing higher 
similarity to peroxisome-targeted ACS proteins were 
excluded from further analysis. This rigorous approach 
allowed us to identify five sequences (Ah4CL1 - Ah4CL5) 
that most likely represent authentic 4CL enzymes in Agave. 
To construct a phylogenetic tree, we selected the gene 
sequences of A. thaliana (Cukovica et al., 2001), Oryza 
sativa (Gui et al., 2011), Asparagus officinalis (Harkess 
et al., 2017), Brassica oleracea (Zhang et al., 2025a), 
Solanum tuberosum (Nie et al., 2023), and Zea mays 
(Zhang et al., 2025b) as reference sequences. Multiple 
sequence alignment was performed using MAFFT with 
the L-INS-i algorithm (Katoh and Standley, 2013). 
Phylogenetic analysis was conducted using the Maximum 
Likelihood (ML) method with IQ-TREE (Minh et al., 
2020). The best-fit amino acid substitution model was 
selected by ModelFinder (Kalyaanamoorthy et al., 2017). 
Branch supports were evaluated by ultrafast bootstrap 
(1 000 replicates) and SH-aLRT test (1 000 replicates).

Expression patterns of the Ah4CL genes: Transcriptome 
expression data were obtained from the previously 
established de novo transcriptome assembly of A. H11648, 
which was generated by our team through Illumina 
sequencing (Huang et al., 2019). Total RNA was extracted 
from Agave samples and reverse-transcribed into cDNA 
using the GoScript™ Reverse Transcription System 
(Promega, Madison, WI, USA) for subsequent qPCR 
analysis. The qPCR amplifications were performed on  
a QuantStudio™ 6 Real-Time PCR System (Thermo 
Fisher, Waltham, MA, USA) with a total reaction volume 
of 20 µL. Each reaction mixture contained 1 µL of cDNA 
template, 10 µL of TransStart® Tip Green qPCR Supermix 
(Beijing Quanshijin Biotechnology Co., Ltd., Beijing, 
China), 0.5 µL of forward primer (10 µM), 0.5 µL of 
reverse primer (10 µM), 0.4 µL of Passive Reference Dye 
(Beijing Quanshijin Biotechnology Co., Ltd., Beijing, 
China), and 7.6 µL of nuclease-free water. The thermal 

cycling protocol consisted of an initial denaturation at 94°C 
for 3 min, followed by 40 cycles of denaturation at 94°C  
for 10 s and annealing at 58°C for 30 s, and concluded 
with a melting curve analysis. Each sample was analyzed 
in three technical replicates.

The PP2A and TUB genes were used as reference genes 
to normalize the expression of target genes. Relative gene 
expression levels were calculated using the 2−ΔΔCt method 
(Livak and Schmittgen, 2001). Specific qPCR primers 
for the reference genes and the 4CL genes were designed 
using Primer3 software (Untergasser et al., 2012), and 
their sequences are listed in Table 1.

Results

Identification and cloning of Ah4CL family: Through 
homologous sequence analysis, five full-length coding 
sequences were identified and designated as Ah4CL1, 
Ah4CL2, Ah4CL3, Ah4CL4, and Ah4CL5. These 
sequences have been submitted to the GenBank database. 
To distinguish bona fide 4CL enzymes from 4CL-like 
homologs that may possess ACS activity, a systematic 
comparative analysis of conserved domains was performed. 
Comparative analysis of conserved domains revealed 
that Ah4CL1 and Ah4CL2 contain the characteristic  
AMP-binding motifs SSGTTGLPKGV (Box I) and 
GEICIRG (Box II), consistent with previously reported 
4CL sequences (Ehlting et al., 2001; Schneider et al., 
2003; Zhang et al., 2025a). Box I and Box II are highly 
conserved core domains within the adenylate-forming 
enzyme superfamily. Box I constitutes the AMP-binding 
site and directly participates in the catalytic process, 
while the integrity of Box II is essential for 4CL enzyme 
activity-deletion or mutation of this motif results in near-
complete loss of catalytic function (Ma et al., 2026).  
In contrast, Box I of Ah4CL4 and Ah4CL5 each contained 
two amino acid substitutions, where the conserved LP 
residues were replaced by VS and DS, respectively. Box I 
of Ah4CL3 (SSGTSGFSKGV) showed three amino acid 
variations: T to S, and LP to FS. Similarly, Box II regions 
in Ah4CL4, Ah4CL5, and Ah4CL3 displayed variant 
sequences GELLFRG, GELCFRG, and GELFLRG, 
respectively (Fig. 1). The SGTT region represents a serine/
threonine/glycine-rich segment, immediately followed by 
a conserved proline/serine-lysine-glycine triplet. These 
evolutionarily conserved sequences are essential for 

Table 1. Primers used for qPCR analysis.

Genes Forward primer (5'- 3') Reverse primer (5'- 3') Product size (bp)

Ah4CL1 CAAACGGGGCTGAAATCACA GGTCGGATGGAGATCACTGT 198
Ah4CL2 ACAAGTCCCTGGTATCGAGC ATCACCTCCAGCATCCTCTC 205
Ah4CL3 TCTTGCAGCTCTACCGATGT ATCCGTTCGCATGTTTAGCC 203
Ah4CL4 CTCCTGTACTCCTCTGGCAC GAACCTCTCCATCACGACCA 213
Ah4CL5 TGCTGAACTTGAAGGGTTGC GATGCGGATTTTGGGATGCT 225
PP2A CCTCCTCCTCCTTCGGTTTG GCCATGAATGTCACCGCAGA 235
TUB TTCCCATCACCAAAGGTCTC CGCTCATTGTGGCAGAGATA 196
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maintaining the functional integrity of the AMP-binding 
domain (Schröder, 1989; Nie et al., 2023). Additionally, 
valine (V) was found to be highly conserved within  
the AMP-binding domain across all Agave 4CL proteins.

The CDS length, amino acid composition, MW, pI, 
and subcellular localization of each member of the Ah4CL 
family were systematically analyzed. The CDS range from 
1 623 to 1 695 bp, encoding proteins of 540 - 564 amino 
acids with predicted molecular weights of approximately 
60 kDa (59.1 - 60.8 kDa) and theoretical isoelectric points 
between 5.4 and 9.0 (Table 2). Subcellular localization 
predictions indicate that Ah4CL1 is localized in  
the cytoplasm, Ah4CL2 in the chloroplast, and Ah4CL3 - 
Ah4CL5 are predicted to localize to both chloroplast and 
plasma membranes.

Phylogenetic analysis of Ah4CL family: To further 
elucidate the evolutionary relationships and infer the 
potential functions of the five Ah4CL genes, a phylogenetic 
tree was constructed, including 4CL homologs from 
multiple plant species (Fig. 2). The results showed that  
the five Ah4CL genes were divided into three distinct 
clusters (Groups I - III).

Group I contained Ah4CL1, which clustered with 
At4CL1, At4CL2, At4CL4 from A. thaliana, Os4CL1, 
Os4CL3, Os4CL4, Os4CL5 from O. sativa, as well as 
multiple Class I 4CL genes from maize (Z. mays), cabbage 
(B. oleracea) and potato (S. tuberosum). Previous studies 
have demonstrated that these genes are primarily involved 
in lignin biosynthesis (Cukovica et al., 2001; Gui et al., 
2011). Therefore, based on phylogenetic inference, 

Table 2. Physicochemical properties and subcellular localization of 4CL genes and their encoded proteins.

Genes Accession CDS length (bp) Protein length (aa) MW (kDa) Theoretical  pI Subcellular 
localization

Ah4CL1 transcript50796/f41p0/2002 1 632 543 59.6 5.6 cytoplasmic

Ah4CL2 transcript46176/f3p0/2091 1 695 564 59.8 5.4 chloroplast
Ah4CL3 transcript44843/f2p0/2202 1 656 551 60.8 9.0 chloroplast; 

plasma membrane
Ah4CL4 transcript54830/f23p0/1883 1 635 544 59.9 5.9 chloroplast; 

plasma membrane
Ah4CL5 transcript52736/f3p0/2024 1 623 540 59.1 7.1 chloroplast; 

plasma membrane

Fig. 2. Phylogenetic relationships of the 4CL genes family. Multiple sequence alignment by MAFFT (L-INS-i algorithm). Phylogenetic 
tree constructed using IQ-TREE with the Maximum Likelihood method; optimal substitution model selected by ModelFinder; branch 
support assessed by ultrafast bootstrap (1 000 replicates) and SH-aLRT test (1 000 replicates).
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Ah4CL1 was assigned to Group I, which corresponds to  
the previously established Class I 4CL clade, suggesting  
that it may contribute to lignin accumulation in Agave, 
pending direct functional validation. Group II contained 
Ah4CL2, which clustered with At4CL3, Os4CL2, Zm4CL16, 
St4CL6, and Bol4CL4. At4CL3 and Os4CL2 have been 
confirmed to participate in flavonoid biosynthesis and 
belong to Class II 4CL. Accordingly, Ah4CL2 was assigned 
to Group II, corresponding to the previously established 
Class II 4CL clade, suggesting its potential involvement in 
flavonoid metabolism, which requires further experimental 
confirmation. Group III represents a 4CL-like lineage 
rather than a canonical 4CL Class I or Class II.  Group III 
contained three genes (Ah4CL3, Ah4CL4, and Ah4CL5), 
which clustered with maize Zm4CL9, Zm4CL5, Zm4CL2, 
Zm4CL7, Zm4CL22, Zm4CL24, Zm4CL27, and asparagus 
Ao4CL2. Notably, these maize 4CL genes all belong to 
the 4CL-like Clades (Clade A - E), rather than Clade 4CL, 
which is involved in the core biosynthesis of lignin and 
flavonoids (Zhang et al., 2025b). Therefore, Ah4CL3, 
Ah4CL4, and Ah4CL5 were classified as 4CL-like genes. 
Their biological functions remain to be determined, as 
they may differ significantly from those of canonical 4CL 
genes. On the phylogenetic tree, these three Agave genes 
formed a species-specific branch, suggesting that they 
may have undergone functional diversification in Agave. 
Additionally, genes asparagus Ao4CL1, 4CL gene series 
from maize (Z. mays) and potato (S. tuberosum) clustered 
into several distinct clades, which contained no Agave 4CL 
genes.

Expression patterns of Ah4CL family: To examine  
the expression patterns of Ah4CL genes, we performed 
qPCR analysis on five genes (Ah4CL1 - Ah4CL5) at 
different leaf developmental stages in A. H11648 (Fig. 3). 
Ah4CL1 and Ah4CL4 showed high expression levels 
in the shoot, unexpanded leaf, and expanded leaf, with 
particularly strong expression in unexpanded leaves. 
Ah4CL5 displayed a similar expression pattern to Ah4CL1 
and Ah4CL4, though its transcript levels were consistently 
lower across all stages. Ah4CL2 was also highly expressed 

in shoots, but its expression gradually decreased 
during leaf development, reaching the lowest level in 
fully expanded leaves. In contrast, Ah4CL3 exhibited 
consistently low expression throughout all three growth 
stages, distinguishing it from the other four Ah4CL genes.

To investigate the potential involvement of Ah4CL 
genes in abiotic stress responses, we analyzed their 
expression patterns in Agave under copper (Cu) and lead 
(Pb) treatments. The results showed that Agave exhibits 
significant tolerance to Cu and Pb stress. Agave exhibited  
a significant tolerance phenotype, characterized by reduced 
growth but maintained tissue integrity without rapid 
necrosis under both metal stresses. Expression profiling 
revealed that all five Ah4CL genes were upregulated 
under Cu stress. Notably, Ah4CL1, Ah4CL4, and Ah4CL5 
exhibited high constitutive expression levels. Similarly, 
under Pb stress, the expression of Ah4CL1, Ah4CL2, 
Ah4CL4, and Ah4CL5 increased compared to the control, 
with Ah4CL1, Ah4CL4, and Ah4CL5 again showing 
consistently high expression in both control and treated 
groups (Fig. 4). These results indicate that Ah4CL genes, 
particularly Ah4CL1, Ah4CL4, and Ah4CL5 are responsive 
to heavy metal stress in Agave.

During their growth and development, sisal plants 
are highly susceptible to pathogenic microbial infections 
with P. nicotianae Breda being the most prevalent causal 
agent of zebra spot disease. To investigate the response of 
Ah4CL genes to biotic stress, we analyzed their expression 
patterns in Agave leaves at 0, 24, and 48 h following  
P. nicotianae inoculation. The results showed that 
Ah4CL1 and Ah4CL2 were progressively induced during 
infection, with transcript levels increasing approximately 
threefold at 48 hpi compared to the control (T0). Ah4CL4 
exhibited relatively high basal expression in uninfected 
leaves, which was further elevated nearly twofold at  
24 hpi but subsequently declined to T0 levels by 48 hpi.  
In contrast, Ah4CL5 maintained consistently high 
expression across all time points without significant 
alteration upon pathogen challenge. Likewise, Ah4CL3 
showed no significant induction and remained at low 
expression levels throughout the infection course (Fig. 5).

Fig. 3. Expression pattern of Ah4CL genes at three different leaf developmental stages according to qPCR. Data are presented as  
mean ± SE (n = 3). The gene with expression level decreased more than 3-fold was marked with the asterisk. L0 - shoot, L1 - unexpanded 
leaf, L2 - expanded leaf.
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Discussion

4CL has a crucial role in the biosynthesis of plant secondary 
metabolites such as flavonoids and lignin where general 
phenylpropanoid pathways diverge into multiple major 
metabolic routes (Hamberger and Hahlbrock, 2004). 4CL 
catalyzes the corresponding cinnamic acid and its hydroxyl 
or methoxy derivatives to generate the corresponding 
coenzyme A ester. The intermediate products catalyzed by 
different 4CLs are respectively distributed to the metabolic 
branches of phenylpropane derivatives such as flavonoids 
or lignin for the synthesis of flavonoids or lignin. Therefore, 
cloning the 4CL gene and clarifying its function in  
the fiber development process of Agave and the response 
to biological and abiotic stresses are of great significance 
for promoting the genetic improvement and breeding of 
Agave. Due to the large size and high heterozygosity of 
the Agave genome, its genome assembly faces significant 
challenges (Wang et al., 2023). In recent years, advances 
in transcriptome sequencing have provided an efficient,  
high-throughput, and cost-effective platform for functional 
gene studies in Agave. Based on the published transcriptome 
data from Agave leaves (Huang et al., 2019), we identified 

and sequenced five Ah4CL genes from the transcriptome 
of A. H11648, encoding proteins ranging from 540 to  
564 amino acids. This represents the first report of these 
genes in Agave. Subcellular localization predictions 
indicated that Ah4CL1 localized to the cytoplasmic, 
Ah4CL2 localized to the chloroplast, and Ah4CL3 - 
Ah4CL5 to the plasma membrane and chloroplast. Such 
compartmentalization may facilitate the channeling of 
substrates toward distinct metabolic pathways, consistent 
with observations in other plant species where 4CL 
isoforms are distributed across multiple organelles (Nie  
et al., 2023).

On the phylogenetic tree, Ah4CL1 and Ah4CL2 were 
classified into Class I and Class II, respectively. However, 
it is important to note that these classifications are derived 
from sequence similarity and phylogenetic clustering with 
functionally characterized homologs in other species, not 
from direct functional evidence in Agave. The clustering 
of Ah4CL3, Ah4CL4, and Ah4CL5 is more distinctive. 
These three genes clustered together with maize Zm4CL9, 
Zm4CL5, Zm4CL2, Zm4CL7, Zm4CL22, Zm4CL24, 
Zm4CL27, and Ao4CL2 into the same subgroup. 
According to the classification of the maize 4CL gene 

Fig. 4. Expression pattern of Ah4CL genes under abiotic stresses, including Cu and Pb treatments determined by qPCR. Data are 
presented as mean ± SE (n = 3). CK - control.

Fig. 5. Relative expression of Ah4CL genes under biotic stress (P. nicotianae inoculation) determined by qPCR. Data are presented as 
mean ± SE (n = 3). T0 - control, T1 - 24 hpi, T2 - 48 hpi. Genes with more than 3-fold increase of their expression are marked with  
the asterisk.
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family, these maize genes all belong to the At4CL-like 
clades (Clade A - E). Therefore, Ah4CL3-5 should be 
classified as 4CL-like genes, and their functions may 
differ significantly from those of canonical 4CL genes. 
In maize, Zm4CL2 and Zm4CL7 from the same subgroup 
were significantly upregulated under UV treatment, while 
Zm4CL27 showed specific high expression in anthers 
(Zhang et al., 2025b), suggesting that this type of gene 
may participate in photooxidative stress responses or 
reproductive development. In potato, several 4CL-like 
genes have also been reported to be differentially 
expressed under various stress conditions (Nie et al., 
2023). These findings suggest that Ah4CL3 - 5 may not 
directly contribute to lignin or flavonoid biosynthesis, but 
rather play roles in stress adaptation or other secondary 
metabolic pathways in Agave.

The conserved AMP-binding domain 
(SSGTTGLPKGV) and Box II motif (GEICIRG) were 
identified in Ah4CL1 and Ah4CL2, whereas Ah4CL3, 
Ah4CL4, and Ah4CL5 contained variations at specific 
sites. Based on functional studies of 4CL genes in rice  
(Gui et al., 2011; Sun et al., 2013) and A. thaliana (Ehlting 
et al., 1999; Hamberger and Hahlbrock, 2004), along 
with the cluster analysis results, Ah4CL1 was predicted to 
participate in lignin biosynthesis and Ah4CL2 predicted 
to be involved in the flavonoid biosynthetic pathway, 
while the biological functions of Ah4CL3 to Ah4CL5 
require further experimental investigation and functional 
validation. These two motifs are highly conserved across 
angiosperms, monocotyledons, and gymnosperms, 
constituting the core structural elements essential for 
the catalytic activity of the 4CL proteins (Schneider  
et al., 2003; Wang et al., 2022; Zhang et al., 2025a). 
The presence of the highly conserved AMP-binding 
domain has served as the primary criterion for classifying 
enzymes including 4CLs, firefly luciferases, acetyl-CoA 
synthetases, fatty acyl-CoA synthetases, and nonribosomal 
peptide synthetases into a single superfamily of adenylate-
forming enzymes (Fulda et al., 1994). However, there 
are also literature reports indicating that mutations do 
occur at specific sites within these conserved sequences. 
For instance, in Dryopteris fragrans, Box I of Df4CL3 
and Df4CL4 were SSGTTGVSKGV, with two divergent 
amino acids (LP to VS), while their Box II motifs display 
as variant GEIWFRG, containing two altered amino acids 
(CI to WF) (Li et al., 2015). Similarly, multiple sequence 
alignment of conserved domains in Camellia sinensis 4CL 
genes showed that five genes contained the conserved  
Box Ⅰ (SSGTTGLPKGV) and Box Ⅱ (GEICIRG) motifs, 
while the remaining twelve genes exhibited mutations 
at two amino acid sites within these regions (Ren et al., 
2023). The observed variations in the Box Ⅰ and Box Ⅱ 
conserved domains suggest that 4CL genes may have 
undergone functional diversification during evolution, 
potentially leading to differences in substrate recognition, 
binding specificity, or catalytic activity.

The differential expression patterns of Ah4CL 
genes across developmental stages and their consistent 
upregulation under heavy metal stress provide important 
insights into their functional diversification in Agave.  

The high constitutive expression of Ah4CL1, Ah4CL4, and 
Ah4CL5 in shoots and unexpanded leaves, as well as their 
further induction under stress, suggests their fundamental 
roles in both primary development and stress adaptation. 
These isoforms are likely central to the biosynthesis of 
cell wall components necessary for fiber formation and 
structural integrity, a premise supported by reports of 
specific 4CL isoforms being highly expressed in lignin-
rich tissues in other species such as Solanum tuberosum 
and Salvia miltiorrhiza (Nie et al., 2023). In many plant 
species, the tissue-specific expression patterns of 4CL  
genes are closely associated with their functional  
divergence. For example, in the tea plant (Camellia 
sinensis), the Class I member Cs4CL1 is predominantly 
expressed in roots and stems and is involved in lignin 
biosynthesis, whereas the Class II member Cs4CL2 is 
predominantly expressed in young leaves and is involved 
in flavonoid biosynthesis (Li et al., 2022). Although we did 
not examine root and stem tissues, based on phylogenetic 
analysis, Ah4CL1 clusters within the Class I clade, 
suggesting its potential function in lignified tissues such 
as roots and stems; conversely, Ah4CL2 clusters within 
the Class II clade, suggesting its potential involvement 
in flavonoid biosynthesis in leaves. Future studies will 
include additional tissues (including roots and stems) 
to comprehensively characterize the tissue-specific 
expression patterns of Ah4CL genes and to validate their 
functional divergence.

Under copper and lead stress treatments, all five 
Ah4CL genes were upregulated, with Ah4CL1, Ah4CL4, 
and Ah4CL5 showing particularly strong induction. This 
suggested that 4CL genes may contribute to heavy metal 
stress tolerance, as well as to drought and salt stress 
adaptation, potentially through mechanisms such as lignin 
deposition for cell wall reinforcement or the synthesis of 
protective flavonoids (Wang et al., 2025; Zhang et al., 
2025c). For instance, in Fraxinus mandshurica, Cd 
stress specifically induces the expression of Fm4CL1.  
Its overexpression enhances Cd tolerance in transgenic 
plants by promoting lignin accumulation and boosting 
antioxidant capacity (Chen et al., 2019). Similarly, 
various heavy metal stresses have been widely reported 
to activate the phenylpropanoid metabolic pathway, 
leading to enhanced lignification and flavonoid synthesis  
(Le Gall et al., 2015). Based on these lines of evidence,  
we hypothesize that the upregulation of Ah4CL represents  
a core adaptive strategy of Agave in response to heavy metal 
toxicity. It may act through two synergistic mechanisms: 
(1) promoting lignin biosynthesis to reinforce the cell 
wall and sequestering Pb2+/Cu2+ within the cell wall via 
chelation, thereby restricting their translocation into  
the cytoplasm; and (2) increasing the production of phenolic 
compounds such as flavonoids to scavenge the excessive 
ROS generated under heavy metal stress and mitigate 
oxidative damage. Thus, the induced expression of Ah4CL 
genes is likely a key component of a comprehensive, cell 
wall-mediated heavy metal detoxification mechanism in 
Agave. It is important to note that 4CL, as a key enzyme 
in the phenylpropanoid pathway, functions not only in 
heavy metal stress responses but also plays critical roles 
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under various environmental stresses. Several studies have 
demonstrated that 4CL genes are induced by drought, 
salt stress, mechanical wounding, and ultraviolet (UV) 
radiation, and enhance stress tolerance by regulating 
the accumulation of secondary metabolites such as 
lignin, flavonoids, and anthocyanins (Wang et al., 2025; 
Zhang et al., 2025c). Of particular relevance to Agave, 
anthocyanins have been reported as important metabolites 
in response to UV stress. For instance, anthocyanin 
(betacyanin) deposition in Agave striata leaves has been 
linked to photoprotective mechanisms, with red-leaf 
morphs accumulating higher anthocyanin content under 
field conditions (Fondom et al., 2009), suggesting that 
UV stress may influence secondary metabolism in Agave 
through the 4CL-mediated phenylpropanoid pathway. 
Furthermore, mechanical wounding and drought stress 
can induce 4CL expression via activation of the jasmonic 
acid signaling pathway, promoting lignin and suberin 
deposition at wound sites or in vascular tissues to serve as 
physical barriers against further damage (Liu et al., 2023). 

Numerous studies have confirmed that 4CL 
genes are induced in response to pathogen infection.  
In cotton, overexpression of Gh4CL3 enhanced lignin and 
flavonoids accumulation conferring systemic resistance 
to Verticillium dahliae (Alariqi et al., 2023), whereas 
ectopic expression of Os4CL3 or Os4CL5 in rice restricted 
Magnaporthe oryzae penetration through enhancing early 
lignin deposition (Li et al., 2020b). In Gastrodia elata, 
two members Ge4CL2 and Ge4CL5 were significantly 
upregulated in tubers following fungal pathogen challenge 
(Sha et al., 2025). Consistent with these reports, our 
study demonstrated that Ah4CL1, Ah4CL2, and Ah4CL4 
were significantly upregulated following P. nicotianae 
inoculation, with distinct temporal expression patterns. 
Ah4CL1 and Ah4CL2 showed progressive induction, 
while Ah4CL4 displayed transient upregulation. These 
results support crucial regulatory roles for these 4CL genes 
play in plant defense mechanisms. In contrast, Ah4CL5 
maintained consistently high expression regardless of 
pathogen challenge, suggesting constitutive expression 
for basal defense or involvement in alternative stress 
responses. Phytophthora species infection, including  
P. nicotianae, induces phenylpropanoid pathway genes 
and promotes flavonoid and lignin accumulation to 
enhance disease resistance. In strawberry, 4CL genes were  
co-upregulated with flavonoid biosynthesis genes 
following P. cactorum inoculation (Toljamo et al., 2016). 
Therefore, the differential upregulation of Ah4CL genes 
following P. nicotianae inoculation likely contributes 
to Agave defense through coordinated synthesis of 
antimicrobial flavonoids and lignin, with specific family 
members responding dynamically to infection timing 
while others provide sustained basal protection.

Conclusion and perspective

This study presents the first systematic identification and 
expression analysis of the Ah4CL gene family in Agave. 
Phylogenetic analysis classified the five Ah4CL genes into 

three distinct groups: Group I (Ah4CL1, predicted lignin-
related Class I), Group II (Ah4CL2, predicted flavonoid-
related Class II), and Group III (Ah4CL3, Ah4CL4, and 
Ah4CL5, 4CL-like genes with undetermined function). 
Expression analyses suggest that Ah4CL1, Ah4CL4, and 
Ah4CL5 may be coordinately upregulated during leaf 
development and under heavy metal stress, consistent with 
potential roles in fiber formation and stress adaptation. 
Similarly, Ah4CL1 and Ah4CL2 were significantly induced 
by P. nicotianae, indicating their involvement in biotic 
stress responses. These findings provide a preliminary 
foundation for the genetic improvement of stress resilience 
in Agave. Future studies employing gene knockout, 
overexpression, and biochemical assays are essential to 
validate the precise functions of each Ah4CL member. With 
the advancement of Agave whole-genome sequencing, 
genome-wide identification of 4CL family members and 
their regulatory networks will become feasible.
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