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Abstract: Agave angustifolia is an important crassulacean acid metabolism plant species, with wide
applications in beverage and sisal fiber production. In this study, we carried out a transcriptome
analysis of A. angustifolia leaves, generating a total of 58,482,436 clean reads through Illumina
paired-end sequencing. De novo transcriptome assembly generated 67,314 unigenes, with about
half of them having homologs in four public databases. In the Nr database, Asparagus officinalis was
shown to be most closely related to agave, and the early angiosperm Amborella trichopoda was se-
lected as an outgroup species. We further identified five, two, seven, seven, seven, six and six CAD
genes in asparagus, amborella, A. deserti, A. tequilana, A. americana, A. hybrid H11648 and A. angusti-
folia, respectively. The maximum likelihood phylogenetic tree revealed the species-specific expan-
sion of CAD genes in arabidopsis, rice and agave. The expression analysis indicated the conserva-
tively expressed CAD1/2/4/6, providing candidate targets for manipulation to improve lignin traits.
The species-specific expression of CAD3/5/7 indicates the existence of different regulatory mecha-
nisms controlling the expression of these genes in agave species. This study presents the first tran-
scriptome dataset of A. angustifolia, facilitating future studies on lignin biosynthesis in agave.

Keywords: transcriptome; Agave angustifolia; cinnamyl alcohol dehydrogenase; phylogeny;
gene expression

1. Introduction

Agave species are important vegetations in semiarid and arid regions, which are
spread from the geographic center of origin in Mexico to many countries or regions in the
world [1]. Agave species are typical crassulacean acid metabolism plants with large bio-
mass, high tolerance to the stresses of drought, cold and heat temperature and great po-
tential for bioenergy production in arid and semiarid regions [2,3]. Among the 166 Agave
species, A. angustifolia is a local plant species distributed from Mexico to Panama [4]. It is
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commonly used for producing the fermented and distilled beverage Bacanora [5]. Addi-
tionally, A. angustifolia has a high cellulose content (67%) in leaf fiber, which has been
applied for breeding the famous agave cultivar Agave hybrid H11648 ((A. amaniensis Trel.
& Nowell x A. angustifolin Haw.) x A. amaniensis) [6,7]. It has become the main cultivar for
sisal fiber production in tropical areas of Brazil, China and African countries, with the
potential to the increase yield by improving fiber-related traits [8,9]. However, the molec-
ular basis of fiber biosynthesis in agave is not well understood. To date, there have been
several studies related to fiber traits in agave. A transcriptome comparison between wild
and cultivated agave species has revealed six candidate genes related to fiber traits [10].
Five cellulose synthase A (CesA) genes have been identified by transcriptome mining in A.
hybrid H11648 [11]. The expression patterns of SMALL AUXIN UP-REGULATED RNA
(SAUR) and NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER FAMILY (NPF) fam-
ily genes have been well characterized, with several genes from the SAUR and NPF fam-
ilies identified as candidate regulators of leaf development [12,13]. Recent studies have
revealed the expression patterns of cell wall-related genes in A. sisalana, A. fourcroydes, A.
hybrid H11648 and A. tequilana [9,14]. However, the large genomes and the long life-cycles
have significantly restricted genetic research in agave, which impose a big challenge to
revealing the molecular mechanism of fiber traits [6]. The next generation sequencing
technology has undoubtedly become a useful and efficient tool to generate large transcript
sequencing datasets in A. angustifolia, facilitating the functional genomics research in this
important agave species [15].

Cinnamyl alcohol dehydrogenase (CAD) plays a key enzyme in the metabolic path-
way of phenylpropanoid, which catalyzes the reduction of p-coumaricaldehyde, co-
niferylaldehyde and sinapylaldehyde by NADPH [16]. Their alcohol derivatives will be
further polymerized into lignin, a main component of fiber [17]. The CAD gene family has
been functionally characterized in various plants, such as arabidopsis, flax, melon, pear,
poplar, sorghum, switchgrass, tobacco and wheat [18,19]. It is also an important target for
genetic manipulation to control lignin-related phenotypes [20]. Flax mutants of CAD
genes show obvious morphological modifications in bast fiber, which provides a typical
reference for agave researchers [21]. Thus, we have sequenced and assembled the leaf
transcriptome of A. angustifolia based on Illumina sequencing to gain a deep understand-
ing of gene expression in relation to fiber traits. Furthermore, we performed a comparative
analysis of CAD genes in five agave species, including A. deserti, A. tequilana, A. americana,
A. hybrid H11648 and A. angustifolia. The results will provide new insights into the mo-
lecular basis of the underlying lignin traits in agave.

2. Materials and Methods
2.1. Plant Materials and RNA Isolation

The plants of A. deserti, A. tequilana, A. americana, A. hybrid H11648 and A. angustifolia
were cultivated in the Wenchang experimental field (19.54° N 110.77° E) of Environment
and Plant Protection Institute, Chinese Academy of Tropical Agricultural Sciences since
2013. The samples of young leaves were collected from three-year-old plants, as previ-
ously described [13]. The samples of each species were repeated three times with different
individuals as biological replicates and soaked in liquid nitrogen for immediate freezing.
The total RNA of each sample was isolated with the Tiangen RNA prep Pure Plant Kit
(Tiangen Biomart, Beijing, China) after being ground into powder and then stored in a
freezer at -80 °C.

2.2. lllumina Sequencing and Transcriptome Assembly

The total RNA samples of A. angustifolia were delivered to Genoseq Technology Co.
Ltd. (Wuhan, Hubei, China), where the experiments of library construction and Illumina
sequencing were conducted [22]. The RNA samples were examined with the NanoDrop
Spectrophotometers (Thermo Fisher Scientificc Waltham, MA, USA) and the 2100
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Bioanalyzer Instrument (Agilent Technologies, Santa Clara, CA, USA). The mRNAs were
collected from 10 pg of qualified RNA with poly-T oligo-attached magnetic beads and
then fragmented with the TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA, USA).
The mRNA fragments were used as templates for first strand cDNA synthesis by M-
MuLV Reverse Transcriptase (RNase H) together with a random hexamer primer. The
second strand cDNA was synthesized with DNA Polymerase I and RNase H. The double-
stranded cDNA fragments were modified with single ‘A’ bases and then added with
adapters, which were used to construct a cDNA library after gel purification and PCR
amplification. The sequencing was carried out by the Illumina HiSeq platform which gen-
erated paired-end raw reads with 150 bp at length.

The raw reads were submitted to the public database Sequence Read Archive (SRA)
under the accession PRJNA837721 [23]. Clean reads were obtained after filtering the se-
quences of the adapter and low quality with Cutadapt and Trimmomatic software, respec-
tively [24,25]. The Trinity software was used for de novo transcriptome assembly, which
was annotated according to public databases, including the NCBI non-redundant protein
database (Nr), the Gene Ontology (GO), the Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Swiss-Prot [26-30].

2.3. Identification and Phylogenetic Analysis of CAD Genes

The CAD proteins of Arabidopsis thaliana (9) and Oryza sativa (12) were utilized as a
query sequence to search homologous genes using tblastn method [31-33]. The previously
published transcriptome data of five species in agave genus were selected as the database
for the tblastn search, including A. deserti, A. tequilana, A. americana, A. hybrid H11648 and
A. angustifolia [2,11,14,34]. Asparagus officinalis (Asparagoideae) was selected as a reference
species due to its close phylogenetic position with Agave species (Agavoideae) since they
were all belonging to Asparagaceae [35]. The early angiosperm Amborella trichopoda was
selected as an outgroup species [36]. Agave CAD transcripts with a full coding region were
identified by the ORF-FINDER software [37]. The full-length agave CAD genes were se-
lected to calculate the protein length (aa), molecular weight (Da) and theoretical isoelectric
point (pl) by using the software ProtParam tool [38]. The subcellular localization of pro-
teins was predicted by using the CELLO software [39]. The full-length CAD proteins of
the nine species (amborella, arabidopsis, rice, A. deserti, A. tequilana, A. americana, A. hy-
brid H11648 and A. angustifolia) were aligned by the ClustalX method for phylogenetic
analysis to construct the maximum likelihood tree with a bootstrap value of 1000 trials
using the MEGA 5.0 software [40]. These protein sequences of the nine species were fur-
ther aligned in DNAMANY7 software to the detection of conserved amino acid residues
[41].

2.4. Gene Expression Analysis

The clean reads were selected and mapped to the assembled A. angustifolia transcrip-
tome sequences to calculate read counts of unigenes with the RSEM method, which were
further normalized into reads per kilobase of transcript per million mapped reads (RPKM)
[42,43]. The RPKM values of CAD genes in other agave species were calculated by the
RSEM method according to previous studies and then normalized with the reference gene
protein phosphatase 2A (PP2A) [2,11,34,42]. A QuantStudio 6 Flex Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, USA) was selected for RT-qPCR validation of
the gene expression. The program consisted of the initial stage (94 °C, 30 s), the cycle stage
of 40 times (94 °C, 5 s and 60 °C, 30 s) and the dissociation stage. The GoScript Reverse
Transcription System (Promega, Madison, WI, USA) was utilized for reverse transcription
of RNA samples. The reaction solution of 20 pL contained 10 pL of TransStart Tip Green
qPCR Supermix (Transgen Biotech, Beijing, China), 7.6 pL of ddH20, 0.5 uL of each gene-
specific primer (10 uM), 1 uL of cDNA template and 0.4 pL of Passive Reference Dye (50%)
(Transgen Biotech, Beijing, China). A technical replicate was conducted 3 times for each
sample. Seven pairs of primers specific for agave CAD genes were synthesized after a
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primer design by using the Primer 3 software (Table 1) [44]. The AACt method was used
to calculate relative expression levels with the reference gene protein phosphatase 2A (PP2A)
as an endogenous control [12,45].

Table 1. Conserved primers used for qRT-PCR analysis in five agave species.

Gene ID Forward Primer Reverse Primer Product Size (bp)
CAD1 TGAGATCACCGGCATAATCA TCTGTCAGCAACCAGCATTC 223
CAD2 GACGCCTACTTGGTCAGCTC GAACTGCATTGGCTGATTGA 171
CAD3 TTGCAGTCAAGTTTGGCAAG TTGAGCAACTGCAGAATTGG 214
CAD4 TCAGTACAAGCGCATCCAAG ACCCCACCAACTTTCAACAG 181
CAD5 CAAAAGAGAACGGGAAGCAG TGCTGTGAAGGTCTGAGTGG 183
CAD6 TGGGATGAAGGTGACAGTGA AAAAGATCAACGGCACAAGG 182
CAD7 TGTCACCGAAGTAGGCACTG AATCCATAGGCAAGGTGTCG 248
PP2A CCTCCTCCTCCTTCGGTTTG GCCATGAATGTCACCGCAGA 235
3. Results

3.1. De Novo Assembly of A. angustifolia Transcriptome

The leaf sample of A. angustifolia was selected for Illumina paired-end sequencing,
which generated 72,184,668 raw reads. A total of 58,482,436 clean reads were obtained,
with a total of 8,166,023,895 bp in length. The GC content, Q20 value (base quality >20)
and Q30 value (base quality >30) were 49.05%, 98.43% and 95.17%, respectively. The clean
data was de novo assembled into 67,314 unigenes with the mean and N50 length of 671
bp and 1169 bp, respectively (Table S1). Among these, the lengths of 44,109 unigenes
(65.53%) ranged from 200-500 bp (Figure 1). There were 10,596, 4897, 3335, 3003 and 1374
unigenes with lengths in the range of 500-1000 bp, 1000-1500 bp, 1500-2000 bp, 2000-3000
bp and >3000 bp, respectively.

Unannotated

200-500 bp .

o Asparagus officinalis
5001000 bp NI (99.7%) Qe spects

9 Elaeis guineensis
— Annotated G482 0%) . 4 . L]
I:I 1000-1500 bp KEGG (30.3%) Phoenix dactylifera [
Swiss-Prot (69.1%) /?\2'3?2 Sagannﬁ]%zl'gas =
D 1500-2000 bp : Dencérobitum cattenatum =
nsete ventrjcosum ===
IERO0E200070 e
== >3000 bp Cinnaenomum micranthum =—

Figure 1. Sequence length distribution and function annotation of A. angustifolia unigenes and their
closest homologs in the species of the Nr results.



Agriculture 2022, 12, 1003

5 of 11

Number of Unigenes

3.2. Functional Annotation

All the unigenes of A. angustifolia transcriptome were utilized to search against four
public databases for functional annotation (Table S1). A total of 35,798 unigenes were an-
notated in at least one public database. There were 35,673 and 24,751 unigenes having
homologs in the Nr and Swiss-Prot databases, respectively. In the Nr database, the most
closely related species is Asparagus officinalis, with orthologs to 21,727 (60.9%) A. angusti-
folia unigenes (Figure 1). Based on the GO annotation, 22,765 unigenes were assigned into
seven subcategories (Figure 2). Among these, four subcategories were the most abundant,
including ‘intracellular’ (8496 unigenes), ‘binding’ (6650 unigenes), ‘metabolic process’
(2014 unigenes) and ‘cytoplasm’ (1224 unigenes). Based on the KEGG, 10,841 unigenes
were categorized into 18 pathways (Figure 2). The top four pathways were ‘carbohydrate
metabolism’, ‘translation’, ‘folding, sorting and degradation” and ‘amino acid metabolism’
with 3801, 3035, 2797 and 2015 unigenes, respectively.
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Figure 2. GO and KEGG classifications of the assembled unigenes in Agave angustifolia.

3.3. Identification of CAD Genes in Agaves

The CAD proteins from arabidopsis (9) and rice (12) were used as query sequences
to search against the asparagus and amborella genomes, which identified five and two
CAD genes, respectively (Table S2). These 28 CAD proteins were further utilized for se-
quence retrieval in the transcriptomes of five Agave species, including A. deserti, A. tequi-
lana, A. americana, A. hybrid H11648 and A. angustifolia, with seven, seven, seven, six and
six full-length CAD genes identified in these five species, respectively (Table S2). We did
not find CAD3 in A. hybrid H11648 or CAD7 in A. angustifolia. Their sequence lengths
ranged from 1148 to 2548 bp, with the lengths of predicted proteins ranging from 353 aa
to 370 aa. The molecular weights and theoretical pl of these proteins were 38,263.10-
39,952.18 Da and 5.54-7.15, respectively. Additionally, CAD1 and CAD5 genes in Agave
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species were predicted with their subcellular localizations at the plasma membrane and
the chloroplast, respectively. The other agave CAD genes, including CAD2/3/4/6/7, were
predicted to be localized in the cytoplasm.

3.4. Phylogeny of CAD Proteins

The 61 CAD proteins of nine plant species were used for phylogenetic analysis and
clustered into three groups according to a previous study (Figure 3) [19]. Group I was
further divided into four subgroups. The two amborella proteins were clustered into
Group I and II. Agave proteins were distributed in each group or subgroup, except IlIb
and Illc which contain only arabidopsis and rice sequences, respectively. Asparagus pro-
teins spread in group I, II and IIId. In addition, group Illd contained monocot sequences
only. All of these proteins and the agave proteins were further aligned to identify con-
served domains, revealing 55 and 99 conserved amino acid residues, respectively (Figure
S1).
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Figure 3. The maximum phylogenetic tree of CAD proteins in amborella (Atr, black), arabidopsis
(At, green), rice (Os, blue), asparagus (Ao, yellow), A. deserti (Ad, pink), A. tequilana (Aq, crimson),
A. americana (Am, purple), A. hybrid H11648 (Ah, red) and A. angustifolia (Ag, celeste).

3.5. Expression of Agave CAD Genes

The expression data of agave transcriptomes was selected for in silico expression
analysis [2,11,33]. The result indicated the relatively high expression patterns of
CAD1/2/4/6 in all agave species (Figure 4A, Table S1). CAD3 showed a moderate expres-
sion pattern in A. deserti, A. tequilana and A. angustifolia and no expression in A. americana
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and A. H11648. CAD5 was highly expressed in both A. H11648 and A. angustifolia, with
extremely low or no expressionin A. deserti and A. americana. The high expression of CAD7
was only detected in A. tequilana. We further carried out the qRT-PCR validation (Figure
4B). The result revealed that CAD1 showed high expression in A. deserti and A. hybrid
H11648, and moderate expression in A. angustifolia and A. americana. CAD2 was highly
expressed in A. angustifolia and moderately expressed in A. americana. There were low lev-
els of expression of CAD3/7 in all of the species. CAD4 and CAD6 showed moderate ex-
pression in A. angustifolia and A. hybrid H11648, respectively. CAD5 had high expression
in A. angustifolia and moderate expression in A. hybrid H11648. We also conducted a cor-
relation analysis between the results of RNA-Seq and qRT-PCR, showing a significant (p
<0.01) correlation (Figure 4C).

A Log,(RPKM) B e 21_;01 C
y = 0.2388x + 0.0212
.1,&3. 154 138 CAD1 0.13910.048 0.0020.004 0.113 CAD3
129 126 1.34 090 114 CADG .o 2080.0790.376 0.049 CAD2
0.91 1.08 078 CAD3 0.5210.336 0.220 0.171 0.248 CAD4
. CAD5 0.2050.5650.004 0002 CAD5
1.30 1.56 0.84 CAD2 5-0_442 0032 CAD1
127 1.22 129 167 CAD4 0.088 0.252 0.4210.186 0.110 CAD6
. -0.25 CAD7 0.002 0.002 0.012 0.006 0.002 CAD7

Ad Am Ah Ag Aq

Ag Ad Ah Am Aq

Log,(RPKM)

Figure 4. Expression analysis of agave CAD genes by RNA-Seq (A), gqRT-PCR (B) and correlation
analysis of the two methods (C). Grey squares without numbers represent no data obtained by
RNA-Seq. The clusters of genes and species were calculated by the hierarchical clustering method
in A and B [46].

4. Discussion
4.1. Features of A. angustifolia Transcriptome

The fast development of sequencing technology has provided an efficient tool for
studying gene functions in plants without genome sequencing data, especially such as
agave species with extremely large genomes [6,15]. So far, few gene sequences of A. an-
gustifolia have been submitted to GenBank, leaving a knowledge gap regarding the genetic
basis of important traits in this agave species. Hence, we assembled the transcriptome
with 67,314 unigenes, which will be a useful resource for studying gene functions in A.
angustifolia. In this new assembly, the number of unigenes was similar to that in A. ameri-
cana but less than those in A. deserti, A. tequilana and A. hybrid H11648 [2,11,34]. This in-
consistency might be caused by the difference in transcriptome assembly method and
sample collection [47]. In general, there are about 18% of the unigenes with sequence
lengths over 1000 bp (Table S1). In addition, it seems the longer the sequence length, the
higher the chance of identifying homologs in public databases (Figure 1). This might be
explained by the existence of a large number of non-coding RNAs in A. angustifolia tran-
scriptome [48]. Additionally, more than half of the A. angustifolia unigenes have homologs
in public databases, facilitating the prediction of agave gene functions based on sequence
homology [11]. Various genes related to fiber traits have been identified in agave species,
including CesA, SAUR and NPF families [11-13]. Moreover, our comparative analysis
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revealed the close phylogenetic relationship between A. angustifolia and asparagus, both
belonging to the Asparagaceae family [49].

4.2. Candidate CAD Genes for Lignin Biosynthesis in Agaves

Lignin is a main component to form the cell wall structure in plants, and also an im-
portant secondary metabolite derived from the phenylpropanoid pathway [50]. As the last
enzyme in lignin biosynthesis, the manipulation of CAD genes has been successfully ap-
plied in the improvement of the fiber traits in flax [21]. Thus, we carried out the sequence
retrieval of CAD genes in asparagus and five agave species. As a result, we identified five,
seven, seven, seven, six and six CAD genes in asparagus, A. deserti, A. tequilana, A. ameri-
cana, A. hybrid H11648 and A. angustifolia, respectively (Table S1). It seems that the CAD
gene family size in asparagus and agave is smaller than that in arabidopsis and rice. Our
phylogenetic analysis revealed diverse evolution patterns of CAD genes, including cross-
species conservation (group I and II) and lineage-specific expansion in arabidopsis (group
IIIb), rice (group IlIc) and monocots (group IlId), respectively (Figure 3). Additionally, our
RNA-Seq analysis did not detect the expression of CAD3 in A. hybrid H11648 and CAD7
in A. angustifolia. However, we can assume the existence of CAD3/7 in the genomes of A.
hybrid H11648 and A. angustifolia since the two genes exist in both wild and domesticated
agave species [10]. This discrepancy might be caused by their low expressions detected in
the leaf samples, which is also validated by the qRT-PCR result (Figure 4). It might be
related to the tissue-specific expression of CAD genes [51]. Moreover, the extremely low
expression of CAD3 in A. hybrid H11648 might also be related to gene expression domi-
nance when compared with one of its parents, A. angustifolia [52]. Our expression analysis
revealed the conservatively expressed CAD genes (CAD1/2/4/6) in agave species, which
could be considered as candidate targets for manipulation to improve lignin traits [19].
The species-specific expression of CAD3/5/7 indicates the existence of a different regula-
tory mechanism in agave species, including transcription regulations [10,11].

Supplementary Materials: The following supporting information can be downloaded at:
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