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Rescuing the Brazilian Agave
breeding program:
morphophysiological and
molecular characterization of a
new germplasm

Fabio Trigo Raya’?, Lucas Miguel de Carvalho?, Juliana José?,
Larissa Prado da Cruz?, Rafael Leonardo Almeida?,

Heliur Alves de Almeida Delevatti?, Neidiquele Maria Silveira?,
Simone Ferreira da Silva?, Maria Dolores Pissolato?,

Adriele Barbara de Oliveira®, Wagner José Villela dos Reis?,
Luis Guilherme Furlan de Abreu?, Jesus Gutiérrez?,

Marcelo Falsarella Carazzolle', Ana Cristina Fermino Soares?,
Jorge Nieto Sotelo?®, Rafael Vasconcelos Ribeiro?* and
Goncalo Amarante Guimaraes Pereira*

Department of Genetics, Evolution, Microbiology and Immunology, Laboratory of Genomics and
BioEnergy (LGE), University of Campinas (Unicamp), Campinas, Brazil, 2Department of Plant Biology,
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Garden, Institute of Biology, National Autonomous University of Mexico, Mexico City, Mexico, “Center of
Agricultural, Environmental and Biological Sciences, Federal University of Recéncavo of Bahia (UFRB),
Cruz das Almas, Brazil

Agaves have been a valuable resource in dryland areas for centuries, providing
fibers (sisal), food, and beverages. However, the advent of synthetic fibers has led
to a decrease in research on Agave, resulting in the cessation of breeding
programs in Brazil. With the rise of climate change, there is renewed interest in
Agave for its potential as a biofuel feedstock in semiarid regions. Since 2016, we
have been collecting Agave accessions throughout the country and retrieving
what is left of Brazil's original breeding program to establish a new germplasm
bank. Here, we evaluated 21 of those accessions growing in the field. We used
molecular markers and morphophysiological traits to characterize the plants.
Based on the Mayahuelin molecular marker, we were able to reconstruct a
phylogeny for the Brazilian accessions. The morphophysiological traits
explained 34.6% of the phenotypic variation in the dataset, with physiological
traits such as leaf water content, effective quantum efficiency of photosystem |l
(Dpsy)), and specific leaf mass (SLM) as the most significant traits. Specifically, we
evaluated nine Agave species and found that the physiological traits, rather than
the morphological ones, were the most significant. Leaf water content was
negatively correlated with specific leaf mass, which could be used as a marker
for selecting cultivars with higher biomass accumulation. Interestingly, ®pg;, and
chlorophyll content were negatively correlated, suggesting photochemical
adaptations throughout the rosette. Molecular and phenotypic data suggest
that A. amaniensis, which is frequently considered a synonym of A. sisalana, is
effectively another species. Overall, this study provides valuable information on
the physiological traits of Brazilian Agave accessions and is a starting point for
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selecting more productive and climate-resilient cultivars for biorenewables

production.

KEYWORDS

Agave, Biofuels, genetic resources, natural fibers, sisal

1 Introduction

Agave is a genus of succulent monocotyledonous plants in the
family Asparagaceae, subfamily Agavoideae. They are native to the
Americas, particularly to arid and semiarid regions from the
southwestern United States to northern South America. Mexico
is the main biodiversity center for this genus, where approximately
70% of the species can be found (Eguiarte et al., 2021). Also, Agave is
an important crop in many parts of the world, particularly in arid
and semiarid regions where other crops may not be suitable for
cultivation. Agaves are used for various purposes, including the
production of fibers, known as sisal, for rope, twine, and textiles, as
well as to produce alcoholic beverages, such as tequila and mezcal
(Raya et al., 2022). Apart from Mexico, Brazil and East Africa have
been the most extensive regions for Agave plantations, especially for
fiber production. Brazil imported its first Agave sisalana seedlings to
the state of Bahia in 1903, and since the post-war period, it has
become one of the leading exporters of sisal fiber (Medina, 1954;
Silva and Beltrao, 1999). By the 1960s, Brazil became the largest
producer of sisal fiber in the world, a position it holds to this day
(FAO, 2023) despite the significant global and local decrease in
production. In the 1990s, sisal fiber production in Brazil reached
300, 200 Mg annually (Silva and Beltrao, 1999). However, the
current annual production has decreased to approximately
98,000 Mg, which accounts for roughly 36% of the world’s
annual sisal fiber production (FAO, 2023).

In Brazil, the Agave breeding program was led by the Agronomic
Institute (IAC, Campinas) and its main objective was to obtain more
productive fiber cultivars (Medina, 1954). To achieve this, the IAC
introduced over seven species with fiber production potential in the
country, including A. amaniensis, A. cantala, A. letonae, A. zapupe,
and A. fourcroydes (Medina, 1954; Medina, 1956; Medina, 1959;
Ciaramello et al,, 1975). IAC was responsible for hybridization
studies using A. angustifolia and A. amaniensis (Salgado et al,
1979; Azzini et al, 1989), generating lines that can be 10 times
more productive than the common A. sisalana (Salgado et al., 1979),
and, to this date, it remains the only institution that has developed
Brazilian Agave varieties. However, the advent of synthetic fibers
with more competitive prices, led to a decrease in sisal production in
Brazil. Consequently, national investment in Agave research
decreased dramatically, leading to the end of the country’s only
breeding program. A few of the materials developed by IAC were
transferred to the germplasm bank of the Brazilian Agricultural
Research Corporation—Embrapa, in Monteiro PB, Brazil (Suinaga
et al,, 2007; Souza et al., 2018; Monja-Mio et al., 2019; Raya et al,,
2021), while some remained at IAC in Campinas.

Even though Brazil is still the world’s largest sisal fiber producer,
the lack of investment in the sector has brought profound
consequences. As of today, Brazil’s fiber productivity only ranks
12th globally, and it is five times lower than the leading country in
the ranking (FAO, 2023). The sisal production system in Brazil
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operates in a decentralized and semi-manual fiber extraction process
(Silva and Beltrao, 1999; Broeren et al., 2017), which makes adoption
of cultivars with higher fiber content, like the Agave hybrid
11648 [(A. amaniensis x A. angustifolia) x A. amaniensis],
difficult. Farmers use undefined A. sisalana plants with almost no
agricultural management (Azzini et al., 1989; Silva and Beltrao,
1999; Suinaga et al., 2007) and the rise of diseases, mainly sisal bole
rot, is threatening their production (Duarte et al., 2018; Soares et al.,
2020; Quintanilha-Peixoto et al., 2022).

Globally, agaveculture is currently undergoing a revolution.
Agaves are emerging as a promising feedstock for biorefineries,
particularly in regions with limited water supply (Escamilla-Trevifo,
2012; Raya et al., 2022). Biorefineries are now able to produce a
variety of products from agaves, including agavins (a probiotic-like
inulin), syrup, pharmaceuticals, cosmetics, and nanocellulose
(Moran et al., 2008; Laborde Aguirre et al., 2010; Alejandra et al,,
2013; Laborde Aguirre et al., 2013; Gutierrez Uribe et al., 2017; Jean,
2015; Jeong et al, 2020). Furthermore, field trials are being
conducted to explore the potential of agaves as a biofuel
feedstock (Holtum et al., 2011; Davis et al, 2017; Yan et al,
2020; Parascanu et al., 2021). As a result, agaves are increasingly
becoming a valuable natural resource for sustainable development
and economic growth. With the emerging expectations for agaves as
a source of biomolecules, fuels, and other value-added compounds
in a world haunted by climate change (Corbin et al., 2015; Palomo-
Briones et al., 2018; Parascanu et al., 2021; Raya et al.,, 2022), it is
evident that there is a need to recover and restart the Agave breeding
programs in Brazil and worldwide.

To achieve this, since 2016 we have been collecting Agave
accessions throughout the country and retrieving what is left of
Brazil’s original breeding program to establish a new germplasm
bank. Assessing long-cycle plants like Agave in a new collection
presents challenges. Nonetheless, the integration of molecular and
physiological approaches into an Agave breeding program surpasses
traditional selection based solely on visual traits. It not only deepens
our understanding of phenotypic diversity among various accessions
but also has the potential to be incorporated into early selection
strategies in due course (Mir et al., 2012; Furbank et al, 2019;
Natarajan et al., 2019; Davis, 2022). Likewise, the utilization of
molecular markers has played an important role in characterizing
potential cultivars and comprehending genetic diversity in
germplasm collections (Hasan et al., 2021). Agave, being a genus
with limited available genetic resources, has recently seen the
emergence of a novel marker based on the Mayahuelin gene
(Lledias et al, 2020). This exhibits promise in
deciphering phylogenetic relationships ~within the genus,
particularly within the Rigidae section. In this study, we

marker

undertook the initial assessment of 21 potential breeding
materials being grown in the field. We employed the Mayahuelin
marker and examined 34 morphophysiological traits to acquire
insights into the prevailing accessions in Brazil. The data
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TABLE 1 Brazilian Agave accessions and their original collection sites.
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Collection id Taxon Locality
CFL10 A. sisalana Campo Formoso BA
VNAI3 A. sisalana Viérzea Nova BA
VNMI14 A. sisalana Viérzea Nova BA
LBM15 A. sisalana Jacobina BA
CCA20 A. sisalana Conceigdo do Coité BA
SGJ21 A. sisalana f. marginata Conceigio do Coité BA
IAC1 A. amaniensis Campinas SP
IAC2 A. sisalana f. marginata Campinas SP
IAC3 A. amaniensis Campinas SP
TAC4 Agave sp Campinas SP
IAC5 A. sisalana f. marginata Campinas SP
LGE2 A. sisalana Monteiro PB
LGE3 H11648 ((A. amaniensis x A. angustifolia) x A. amaniensis) Monteiro PB
LGE4 A. attenuata Campinas SP
LGE5 A. wercklei Campinas SP
LGE6 A. americana Sao Paulo SP
LGE7 A. angustifolia var. marginata Elias Fausto SP
LGE8 A. desmettiana Cordeirépolis SP
LGE10 A. tequilana Holambra SP
LGE16 A. desmettiana Campinas SP
AFR A. fourcroydes var. remigio Monteiro PB

generated here not only highlight the primary factors that should
guide the Agave breeding program in the coming years but also
provide a deeper understanding of the crop’s underlying biology.

2 Materials and methods
2.1 Plant materials and growth conditions

Twenty-one Agave accessions were sampled from the new
germplasm bank of the University of Campinas (Unicamp,
Campinas SP, Brazil), located at 22.8196°S, 47.0605°W, and
650 m asl. The germplasm bank is composed of materials
collected from the main sisal production areas in the State of Bahia,
Brazil, plants recovered from the Agronomic Institute (IAC, Campinas
SP, Brazil), and accessions donated by Brazilian Agricultural Research
Corporation (Embrapa, Monteiro PB, Brazil), and by plant collectors.
Table 1 summarizes the materials used in this study and their collection
sites, while Figure 1 illustrates the phenotypic diversity within the
germplasm accessions analyzed. Only materials growing in the field for
11 months were sampled. For each accession, two fully developed
leaves of the same plant were analyzed, one youthful leaf from the
internal part of the rosette (L1) and one mature leaf from middle part
(L2) (Gentry, 1982; Lowman and Box, 1983; Lujan et al., 2009). Five
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biological replicates growing side-by-side were sampled per accession.
Samples were collected in December 2021, at the beginning of the rainy
season.

2.2 DNA extraction, mayahuelin sequencing,
and phylogenetic inference

Genomic DNA was extracted from all accessions using the Sahu et
al. (2012) protocol. For Mayahuelin gene amplification, primers MHL_
F2 (GTGAAATTTGAGGTCAACCT) and MHL_R2 (TTGGTAGTT
AACTTCAACGTT) were used (Lledias et al, 2020), generating
approximately 730 bp amplicons. Polymerase chain reactions (PCR)
were carried out using ECRA HIFI DNA Polymerase (ECRA biotec), in
the following conditions: initial denaturation at 98°C for 35 s; 35 cycles
of denaturation at 98°C for 10 s; annealing at 56°C for 30 s; extension at
72°C for 30's; and final extension at 72°C for 10 min. Initially, the
Mayahuelin amplicons were sequenced using the Sanger technique. As
the sequences generated by this method were found to be unreliable (see
Section 3.1 and Section 4.1), we prepared amplicon libraries using the
same Mayahuelin primer set and sequenced them with an Illumina
HiSeq2500, which generated 2 x 250 bp paired-end reads.

The reads for each amplicon were assembled into contigs using
IDBA-UD (Peng et al., 2012) with the parameter “--similar 0.99”. To
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A.sisalana f.
marginata - 1AC2

A.sisalana - CCA20

A. amaniensis - 1AC1

Wi

A. angustifolia
var. marginata - LGE7

FIGURE 1

Phenotypic diversity within the germplasm accessions analyzed. As both A. sisalana and A. desmettiana have morphologically similar accessions,

only one representative of each form was chosen. In the larger square, the rosettes of each representative individual can be observed, while in the smaller
square and circle, the details of the leaf margins and apical spine are represented.

cluster contig sequences with high similarity, we wused  Then, the representative sequence for each cluster was subjected to
MMseqs2 software version 13.45111 (Steinegger and Soding,  orthology tests against the known mayahuelin paralog sequences of
2017) in easy-cluster mode, configured with “--min-seq-id 0.99”.  A. tequilana (Lledias et al., 2020) (see also Supplementary Table S1).
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TABLE 2 Morphophysiological traits evaluated.

10.3389/fceng.2023.1218668

Parameter Description Unit

ASL Apical spine length cm

C Chromaticity Unitless
Chl Total chlorophyll content of fresh weight mg g FW
DALS Mean distance between last lateral and apical spines cm

Edema Edema [Present (Yes-Y) or Absent (No-N)] Unitless
F/Fn Maximum quantum efficiency of photosystem II Unitless

‘h Hue angle Unitless
CI Color index calculated by *h/(L*xC) Unitless

L* Lightness Unitless
LC Leaf curvature [Plane (PL), Concave (CV), and Convex (CX)] Unitless
LL Leaf length cm

w Leaf width cm

LWR Leaf length-to-width ratio Unitless
MDBT Minimum distance between teeth mm

NPQ Non-photochemical quenching of chlorophyll fluorescence Unitless
qP Photochemical quenching of chlorophyll fluorescence Unitless
RD Rhizome distance [Absent (A), Medium (M), Distant (D), and Medium and Distant (RMD)] Unitless
Roughness Roughness [Smooth (SM) Adaxial (AD), Abaxial (AB), and Both (BO)] Unitless
SLM Specific leaf mass g DW cm™
suc Succulence mg H,0 cm?
TBW Tooth basal width mm

TP Presence of teeth [Present (Yes-Y), Absent (No-N), or escape (E)] Unitless
TL Tooth length mm

™N Number of teeth in 10 cm Unitless

A% Variegation [Marginata (MAR) or Normal (NOR)] Unitless
wC Water content %

Dpsyr Effective quantum efficiency of photosystem II Unitless
Y Osmotic potential MPa

We used PhyML v3.0 (Guindon et al., 2010) to perform Maximum
likelihood inference and selected only the sequences clustered with
the reference mayahuelin (aC630_3) for phylogenetic analysis.

To reconstruct the molecular phylogeny of Agave, the
Mayahuelin nucleotide sequences of all Brazilian accessions were
aligned together with 33 other Mayahuelin representatives
previously described for Agavoideae (Lledias et al., 2020). The
description for every sample used in the phylogenetic analysis is
in Supplementary Table S2. Global alignment was done with
MAFFT v7.271 (Yamada et al., 2006) with a maximum of
using the L-INS-I algorithm,
recommended for sequences with a conserved domain and long

100 iterations which is

gaps (Katoh and Standley, 2013). The alignment was manually
inspected, and the phylogeny was carried out both with a full
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alignment and with a trimmed version. The best-fit nucleotide
substitution model was tested using IQtree v2.1.2 (Minh et al,
2020) and chosen using the Akaike criteria (Akaike, 1974). The
nucleotide substitution model was tested both for considering one
model for the whole alignment and for different models for each
position of the codons. Maximum likelihood phylogenies were
inferred using IQtree with the selected substitution model and
1000 bootstraps to test branch support.

2.3 Morphophysiological characterization

The morphophysiological parameters evaluated to characterize
the Agave accessions are listed in Table 2. First, all categorical traits

frontiersin.org
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(RD, Edema, LC, Roughness, Teeth, and V) were obtained from
plants in the field. Then, the leaves L1 and L2 were harvested and the
quantitative morphological parameters (ASL, DALS, LL, LWR,
MDBT, TBW, TL, TN, and LW) were measured. Chlorophyll
fluorescence emission of such leaves was measured with a
modulated fluorometer PAM-2000 (Heinz Walz GmbH,
Effeltrich, Germany) according to Almeida et al. (2021), and the
photochemical parameters were estimated following Maxwell and
Johnson (2000). Under room temperature, ®@psy, QP and NPQ were
obtained from light adapted leaves (A = 710 nm; PAR ~15,000 pmol
m-2 s-1; 0.8s), and F,/F, from leaves acclimated to artificial
darkness for 30 min.

The leaf colorimetric analysis was performed with the chroma
meter CR-300 (Konica Minolta, Japan) after a white calibration. The
parameters analyzed in the middle portion of leaf blade were
lightness (L*, zero = black and 100 = white), a* (—80 to zero =
green and from zero to +100 = red), and b* (—100 to zero = blue and
zero to +70 = yellow). Such data were used to estimate the hue angle
(’h), the chromaticity (C) and the color index [hlc = *h/(L*xC)],
following McGuire (1992). Leaf discs were collected and incubated
at room temperature with 3 mL of 80% acetone for 8 days in the
dark. Chlorophyll a, b and total were quantified using the method of
Arnon (1949) modified by the suppression of the steps of discs
grinding and centrifugation.

From each leaf, five discs of 0.5 cm? (1.5 cm? of leaf area, LA)
were extracted and weighed immediately for the fresh weight (FW).
Such leaf discs were then submerged in distilled water for 24 h under
dark and cool conditions (~4°C) and weighted again for the turgid
weight (TW). Then, the leaf discs were dried for 24 h at 60°C to
obtain its dry weight (DW). The values obtained were used to
calculate water content (WC), succulence (SUC), and specific leaf
mass (SLM) as described below:

(FW - DW)
WC=-——"""""5%100 1
C W x (1)
_ (TW - DW)
SUC =~ @)
DW
SLM = ——- 3)

The leaf osmotic potential (¥,) was estimated using a Wescor
HR-33T dewpoint
psychrometer

microvoltmeter using the thermocouple
(Wescor

United States) connected to C-52 sample chambers. Frozen leaf

mode of operation Inc., Logan,
discs (1 cm?) were placed inside the chamber and, after a 1 h period

of equilibration, ¥ was measured.

2.4 Data integration and analysis

To comprehensively analyze the phenotypic variation across the
Agave accessions, several statistical analyses were performed, with
the R software, version 4.1.0 (R Core Team, 2022). The Shapiro-
Wilk test was used with a significance level of 0.05 to test for normal
distribution of all quantitative variables. The Mann-Whitney U test
was conducted to compare the quantitative variables of all plants and
determine if there was a significant difference between leaves
suffix “1’for L1 and “2”for L2).
Additionally, the Kruskal-Wallis test was performed to determine

(variables named with
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whether there was a significant difference in a qualitative variable
across all plants, followed by the Dunn post hoc test using rstatix
v0.7.2 package (Kassambara, 2023) to further examine any
significant differences found.

To cluster the quantitative and qualitative variables, a factor
analysis of mixed data (FAMD) was performed using the
FactoMineR package (Lé et al, 2008). The analysis included
15 quantitative variables and six qualitative variables, with all
contributions for all dimensions calculated using the factoextra
package (Kassambara and Mundt, 2020). To examine the
relationships between the variables, a correlation matrix was
created using the corrplot v0.92 (Wei et al., 2021) package, with
a significance level of 0.05 and results visualized using a color-coded
matrix.

A dendrogram analysis was conducted to examine the
relationships between the Agave accessions using quantitative
biometrical and physiological features. The hierarchical clustering
function in the stats package (R Core Team, 2022) was used to
cluster the plants based on their similarities. The resulting
dendrogram was generated using the dist and hclust function
and visualized using the dendextend package (Galili, 2015). The
dendrogram was colored to indicate the different clusters of plants
identified in the analysis, with the distance cutoff used to define the
clusters determined using the cophenetic correlation coefficient.

Only the results of the most relevant characteristics for FAMD
or correlation analysis are presented in the following section, while
additional characteristics can be found in the Supplementary Figure
S3 and Supplementary Tables S3, S4.

3 Results

3.1 Phylogenetic reconstruction of the
Brazilian Agave accessions based on
Mayahuelin DNA sequences

We encountered several challenges when attempting to apply
the Mayahuelin molecular marker to our dataset. The Sanger
sequencing method yielded low-quality sequences and was prone
to contamination by paralogous genes, leading to imprecise and
unreliable results that had to be discarded. To overcome these
issues, we attempted an alternative approach by isolating RNA from
the central spike and conducting RT-PCR. However, our efforts to
detect the expression of Mayahuelin in A. sisalana proved to be
unsuccessful. Finally, we used a next-generation sequencing
strategy to isolate the Mayahuelin gene in our samples. For all
the samples, we found the amplification of Mayahuelin paralogs.
RIP36 (GAHUO01014938.1) and RIP37
(MT015974.1) were the most common, but we also discovered

Among  them,
several potential new RIPs that require further exploration.
RIP36 and RIP37 are novel RIPs identified by transcriptome and
genome data mining of A. tequilana var. azul and other Agave
species (Gutiérrez and Nieto-Sotelo, unpublished data). Notably,
we were unable to detect the Mayahuelin ortholog (aC630_3;
MTO015973.1) among the assemblies for A. tequilana LGE10 and
A. amaniensis TAC3, due to the significant enrichment of RIP36.
Therefore, we were not able to analyze the phylogenetic relationship
of these accessions.
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FIGURE 2

A. vil.

Phylogenetic reconstruction using the Mahayuelin marker for Agave lineages. The tree was inferred by the maximum likelihood method and branch
support was obtained with 1000 bootstraps. Only bootstrap values greater than 75 are shown. High-confidence clades containing the Brazilian
accessions are highlighted. Blue bars indicate lineages that are putatively clones. The tree was rooted using B. calcicola. The words following the species
abbreviation indicate either the cultivar, the locality of origin of the specimen, or the codes listed in Table 1.

We reconstructed three phylogenies: one using the full
alignment and a nucleotide substitution model fitted for the
whole alignment, a second one using the trimmed alignment and
a nucleotide substitution model fitted for the whole alignment, and a
third one using the full alignment and fitting a nucleotide
substitution for each codon position. The tree showing higher
branch supports was the first one and it is presented herein
(Figure 2). The other two phylogenies
(Supplementary Figure S1). The selected phylogeny was similar

are shown as
to the previous Mayahuelin tree reported by Lledias et al. (2020).

Five high-confidence (>85 bootstraps) clades were identified for the
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Brazilian accessions, and two putative sets of clones were identified
(Figure 2). These sets include A. desmesttana LGE8 and LGE16, as
well as A. sisalana TAC2 and LBM15. As expected Beschorneria
calcicola was resolved as a separate lineage.

The A. sisalana samples were resolved into a single lineage (clade
1) but were distributed across three groups (A, B, and C). Group A
was composed of A. desmettiana LGE16, A. desmettiana LGES, A.
sisalana VNM14, A. sisalana SGJ21, A. sisalana LGE2, A. wercklei
LGES5, A. americana LGE6, and H11648 LGE3. Group B includes A.
sisalana TAC2, A. sisalana LBM15, and A. sisalana IAC5, while
Group C was composed of A. sisalana VNA13, A. zebra (AG8876),
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FIGURE 3

Hierarchical clustering analysis of Agave accessions using quantitative biometrical and physiological features.

A. guadalajarana (JNS58), and A. parryi (AG4968). The other fiber-
producing cultivars were grouped in the high-confidence Group D,
which includes Agave sp. IAC4, A. amaniensis IAC1, A. rhodacantha
Ejutla (AG10959), A. rhodacantha Alamos (AG9173), A. tequilana
var. azul, A. rhodacantha San Gabriel (JNS40), A. angustifolia var.
espadin (JNS63), A. rhodacantha CU CDMX (JE06), and A.
fourcroydes AFR. Finally, the last high-confidence group, E, was
composed of A. angustifolia var. marginata LGE7, A. angustifolia
Alamos (DS1682), and A. attenuatta LGEA4.
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3.2 Phenotypic variation of the
morphophysiological traits

Factor analysis of mixed data (FAMD) revealed that our
selected morphophysiological traits (Table 2) explained 34.6%
of the phenotypic variation in the dataset (Supplementary
Figure S2), with colorimetry (chromaticity, C; hue angle, ‘h;
and color index, CI), water content (WC), roughness, leaf
length-to-width ratio (LWR), effective quantum efficiency of
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Correlation matrix of physiological traits in Agave with a significance level of 0.05. See Table 2 for abbreviation of physiological traits.

PSII (®@pgy1), and specific leaf mass (SLM) as the most significant
traits.

The dendrogram obtained from the hierarchical clustering
analysis  using quantitative features  (biometrical and
physiological) presented a clear separation of five major clusters
(Figure 3), revealing distinct phenotypic characteristics among the
accessions. Cluster I was composed solely of A. tequilana LGE10. In
Cluster II, we found A. amaniensis IAC1, A. attenuata LGE4, and
both A. desmettiana accessions. In this cluster, it is still possible to
observe that despite being very close accessions, LGE8 and
LGE16 do not mix in the grouping. In Cluster III, two larger
subdivisions can be observed: one composed of A. amaniensis
TAC3 and Agave sp. IAC4, and the other where the samples of
A. sisalana LGE2, H11648 LGE3, A. angustifolia LGE7, and A.
sisalana TAC2 are mixed. In Cluster IV, only A. sisalana from Bahia
were found, except for A. sisalana IAC5. In Cluster V,
predominantly samples of A. fourcroydes AFR, A. wercklei LGE5,
and A. americana LGE6 are present, with LGE5 and LGE6 being
closer together.

Correlation analysis was performed to investigate the
relationship among physiological traits in the studied accessions
(Figure 4). Except for W, there was a positive correlation for all
characteristics between L1 and L2. ®pgy showed a significant
positive correlation with photochemical quenching (qP) (r =
0.99, p < 0.05) but was negatively correlated with total
chlorophyll content (Chl) (r = —0.36, p < 0.05). SLM presented a
significant positive correlation with succulency (SUC) (r = 0.64, p <

0.05) and negative correlation with WC (r = -0.69, p < 0.05),
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indicating that plants with higher leaf mass per area should have
more SUC and that the higher the leaf density the lower the capacity
to store water.

3.2.1 Biometry

Except for the A. desmettiana materials (LGE8 and LGE16), all
accessions had a lower length-to-width ratio (LWR) in Ll
(Figure 5A). Among these, A. tequilana LGE10 had the highest
LWR, while A. wercklei LGE5 had the lowest ratio. In general,
materials developed for fiber production, such as A. sisalana, A.
fourcroydes, A. amaniensis, and H11648 had intermediate LWR
values without significant differences, according to the Dunn’s test.
This indicates a clear selection for longer and wider leaves from
which well-developed fibers can be obtained (Medina, 1954; Raya
et al, 2021). Although the majority of accessions lacked teeth,
approximately 13% of the materials displayed “Escape”
(Supplementary Table S3), a trait marked by sporadic residual
teeth appearing irregularly along one of the leaf margins. Leaf
texture or roughness was important in characterizing the
accessions and was the only categorical feature to emerge as one
of the most influential traits in FAMD.

Phenotypical diversity among the accessions was highlighted by
colorimetry. When comparing within the rossette, a significant
difference in chromaticity was found between L1 and L2 only in
four materials (SGJ21, IAC1, LGE3, and LGES6; Figure 5B), where
L1 presented greater chromaticity in all cases. The Dunn’s test
indicated no differences in C1 between the accessions of A.
sisalana, but the two accessions of A. amaniensis (IAC1 and
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Comparison of the main biometric parameters between youthful

(L1) and mature (L2) leaves in different Agave accessions. (A) Leaf
length-to-width ratio (LWR); (B) chromaticity (C); (C) hue angle (°h);
and (D) color Index (ClI). Significance levels between L1 and

L2 leaves are: ***p < 0.001, **p < 0.01, *p < 0.05,. p < 0.1, and no
symbol indicates non-significant difference (p > 0.1).

TAC3) showed contrasting phenotypes; IAC1 had the highest
chromaticity among the entire dataset while IAC3 had one of the
lowest. Other noteworthy differences in C were observed for A.
tequilana LGE10, which had the lowest value, and A. attenuata
LGE4, which had one of the highest values. The hue angle was one of
the traits that showed most significant differences between L1 and
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Comparison of the main physiological parameters between

young (L1) and mature (L2) leaves in different Agave accessions. (A)
Effective quantum efficiency of photosystem Il (®pg)); (B) total
chlorophyll content of fresh weight (Chl); (C) water content (WC);

and (D) specific leaf mass (SLM). Significance levels between L1 and
L2 leaves are: ***p < 0.001, **p < 0.01, *p < 0.05,. p < 0.1, and no
symbol indicates non-significant difference (p > 0.1).

L2 (Figure 5C), with L1 being greater than L2 in all cases. Among the
A. sisalana samples, only SGJ21 did not show significant differences
between L1 and L2. In contrast to chromaticity, A. tequilana
LGEI10 had the highest hue angle, while A. amaniensis IAC1 had
the lowest. Finally, CI also exhibited differences within the rossette
(Figure 5D), with A. sisalana VNM14 and A. tequilana
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LGE10 showing higher values in L1, while A. amaniensis IAC1,
Agave sp. IAC4, and A. americana LGE6 were significantly higher in
L2. Considering L1, A. tequilana LGE10 showed the highest CI and
A. amaniensis IAC1 and A. attenuata LGE4 were the lowest. A.
tequilana LGE10 was significantly higher than A. sisalana VNA13,
A. sisalana SGJ21, A. amaniensis IAC, A. sisalana TAC2, Agave
sp. IAC4, A. attenuata LGE4, and both A. desmettiana. No
significant interactions for CI was found among A. sisalana, but
A. sisalana LGE2 and H11648 LGE3 were higher than A. amaniensis
IAC1. For L2, fewer significant interactions were found; however, A.
amaniensis IAC1 and A. attenuata LGE4 remained the lowest values
within the dataset.

3.2.2 Photochemical activity

There was a great variation in ®pg; among Agave accessions
(Figure 6A), with values ranging from 0.07 for A. attenuata LGE4 to
0.3 for A. fourcroydes AFR. However, only tree accessions displayed
significant differences between L1 and L2. For these, A. sisalana
TAC2 and A. angustifolia LGE7 showed higher ®pgj; in L2, while A.
tequilana LGE10 showed higher ®pgy in L1. Among the accessions
for industrial applications, H11648 showed the lowest ®pg; values,
being significantly lower when compared to A. sisalana (CFL10,
VNA13, VNM14, LBM15, SGJ21, and IAC5), A. tequilana LGE10,
and A. fourcroydes AFR according to the Dunn’s test. The most
significant differences in ®pgy; were found in L2. In this leaf, A.
amaniensis (IAC1 and TAC3), and Agave sp. IAC4 were less efficient
than A. fourcroydes AFR, A. wercklei LGES, A. americana LGES6, A.
desmettiana LGES, A. sisalana CFL10, and A. sisalana IAC5.

Significant variation in total chlorophyll content (Chl) was
observed between L1 and L2 (Figure 6B) in only four accessions:
A. sisalana VNA13, A. sisalana VNM14, A. americana LGE6, and A.
fourcroydes AFR. In all cases, L1 had higher Chl. In contrast to @pgy,
A. amaniensis TAC3 had the highest Chl. Compared to the average in
A. Chl in A. IAC3 was
approximately 2.5 times higher. According to the Dunn’s test,

sisalana accessions, amaniensis
this accession was significantly higher than A. sisalana LBM15,
SGJ21, and IACS5, both A. desmettiana, and A. wercklei LGES5.
Among the accessions with lower Chl, we can highlight A.
sisalana TAC5 and A. wercklei LGE5, with significantly lower Chl
than almost all other accessions. It should be noted that IAC5 was
the only A. sisalana accession that showed significant differences
compared to the others, specifically in the comparison against
VNM14 in LI1.

3.2.3 Leaf water content and specific leaf mass
All the accessions had a WC greater than 85%, with A.
desmettiana having the highest at 96% (Figure 6C). The WC
varied within the Agave rossette, and six accessions showed a
and L2. The materials
developed for fiber, such as A. sisalana LBM15, A. sisalana
SGJ21, Agave sp. IAC4, and H11648 LGE3, had higher WC in
L1, while the accessions A. americana LGE6 and A. desmettiana
LGE16 had higher WC in L2. According to the Dunn’s test, there
was a significant difference between the A. sisalana accessions and
Agave sp. IAC4, H11648 LGE3, and A. tequilana LGE10 in both
L1 and L2. Additionally, in L1, differences were found between the
accessions of A. sisalana LBM15, CCA20, and IAC5, and A.
fourcroydes AFR, and A. sisalana LGE2. The accessions of A.

significant difference between L1
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amaniensis (IAC1 and IAC3) and Agave sp. IAC4 were similar,
being significantly lower than A. desmettiana (LGES, and LGE16)
and A. wercklei LGE5, and were higher than A. tequilana LGE10.
Finally, A. fourcroydes AFR and A. tequilana LGE10 had the lowest
WC and were not statistically different.

In contrast to WC, A. tequilana LGE10 and A. fourcroydes AFR
had the highest SLM, while both A. desmettiana accessions had the
lowest (Figure 6D). Statistical differences regarding SLM were only
found within L1 and L2 for the A. sisalana accessions (VNMI14,
LBM15, SGJ21, and LGE2), with the SLM being higher in L2.
Compared to A. amaniensis IAC1 and IAC3 in L1, A. tequilana
LGE10, A. fourcroydes AFR, A. sisalana LGE2, and
H11648 LGE3 were significantly higher. While in L2, A.
amaniensis TAC3 had smaller SLM only in comparison to A.
tequilana LGE10 and A. fourcroydes AFR. Additionally, A.
sisalana LGE2 and H11648 LGE3 showed higher SLM than A.
attenuata LGE4, A. wercklei LGE5, A. americana LGE6, and both A.
desmettiana.

4 Discussion

4.1 Using Mayahuelin to trace the history of
Agave accessions in Brazil

Mayahuelin is a type I ribosome-inactivating protein (RIP) that
was first identified in the central spike of A. tequilana var. azul
(Lledias et al., 2020). Initially, the Mayahuelin gene was identified as
a promising molecular marker, exhibiting good amplification across
the Agave genus and even Beschorneria. Further analysis revealed
that Mayahuelin possessed sufficient resolution to address
evolutionary questions in Agave (Lledias et al., 2020). However,
we encountered several obstacles while attempting to utilize this
molecular marker, especially in A. sisalana. Paralog amplification
and lack of expression of Mayahuelin jeopardized the use of
traditional strategies. To solve this issue, we employed a next-
generation sequencing approach, which enabled us to successfully
isolate the Mayahuelin gene in our samples.

The limited applicability of the Mayahuelin marker in A.
sisalana may be attributed to the origin of this species. A.
sisalana is an irregular pentaploid (2n = 5x 149) (Queiroz
et al, 2012) and believed to be a hybrid, possibly between A.
angustifolia and A. kewensis (Gentry, 1982), although this has
not been yet confirmed. This complex genome composition

increases the likelihood of off-target amplification during PCR,
and since there is no control over which copy of the gene will be
amplified due to polyploidy, it can result in varying outcomes in
phylogenetic Our this
phenomenon, as A. sisalana samples were placed in three groups,

inference. analysis ~ demonstrated
with only one group composed exclusively of A. sisalana samples
(Figure 2). Interestingly, our A. sisalana samples were not grouped
according to their collection site, indicating a possible exchange of
materials between the sisal-producing regions in Bahia. In the
phylogeny, it is possible to identify two independent origins of
variegation in A. sisalana, one from A. sisalana VNMI4 and
SGJ21 and another from IAC2 and IAC5 with LBM15. Medina
(1955) first identified the marginata form of A. sisalana in
Araraquara SP Brazil in 1939 and it is plausible that IJAC2 and
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TACS are descendants of that plant. Additionally, IAC2, IAC5, and
LBM15 exhibit a prominent deformation on the margins of the leaf
abaxial face, appearing as a localized roughness (Supplementary
Figure S4). This reinforces the hypothesis that these materials are
closely related. While this deformation can also be observed in other
A. sisalana plants, it is usually not as evident.

Among the groups with A. sisalana samples, group A had the
most Brazilian accessions and displayed two clear subdivisions. The
first subdivision grouped the two samples of A. desmettiana with the
samples of A. sisalana. Originally, Sisalanae was considered a
subsection within Rigidae (Berger, 1915). Later, Gentry (1982)
classified Sisalanae as its own group and included A. desmettiana
and A. kewensis in it. In a recent study, Jiménez-Barron et al. (2020)
used the ITS region to infer the phylogeny of Agavoideae, placing A.
sisalana close to A. tequilana, but with insufficient resolution to
classify A. desmettiana. According to our data, A. desmettiana is
closely related to A. sisalana. Specifically, A. sisalana accessions
LGE2, VNM14, and SGJ21 in group A exhibit a ten-nucleotide gap
at 666bp in the Mayahuelin gene, resulting in a premature stop
codon. The trimmed sequence has been deposited at NCBI, while the
complete sequence of these three accessions can be found in the
Supplementary Data S1. This sequence gap is likely the main reason
why these A. sisalana samples were not included in group B.
Furthermore, this may be one of the reasons why it was not
possible to isolate Mayahuelin from RNA in A. sisalana samples.

The second subdivision includes samples of H11648, A.
americana, and A. wercklei. Perhaps this is an indicative that
Sisalanae might be related to the A. americana group. Xu et al.
(2022) used a limited set of chloroplast genomes and also found
H11648 to be close to A. americana. Except for the fact that it is a
thornless plant (Gentry, 1982), there is hardly any information
available about the A. angustifolia used to generate H11648.
Therefore, the possibility of this parent being of hybrid origin or
even misidentified cannot be ruled out. With regards to the
proximity of A. americana and A. wercklei in the phylogeny,
Gentry (1982) reported that Trealase’s specimens of A. wercklei
from Costa Rica exhibited characteristics that were consistent with
the Americanae group, which corroborates our findings. Given the
various biological processes of Agave, such as their long life cycle and
the easiness of hybridization with more distantly related groups, it
was expected that issues regarding resolution and agreement
between phylogenies would arise (Eguiarte et al., 2021), especially
possible contradictions between markers originated either from
nuclear or plastid genes (Rothfels, 2021).

A. amaniensis is a species of unknown origin that was discovered
in an abandoned area of the East Africa Agricultural Research
Station in Amani, Tanzania in 1929 (Nowell, 1933; Medina,
1954). Known as Blue Sisal, A. amaniensis became popular
locally due to its fast growth and high fiber yield (Medina, 1954;
Ciaramello et al., 1975). A. amaniensis was used in breeding by
hybridization with A. angustifolia (Salgado et al., 1979) and is the
parental line of the most widely cultivated hybrid cultivar in the
world, H11648 (Monja-Mio et al,, 2019). Although Blue Sisal was
once considered a variation of A. sisalana and later classified as a
synonym (WFO, 2023), our data and recent studies indicate that A.
amaniensis is a distinct species. We initially identified two IAC
materials as A. amaniensis (IAC1 and IAC3). According to the
Mayahuelin phylogenetic inference (Figure 2), the IACI and
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TAC4 samples were grouped in the same clade as A. tequilana
var. azul, A. rhodachanta Ejutla, and A. rhodachanta Alamos,
and not with any of our A. sisalana samples. IJAC4 may be a
remnant line of the IAC hybridization experiments conducted in
1958 (Salgado et al., 1979). Also, A. amaniensis is diploid (2n = 60)
unlike A. sisalana (Doughty, 1936; Queiroz et al., 2012), and recent
chloroplast analysis has also shown that these two species are not the
same (Xu et al., 2022). From a morphophysiological perspective, the
IAC1, IAC3, and TAC4 samples showed contrasting behaviors when
compared to A. sisalana, particularly in terms of chlorophyll content
(Figure 6B). Thus, our data indicates that a taxonomic classification
review of A. amaniensis is necessary.

A. fourcroydes is the most used Agave species in Mexico for fiber
production, and it was first introduced to Brazil in 1906 (Shcolz,
1959). Despite its superior productivity and robustness when
compared to A. sisalana (Ciaramello et al, 1975; Suinaga et al.,
2007), it has never been grown on a commercial scale in Brazil due to
the presence of teeth (Medina, 1954; Silva and Beltrao, 1999; Raya
et al,, 2021). In Mexico, A. fourcroydes has been reported to have at
least five traditional cultivars (Colunga-Garcia Marin et al., 1999)
and variable ploidy (Robert et al., 2008). Nevertheless, in Brazil, only
two closely related accessions, “Remigio” and “Cabinho”, have been
classified (Souza et al., 2018), although it is not clear how they relate
to the Mexican cultivars. In our phylogenetic inference, the A.
fourcroydes sample was grouped with A. angustifolia, a species,
that is, supposed to be its wild ancestor (Colunga-Garcia Marin
et al., 1999), but was closer to A. rhodachanta samples, highlighting
the intertwined nature of the A. angustifolia complex (Rivera-Lugo
et al., 2018; Lledias et al., 2020). Curiously, we observed that A.
angustifolia var. marginata, a highly widespread variety across the
globe (Gentry, 1982), is very closely related to the A. angustifolia
from Alamos, Southern Sonora. Finally, it is important to highlight
that polytomy is extremely common in Agave, and relying solely on
morphological characteristics for evaluation, especially from the
vegetative phase, often leads to misidentification.

4.2 Morphophysiological implications to
understand Agave complexities

Although we analyzed 34 traits in two leaf types, the percentage of
phenotypic variation explained by our data may not be considered high
compared to other studies (Morillo-Coronado et al., 2021; Basile et al.,,
2022). However, this is to be expected when working with a diverse
germplasm. Despite being a highly complex genus, Agave has often been
treated agronomically as a single crop (Long et al., 2015; Davis et al,
2017; Monja-Mio et al, 2019; Raya et al, 2022). Specifically, we
evaluated nine Agave species and found that the physiological traits,
rather than the morphological ones, were the most significant.
Moreover, we observed significant physiological differences within
the plant rosette. As the Agave leaves mature, they undergo a
transition from C3 to CAM (Crassulacean Acid Metabolism)
photosynthesis (Nobel, 1988; Lujan et al, 2009; Abraham et al,
2016). In our dataset, we were able to observe some physiological
gradient; youthful leaves present higher water and chlorophyl content
and lower photochemical activity (Figure 6 and Supplementary Figure
S3). The only exception was A. tequilana LGE10, which presented
significantly lower ®pgy; and qP in the mature leaf.
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Interestingly, chlorophyll content was negatively correlated with
Dpgpr. Positive correlation between Chl and ®pgyy, despite being
common (Tremblay et al., 2012; Singh et al., 2017), is not a rule. The
relationship between these two traits is complex, and a negative
correlation has already been reported in rice and barley (Li et al.,
2006; Peng et al, 2021). Excess chlorophyll can enhance light
capture and cause energetic pressure at PSII level, which can lead
to an increase in the production of reactive oxygen species (ROS),
turning plants more prone to photooxidative stress and damage to
PSII (Tanaka and Tanaka, 2006). In Agave, excessive energy
dissipation strategies have already been proven to be a major
adaptation factor under high light conditions (Campos et al,
2014; Aragon-Gastélum et al., 2020). Since youthful leaves are
not completely CAM (Abraham et al, 2016), they likely have
higher photosynthetic rates and higher light saturation point.
Under
chlorophyll content and light capture. Another hypothesis is that

such conditions, plants are benefited from extra
accessions that accumulate less Chl could use nutrients, such as
nitrogen, for the synthesis of other proteins involved in CO, fixation
rather than in photochemistry.

Water accumulation is one of the main drought resistance
mechanisms in Agave (Nobel, 1988). However, excessive WC may
not be a desirable trait for biomass production, since it increases
financial and energy costs related to transport and processing
(Lewandowski and Heinz, 2003; Agger et al., 2014). In our dataset,
WC ranged from 85% to 96% (Figure 6C), which is significantly
higher than the WC in the whole biomass of other energy crops, such
as sugarcane (60%-80%) and Miscanthus (20%-40%) (Lewandowski
and Heinz, 2003; Dinh et al., 2019). In an environment where water is
a clear limiting factor, the water captured by agaves can be of great
importance (Raya et al., 2022) and still not be a limiting factor for
other industrial processes, such as biogas production. However,
considering that we found up to 96% of WC, it is possible to
optimize the Agave water status to obtain plants with higher
biomass density. Our analysis revealed a significant negative
correlation between WC and SLM (Figure 4). Herein, SLM is a
trait that reflects the amount of dry matter present per unit of leaf
area. Considering that leaves make up 72%-83% of the dry weight in
Agave plants (Nobel, 1988), SLM may be a useful metric for screening
accessions with less water content and potential higher-quality
biomass, which can be more easily converted to value-added
products. Interestingly, we found that among the materials
analyzed here, those commonly used for industrial purposes, such
as A. sisalana LGE2, H11648 LGE3, A. tequilana LGE10, and A.
fourcroydes AFR, have higher SLM than less domesticated agaves,
such as A. attenuata LGE4, A. wercklei LGE5, A. americana LGE6,
and A. desmettiana LGE8, and LGE16. Contrary to what one might
expect, the materials developed for fibers that presented higher SLM
were equivalent to A. tequilana. It is possible that higher SLM values
correlate with superior photosynthate accumulation capacity leading
to higher stem biomass, a favorable trait in A. tequilana for tequila
production. However, this correlation remains to be assessed in the
future. Moreover, higher SLM values in fiber-producing cultivars
could have been selected to produce more commercial fiber, which
is long or extra-long fibers, not higher total fiber content (Medina,
1954).

Although we observed some occasional variations among the
accessions of A. sisalana, the samples from the producing regions of
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Bahia showed homogeneous behavior in this initial analysis
(Figure 3), which was expected as the materials spread around
the world and introduced in Brazil originated from the clones
selected by Perrine in 1833 (Trejo-Torres et al., 2018). However,
it is noteworthy that the A. sisalana originating in germplasm banks,
such as A. sisalana LGE2 and IAC2, did not cluster with the
accessions from the producing regions, which presented an
apparently higher ®pgy; (Figure 6A). This separation could be a
consequence of constant selection pressure applied by farmers or the
environment. The cluster analysis even suggests that the samples
from Bahia are more similar to A. wercklei LGE5, A. americana
LGES6, and A. froucroydes AFR than those of germplasm origin.
A. tequilana was the sample that differed the most from the
others, as it was placed alone in a single cluster. This species has been
considered one of the most productive Agave, with a relatively short
cycle, high soluble solid content (up to 38 oBrix), and bioethanol
yield that can be compatible with sugarcane (Valenzuela-Zapata and
Nabhan, 2004; Gil-Vega et al., 2006; Garcia-Moya et al., 2011; Yan
et al,, 2020; Raya et al, 2022). The phenotypic contrast that we
observed might help us to understanding the agronomical
performance of this species, such as the higher photochemical
activity in the youthful leaf instead of the mature one. However,
it is important to emphasize that the accession of A. tequilana
analyzed in this study, according to the nursery, was cultivated from
seed and, therefore, may have different performance from A.
tequilana var. azul clones cultivated in Mexico and abroad. Also,
this A. tequilana accession did not have a better ®@pg; performance
than A. sisalana or A. fourcroydes. It is clear that Agave growth
patterns can change according to the species, and biomass
production usually escalates from the third year onward (Nobel,
1988; Yan et al., 2020). However, a thorough comparative study on
the physiological changes during their growth phases has not been
conducted yet among important cultivars. While it is possible that
the A. tequilana metabolism undergoes significant changes over
time, we should not overlook the possibility that A. sisalana and A.
fourcroydes have been selected or adapted to the Brazilian climate
conditions in the nearly 120 years since their introduction.

4.3 Perspectives for Agave research and
breeding

The great diversity and complexity of the genus Agave is a factor
that greatly expands the applications of this crop, but it brings some
challenges. Most agaves are monocarpic and some species can take
more than 50 years to reach maturity (Eguiarte et al., 2021), which
limits significantly the possibilities of crossing cycles and progeny
evaluation. One way to increase the efficiency of this process is
through marker-assisted selection. However, there is limited
information on functional genomics in Agave and no reference
genome was published yet (Raya et al, 2022). Therefore, the
development of reliable molecular markers is still hindered, as
the case with the use of Mayahuelin. Although this locus shows
promise, further in-depth studies are needed to identify the most
divergent regions in relation to its paralogs. Limited available
genomic information makes the development of primers with
low off-target chances more challenging. The development of a
user-friendly markers with sufficient resolution to understand the
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relationship between cultivars or species remains a challenge to be
overcome, but it might be the only way to truly comprehend the
complex taxonomy of the Agave genus.

As a powerful tool for plant breeders working with long-cycle
species, physiological traits can enable early selection and expedite the
breeding process. Measuring physiological parameters in Agave leaves
can pose challenges due to their unique morphological and temporal
characteristics, especially considering the CAM photosynthetic
pathway. Agave leaves typically have thick succulent tissues with a
waxy cuticle, which can make it difficult to obtain accurate
measurements of gas exchange. Additionally, variable leaf anatomy,
presence of teeth, and even huge dimensions can further complicate the
process of collecting representative leaf samples and conducting proper
physiological measurements. In this regard, chlorophyll fluorescence
may be a useful tool to understand Agave photosynthesis as it can be
easily measured under different leaf anatomies. Yet, informative
experiments are still needed to elucidate the cross-talk of chlorophyll
fluorescence analysis with both nocturnal carboxylation, mediated by
phosphoenolpyruvate carboxylase (PEPC), and diurnal carboxylation,
mediated by Rubisco. Another measurement that can be useful is
colorimetry. Despite being highly variable depending on the
nutritional and growth conditions, color is one of the most
important factors for cultivar identification (Gentry, 1982; Colunga-
GarciaMarin et al., 1996; Figueredo et al., 2014; Figueredo-Urbina et al.,,
2021). In our data, colorimetric parameters were among the most
significant for sample separation. These measurements can aid in initial
screening to easily identify different accessions or abnormal
physiological conditions.

At this moment, it is difficult to determine which accessions are
showing the greatest potential as biorenewable feedstocks. However,
it can be observed that among these, A. fourcroydes AFR exhibits one
of the highest ®pg;; and SLM values, potentially indicating a greater
capacity for biomass accumulation. An important issue regarding
the selection and domestication of agaves is the presence of lateral
teeth. While this is not a hindrance in Mexico, it has been a
fundamental factor in the diffusion of agaves in other parts of
the world (Medina, 1954; Shcolz, 1959; Silva and Beltrdo, 1999). In
fact, there is a clear difference in the adoption of plants such as A.
sisalana and HI11648 at a worldwide level, compared to A.
fourcroydes, which has its commercial production limited to
Mexico only. Regardless of the industrial application proposed
for agaves, teeth pose a risk to the physical integrity of workers
and make crop management difficult, and the selection of toothless
cultivars or reduced teeth should be as important as sugar or fiber
content. There are reports of cultivars with smooth edges in Mexico,
such as A. fourcroydes var. espiculata and A. tequilana var. manso,
which could have more prominence (Dewey, 1929; Shcolz, 1959;
Valenzuela-Zapata and Nabhan, 2004). It can also be pointed out
that agaves which are more labor-intensive in terms of management
for cultivation and extraction, have smaller or absent teeth. This is
the case with pulque cultivars of A. salmiana, which clearly show
reduced teeth and gigantism as a strong mark of domestication
(Gentry, 1982; Alvarez-Rios et al., 2020). The presence of teeth in the
progenies of A. sisalana has been a limiting factor for the
improvement of this species, and one of the reasons why fiber
improvement research focused on hybridization between A.
amaniensis and A. angustifolia (Medina, 1954; Salgado et al,
1979; Silva and Beltrdo, 1999; Monja-Mio et al., 2019). A.
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exhibits this trait

(Supplementary Tables S3, S4), often showing frequent “Escape”

sisalana instability with respect to
or reversion to its Armata form. Studies and identification of the
genes responsible for teeth formation will be crucial for obtaining
elite cultivars, especially considering the possible prospects of gene
editing using CRISPR (Zaidi et al., 2018; Gosavi et al., 2020; Li et al.,
2020; Zhou et al., 2020).

Before selecting specific characteristics, it is important to
conduct on-site screening of different cultivars to identify their
productive potential in each region (Davis, 2022). Nevertheless,
considering the scenario of biorefineries, it may be important to
develop cultivars with intermediate characteristics between A.
tequilana and A. sisalana, that is, plants with a good stem
(“pina”) sugar preserving the
characteristics of commercial fiber, serving both the fiber and

size and content while
bioenergy markets. Additionally, breeding for resistance to pests
and diseases is crucial. Currently, Brazilian sisal production is
threatened by sisal bole rot disease, a poorly understood
pathosystem that results in the complete death of A. sisalana
(Duarte et al., 2018; Soares et al, 2020; Quintanilha-Peixoto
et al,, 2022). Another point of concern is the Agave snout weevil
(Scyphophorus acupunctatus), one of the main pests of Agave, which
caused a significant impact in the first field trial in the United States
and has been reported in Brazil (Medina, 1954; Davis et al., 2017).

The global importance of Agave has been underestimated.
Despite its decline in popularity due to synthetic fibers, its
potential as a biorenewable feedstock is once again being
recognized in face of global warming. Therefore, it is crucial to
continue investing in Agave research and development to unlock its
full potential for a more sustainable and secure future. To fully
comprehend the diverse Agave genus, it is necessary to discover
basic information and develop efficient analytical methodologies.
Specifically, tools that facilitate easy identification and evaluation of
potential materials are required, considering the challenges
their
characteristics. Overall, this study provides valuable information

associated with studying agaves and wide-ranging
on the morphophysiological traits of Brazilian Agave accessions and
their phylogenetic relationships with other relevant Agave cultivars.
It highlights the need for continued research and breeding programs
to develop more productive and climate-resilient cultivars for

sustainable biofuel and fiber production.
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