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ABSTRACT: Volatile organic compounds (VOCs) play an important role in plant survival and adaptation. They
contribute to defense against pests and pathogens, tolerance to abiotic stress, and the mediation of essential ecological
interactions such as pollination and attraction of dispersal agents. The complex mixture of VOCs produced by an
organism, known as volatilome, varies across species, populations, and individuals, making VOCs a major factor in
crop diversification and adaptation. In this context, characterizing the volatilome of crop genotypes can provide insight
into their ecological associations and potential relationships with agronomic traits. In this study, the volatilome of
15 closely related ‘Hass’-type avocado variant genotypes was analyzed using gas chromatography-mass spectrometry
(GC-MS). These genotypes had been previously characterized by agromorphological attributes such as early bearing,
dwarf growth habit, and/or high productivity according to IPGRI descriptors. A total of 65 volatile compounds were
identified, 18 of which—four in leaves and 14 in flowers—had not been previously reported in Persea americana.
Chemical profiling allowed classification of the genotypes into eight foliar and floral chemotypes. Most dwarf
genotypes, except for F4A7, exhibited distinct chemical profiles compared to the ‘Hass’ cultivar and the other variants.
Correlation analyses indicated that certain compounds, including phytol (r = 0.6112) and decane (r = 0.6822), were
positively associated with yield. Phytol, 2-[(8z,11z)-heptadeca-8,11-dienyl]furan, tricosane, 2,4-dimethyl-1-heptene,
and decane also showed moderate associations with fruit quality traits such as size and weight, with r values ranging
from 0.6585 to 0.5799. In contrast, palmitic acid, 3-caryophyllene, humulene, and x-farnesene exhibited negative
correlations with yield, with an average r-value of —0.5960. Furthermore, the results indicated the presence of
tissue-specific compounds, with 36 volatiles detected exclusively in the floral tissue of the analyzed genotypes. These
findings advance our understanding of the avocado volatilome and suggest that volatilome profiles could be used as
an additional selection criterion for identifying high-performing genotypes.

KEYWORDS: Avocado; volatile organic compounds; chemotyping; secondary metabolites; phytochemical variability;
‘Hass’-type genotypes

1 Introduction

Plants, through their constant interaction with biotic and abiotic factors, have developed physiological
and biochemical mechanisms that constitute the basis of their vital functions and enable the synthesis of
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a wide diversity of volatile organic compounds (VOCs) known as volatilome [1]. This volatilome results
from the interaction of ecological, evolutionary, and environmental factors [2,3]. Within this chemical
diversity, primary metabolites are essential for plant growth and development [4], whereas secondary
metabolites perform specialized functions including pollinator attraction, defense against pests and
pathogens, recruitment of natural enemies, and mediation of intra- and interspecific interactions [2,5]. The
composition and concentration of VOCs vary substantially among species, populations, and individuals [6,7];
however, domestication processes have contributed to a significant reduction in the phytochemical diversity
among species [8].

In Persea americana, phytochemical studies have focused primarily on leaves and fruits, whereas
other organs, particularly flowers, remain understudied [9,10]. Across the Persea genus, 363 VOCs and
other metabolites have been reported in 22 species. In P. americana, 258 compounds have been identified,
including 125 in pericarp, 17 in seed, 109 in foliar tissue, two in floral tissue, three in periderm, and two in
roots. In foliar tissue, monoterpenes and sesquiterpenes are the most abundant compounds, with multiple
functions in defense and attraction of natural enemies and pollinators. These are followed by flavonoids,
which show insecticidal, repellent, and parasitoid-attracting activities. In periderm, diterpenes predominate,
functioning as antifeedant compounds. Phenolics are the main components of the exocarp and seed, with
antimicrobial, antifungal, insecticidal, antioxidant, and allelopathic activities, whereas terpenes dominate
in the mesocarp [11,12].

In the foliar tissue of the drymifolia race, estragole accounts for up to 80% of the total concentration
of the VOCs composition, regardless of genotype origin [7,13,14]. This compound is responsible for the
characteristic anise-like aroma of the leaves [13] and functions as a defense mechanism, since trees with
higher concentrations of this metabolite exhibit reduced incidence of galls caused by Trioza anceps [15].

In the "Hass’ cultivar, several VOCs have been identified across different plant organs. In the fruit,
254 compounds have been reported [10,16—21], with their distribution varying according to the tissue
analyzed: in the exocarp and seed, phenolic compounds predominate, with epicatechin standing out due
to its frequent occurrence and high concentrations [22]. In contrast, in the mesocarp, hexanal is the most
prominent compound, associated with the fruit’s herbal aroma [17]. In foliar tissue, 113 compounds have
been reported, with terpenes as the predominant group and (3-caryophyllene as the most abundant, showing
insecticidal activity [10,23,24]. In floral tissue, 52 compounds have been identified, with (E)--ocimene
being both the main attractant of pollinators and the compound with the highest concentration [10]; in
periderm, 36 compounds have been reported, mainly sesquiterpenes, whereas in roots, two sugars have
been identified [25]. Taken together, the heterogeneous distribution of VOCs in avocado, in both presence
and concentration, suggests that these compounds play specific roles in each organ [26]. Their variability
may be influenced by the genetic diversity of the plant materials analyzed, the environmental conditions
under which they grow [7], and the interaction between these factors [27]. Some of these compounds, in
certain phenotypic combinations, have been suggested as genetic markers for beneficial agricultural traits,
such as disease and pest resistance, that impact crop yield [23].

In this context, although the ‘Hass’ cultivar is globally recognized for its high productivity, broad
commercial acceptance and remarkable phenotypic plasticity that has enabled its cultivation across diverse
environments, current knowledge of its volatilome remains limited to individual organs and does not include
its agronomically relevant variants. Furthermore, it is unknown whether ‘Hass’-type genotypes displaying
contrasting phenotypic traits produce distinct VOCs profiles associated with adaptation, defense responses
or agronomic value. This question is particularly relevant in Michoacan, Mexico—the world’s leading
avocado-producing region—where climate variability and the increasing incidence and geographic expansion
of pests and diseases driven by climate change are challenging the long-term stability of production systems.
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Under these conditions, reliance on a single cultivar such as ‘Hass’, despite its plasticity, becomes a
potential risk.

Therefore, the identification and evaluation of ‘Hass’-type variants naturally adapted to specific
microclimates within Michoacan is biologically and agronomically strategic. This region comprises
ten homogeneous avocado production zones that differ in altitude, temperature, humidity, and disease
pressure [28], and the genotypes analyzed in this study originate from several of these zones. These materials
exhibit agronomically desirable traits—such as dwarf growth habit, early bearing, and high yield—and have
undergone natural or farmer-driven selection under local environmental conditions, suggesting a degree
of adaptive advantage. Although these genotypes have been morphologically characterized (unpublished
data), their volatilome and metabolomic profiles remain unexplored. Determining whether their VOCs
composition diverges from that of the standard ‘Hass’ cultivar is essential to understand potential links
between chemical phenotype, genetic background and adaptive or productive traits. This knowledge may
also support the development of selection and breeding strategies that integrate both morphological and
chemical profiles, ensuring greater resilience and stability of avocado production systems.

Accordingly, the objective of the present study was to characterize the foliar and floral volatilome of
15 ‘Hass’-type avocado variant genotypes that exhibit competitive agromorphological traits relative to the
‘Hass’ cultivar.

2 Materials and Methods

The experiments were conducted at the Unidad de Investigaciones Avanzadas in Agrobiotecnologia of
the Facultad de Agrobiologia “Presidente Juarez” (FAPJ)-UMSNH, in Uruapan, Michoacan, México, while the
VOCs analyses were performed at the Instituto de Investigaciones en Ecosistemas y Sustentabilidad-UNAM,
campus Morelia, Michoacan, México. The genetic material consisted of 15 ‘Hass’-type avocado variant
genotypes and a typical ‘Hass’ genotype used as a reference (Table 1), all established in the orchard
located at the FAPJ facilities, at coordinates 19°22”35.4’/ N and 102°01739.2”” W. It is important to emphasize
that only one individual was sampled per genotype. Although this approach is commonly employed in
exploratory studies focused on identifying variability among genotypes, it constitutes a notable limitation,
particularly considering the allogamous nature of the species. The use of a single tree per genotype
does not allow assessment of intra-genotypic variability and reduces the statistical robustness required to
generalize the findings. Therefore, the results should be interpreted with caution, and future studies are
strongly recommended to include multiple biological replicates per genotype to validate and extend these
preliminary observations.

For the VOCs analysis, mature leaves and floral buds from inflorescences at the pre-anthesis
developmental stage were collected from each genotype, with only one individual sampled per avocado
variant. A total of 20 leaves were collected per individual, sampled randomly from each canopy quadrant
(five leaves per quadrant), and three inflorescences were collected per quadrant, resulting in 12 inflorescences
per individual. The grams of leaves and floral buds used for the analyses were randomly subsampled from
the composite sample of each tissue. The procedures for obtaining foliar extracts followed the method
described by Torres-Gurrola et al. [29]. Floral volatile extraction was performed using a dynamic headspace
method. VOCs were trapped in a commercial cartridge (ORBO™ 1103 Porapak™-Q (50/80), 150/75 mg;
Supelco, Sigma-Aldrich, St. Louis, MO, USA) by placing 3.0 g of floral buds in a Kitasato flask and exposing
them to a nitrogen flow at 60 mL min~! for 18 h. The adsorbent polymer was later recovered into a
microcentrifuge tube containing 1.0 mL of internal standard solution (tetradecane) dissolved in hexane
(0.125 mg mL 1), mixed for 1 min, and centrifuged at 10,000 rpm for 10 min. The supernatant was collected
and stored in amber vials at —4°C until further processing.
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Table 1: Outstanding morphological and productive characteristics of 15 avocado genotypes and the ‘Hass’ cultivar

established in Uruapan, Michoacan, México.

Variant Tree Height (m) Flowering Type Average Fruit Weight (g) Yield Average (kg Tree™)
F2A3 3.18 B 204.48 94
F2A5 2.86 B 159.28 92
F3A2 3.24 A 181.33 82
F3A4 2.81 B 154.60 72
F3A5 2.11 B 153.33 42
F4A7 2.86 B 188.58 116
F7A4 3.69 B 290.55 137
F11A3 3.89 B 202.13 124
F11A8 3.38 B 212.98 184
F12A8 3.87 B 174.75 92
F12A11 3.93 B 177.63 110
F12A13 4.9 B 205.30 134
F13A9 4.15 B 151.75 111
F14A4 4.21 B 185.18 117
F14A7 4.66 B 160.65 80
‘Hass’ 6.41 A 226.68 111

2.1 Identification and Quantification of Foliar and Floral VOCs

Chromatographic peak determination for each compound was performed following the procedure
described by Torres-Gurrola et al. [29] using a gas chromatograph (Agilent HP6890®; Agilent Technologies,
Santa Clara, CA, USA) coupled to a mass spectrometer (Agilent 5973, GC-MS; Agilent Technologies, Santa
Clara, CA, USA). Compound identification was based on two complementary approaches: (i) calculation
of Kovats retention indices (RI) using homologous series of pure alkanes (C8-C20) analyzed under the
same chromatographic conditions, and subsequent comparison with RI values reported in the literature,
and (ii) comparison of the mass spectra of the detected compounds with those available in the NIST Mass
Spectral Library (NIST11). Only compounds with spectral similarity values above 90% and consistent RI
values were considered positively identified.

For foliar volatiles, the chromatograph was operated with helium as the carrier gas at a flow rate
of 1.0 mL min~!, using a split injection (60:1) of 3 uL at 250°C into an Agilent HP 5MS capillary column
(30 m x 25 mm x 25 uM; Agilent Technologies, Santa Clara, CA, USA). The initial oven temperature was
set at 50°C, followed by a ramp of 20°C min~! up to 200°C, and then a second ramp of 15°C min~! to a final
temperature of 300°C. The program for floral volatile analysis consisted of a splitless injection of 4.0 pL at
250°C into an Agilent HP 5MS capillary column (30 m x 25 mm x 25 uM). The initial oven temperature was
set at 40°C for 3 min, followed by a ramp of 10°C min~! up to 250°C and then maintained for 5 min.

For both analyses, the mass spectrometer was operated at a flow rate of 1.0 mL min~?, with an ionization
voltage of 70 €V, an interface temperature of 250°C, in SCAN mode, and with a mass range of 50-500 m/z.
The concentration of the identified compounds (ug g~ ! dry weight) was determined using tetradecane as
the internal standard: 0.5 mg mL™! for foliar volatiles and 0.125 mg mL~"! for floral volatiles.

2.2 Data Analysis

Concentration and proportion matrices were generated from identified VOCs, considering only pure
compounds with a proportion greater than 1% + standard error. Based on the concentration matrix,
Pearson’s correlation analysis was applied to determine associations with morphological and productive
characteristics. Additionally, a Principal Component Analysis (PCA) was performed. For VOCs with
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the highest descriptive values, a multiple correlation analysis was conducted to reduce the number of
associations and facilitate interpretation.

To evaluate the consistency of the PCA-derived groupings, a hierarchical cluster analysis was performed
using the full set of VOCs identified. Foliar and floral chemotypes were classified using Ward’s agglomerative
method combined with Gower distances. This approach was selected because Gower’s metric allows
the integration of variables with different scales and variances [30], such as VOCs abundances and
presence/absence data, while Ward’s method minimizes intra-cluster variance [31], generating compact
and homogeneous groups, which is particularly suitable for metabolomic datasets. A total of 65 VOCs
were used to define clusters in both tissues, applying a minimum similarity threshold of 75% for shared
compounds among genotypes. The robustness and optimal number of clusters were assessed using the
pseudo-F statistic, which evaluates the balance between intra- and intergroup variability. All statistical
analyses were conducted using SAS® Studio Release 3.82 (SAS Institute Inc., Cary, NC, USA) [32].

3 Results and Discussion
3.1 VOCs Identified

The chemical analysis of the genotypes allowed the identification of 65 VOCs: 29 from foliar and
42 from floral tissue (Table 2). Only six were common to both tissues: a-pinene, [3-pinene, 3-caryophyllene,
humulene, eucalyptol, and palmitic acid. A key contribution of this study was the identification of 18 VOCs
not previously reported in the genus Persea: four in foliar and 14 in floral tissue (Table 3).

The presence of these previously unreported compounds may be attributed to biochemical and/or
environmental factors. From a biogenic perspective, these VOCs could originate from modifications in key
enzymatic pathways, such as lipoxygenase, terpene synthases, or phenylpropanoid metabolism, resulting
from mutations or regulatory variations in genes associated with secondary metabolism. Likewise, factors
such as alterations in gene expression within the fatty acid-, shikimate-, and Mevalonate/Methylerythritol
Phosphate-derived pathways may lead to the synthesis of unusual intermediates or by-products not
described in other species of the genus Persea [33,34]. In this context, exogenous origin cannot be entirely
ruled out, since agroecological or environmental conditions, exposure to agrochemicals, or the adsorption
of volatile compounds present in the atmosphere may contribute to the detection of these VOCs in the
foliar and floral tissues of the genotypes analyzed [35,36]. Additionally, microbial communities associated
with plant tissues may biotransform exogenous precursors into VOCs, adding further complexity to the
plant volatilome [37]. Beyond their origin, these compounds may play ecological or adaptive roles, acting
as mediators of direct or indirect defense by enhancing resistance through herbivore deterrence or by
attracting predators and parasitoids, as documented in other plant species with local adaptations [2,5,38].

Among the floral VOCs identified, ethylbenzene, isocumene, pseudocumene, and 1,3-diphenyl-1-butene
have been frequently documented as products of anthropogenic emissions, mainly originating from styrene,
gasoline, and other organic solvents released by vehicles, refineries, and petrochemical activities [39].
Nevertheless, ethylbenzene, isocumene, and pseudocumene have also been reported in several plant species
and within their essential oils [36]. The adsorption of these compounds from the environment by floral
tissues [35] could account for their detection in some genotypes. However, this possibility also implies that
biogenic origin cannot be excluded. Further research is required to elucidate the biosynthetic pathways
involved and to determine whether these compounds originate from physiological processes or from
exogenous environmental sources in different avocado genotypes.

A comparative analysis of the identified volatile groups revealed apparent differences in chemical
composition between tissues (Fig. 1A,B), consistent with their distinct physiological roles. In foliar tissue
(Fig. 1A), ethers, esters, and avocadofurans predominated, associated with defensive functions and regulation
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of oxidative stress [7]. In contrast, flowers (Fig. 1B) showed higher concentrations of alkanes, alkenes, and
aldehydes, which, in addition to defense, actively contribute to the attraction of pollinators and natural
enemies [40]. These results show the functional specialization of the volatilome in avocados, where the
leaf acts as a protective barrier, and the flower as a chemical signal emitter, essential for the reproductive
success of the crop [9,26,40].

Although the total concentration of VOCs was lower in floral tissue compared to foliar tissue, the
flowers exhibited a higher chemical diversity. This suggests a more complex and diversified biosynthetic
activity, potentially regulated by metabolic pathways specific to floral development [9,10]. Such chemical
diversity is likely to enhance ecological interactions during key stages of the reproductive cycle, as variations
in floral scent play a critical role in attracting pollinators and entomophagous insects [40], as well as in
guiding them to food sources and oviposition sites [9,15,17].

A Foliar tisssue B Floral tissue
Fatty acid .
3oaaA, y acids Fatty acids
. 30% Alkanes and
: 25% Alkanes and
Sesquiterpenes 20%‘: alkenes Sesquiterpenes 25% alkenes
15% 20%
o Monoterpenes 15% Alcohols
10% o
Monoterpenes 5% Avocadofurans
0,
g Hydrocarbons Aldehydes
Ethers Aromatic
compounds Phenols Alkylbenzenes
Esters Diterpenes Esters Benzothiazoles
Ketones

Figure 1: Relative concentration (0%-30%) of groups of VOCs in foliar (A) and floral (B) tissue of 15 avocado genotypes
and the ‘Hass’ cultivar.

In the floral profile, terpenes accounted for 29.19% of the total VOCs, whereas in foliar tissue, they
represented 14.94%. This difference in concentration may be influenced by tissue maturity, as terpenes tend
to accumulate in higher amounts in young leaves [41]. Therefore, evaluating leaves at different maturity
stages could provide valuable insights into variations in the volatile profile. The presence and concentration
of terpenes have also been suggested to be primarily determined by genetic factors and modulated by
environmental conditions [3,34]. Moreover, these compounds have been used as reliable chemical markers
for discriminating avocado races, varieties, and chemotypes [42].

Typical foliar profiles reported for the ‘Hass’ cultivar [25], indicate the predominance of estragol
(10%), [3-caryophyllene (25%), and germacrene D (25%), together with the occurrence of x-cubebene and
eugenol [42]. In contrast, the avocado genotypes analyzed in this study showed high concentrations
of 2-[(8Z,11Z)-heptadeca-8,11-dienyl]furan (HDF), 2H-pyran, 2-(7-heptadecynyloxy)tetrahydro (PHT),
ethyl linoleate, and methyl linoleate. These findings differ from previous reports [25] and underscore
the substantial variation in foliar chemical composition, even within the same cultivar. Such variation
has been attributed to differential expression of genes associated with VOCs biosynthetic pathways,
which may account for differences in compound concentration as well as the presence or absence of
specific metabolites among individuals of the same species [8,33]. Therefore, the phytochemical diversity
observed in this study is most likely driven by the genetic variability of the variants [7,26], given that their
establishment under homogeneous cultivation conditions minimizes the influence of environmental factors
on the chemical profile.
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In foliar tissue, HTP (28.97%) was the most abundant volatile, followed by HDF (17.34%), the latter being
consistently detected in all analyzed genotypes, including the ‘Hass’ cultivar. Notably, both compounds
have so far only been reported in studies conducted in Michoacan: HTP in the Mexican race P. americana
var. drymifolia [14] and HDF in the ‘Hass’ cultivar [23,42]. This recurring pattern suggests that these
VOCs may be linked to the specific agroecological conditions of the region and may have an ecological or
adaptive significance. These compounds could contribute to local adaptation by enhancing defense against
region-specific herbivores or pathogens, as has been proposed for other specialized VOCs involved in plant
defense signaling [43]. Additionally, their constant presence across genotypes may indicate a conserved
metabolic response to environmental stressors characteristic of this region [34,38]. In contrast, studies from
other avocado-producing regions have not reported these VOCs, which supports the hypothesis that their
biosynthesis could be environmentally induced or favored by genetic—environment interactions unique to
Michoacan [9,10,16-22,24].
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Table 2: Retention time, Kovats index, and concentration (%) of foliar and floral VOCs identified in 15 avocado genotypes and the "Hass’ cultivar.

Tissue Volatile Compound RT!  KI? [%]? Volatile Compound RT! KI? [%]? Volatile Compound RT! K2 [%]®
«-Pinene?® 5.16 942 0.44 Estragoled 7.53 1208 0.02 Methyl linoleate® 13.44 2100  9.51
3-Pinene® 5.60 984 0.07 Anetholed 8.20 1299 0.54 Phytol® 13.65 2146 5.03
3-Myrcene? 5.69 993 0.73 EHM*8 8.72 1373 0.07 Linoleic acidf 13.72 2162 6.10
«-Phellandrene® 5.85 1010 0.32 B-Caryophyllene® 9.22 1448 3.68 Ethyl linoleate® 13.79 2175 1246

Foliar 3-Phellandrene® 6.10 1038 0.07 Humulene” 9.44 1483 0.59 HDF>® 14.08 2238 17.34
Eucalyptol® 6.13 1041 1.64 Germacrene DP 9.61 1509 1.89 Tricosanel 14.38 2302 1.17
Fenchone?® 6.65 1099 0.03 y—Selineneb 9.66 1516 0.10 PHT® 15.30 2472 28.97
Linalool® 6.69 1104 0.04 Calamenene® 9.87 1547 0.27 DAME’8 15.51 2506 7.00
Myrcenol® 7.30 1179 0.02 Myristic acidf 1140 1759 1.22 Hexacosane® 16.10 2599 0.39
«-Terpineol® 7.49 1203 0.02 Palmitic acidf 12.72 1959 0.27
Hexanal® 5.30 804 16.08 Eucalyptol® 9.75 1036 242 o-Copaene® 15.06 1388 0.55
2,4-Dimethyl-1-heptene 6.12 844 2.44 Indene® 9.99 1049 0.22 B-Caryophyllene® 15.67 1436 3.87
2-Hexenal® 6.34 855 1.95 7-Octen-2-ol, 2,6-dimethyl—k 10.41 1074 1.47 Humulene? 16.11 1470 0.28
Ethylbenzene™ 654 865 159  Undecene! 10.59 1085 1.07  4oH-Eudesmane® 16.19 1476 191
«-Pinene® 7.96 937 3.61 Undecane® 10.85 1100 0.26 Pentadecane® 16.48 1499 3.76
Isocumene™ 8.33 957 0.08 Nonanal® 10.94 1105 3.67 o-Farnesene” 16.63 1512 0.87

Floral Benzene, 1-ethyl-4-methyl-™ 8.48 965 0.93 Isophorone! 11.28 1127 0.36 2,4-di-t-Butylphenol’ 16.68 1516 3.63
3-Pinene® 8.77 980 1.07 Naphthalene® 1230 1192 1.46 HEBI% 17.38 1574 1.74
HPM®h 898 991 128 Dodecane® 1241 1199 039  Hexadecaneh 17.68 1599 5.00
Pseudocumol™ 9.07 996 1.35 Decanal® 12.52 1207 1.11 Heptadecane® 18.82 1700 5.54
Decaneh 9.15 1000 0.7  BenzothiazoleP 1293 1235 062  2(Z),6(Z)-Farnesol® 1889 1706  3.17
1-Heptanol, 2,4-dimethyl 939 1014 192 Tridecaneh 13.86 1300 1.02 1,3-Diphenyl-1-buteneh 19.82 1792 3.82
p-Cymene? 961 1027 221  PAMDPE% 1470 1362 110  Octadecanel 1990 1799 219
Limonene® 9.69 1032 7.49 2-Methylpropanoic acid’ 14.96 1381 1.22 Palmitic acid 21.53 1960 5.11

'Retention time, *Kovats index, *Concentration percentage, *2-Ethyl-3-hydroxyhexyl 2-methylpropanoate, >2-[(8z,11z)-Heptadeca-8,11-dienyl]furan, *2H-Pyran, 2-(7-heptadecynyloxy)tetrahydro,
76,9,12,15-Docosatetraenoic acid, methyl ester, ®Heptane, 2,2,4,6,6-pentamethyl-, °Propanoic acid, 2-methyl-, 2,2-dimethyl-1-(2-hydroxy-1-methylethyl)propyl ester,
103-Hydroxy-5,6-epoxy-3-ionone, *Monoterpenes, *Sesquiterpenes, Diterpenes ¢ Aromatic compounds, ¢ Avocadofurans, fFatty acids, EEsters, "Alkanes and alkenes, ‘Ethers,
iPhenols, ¥Alcohols, 'Ketones, ™ Alkylbenzenes, "Aldehydes, °Hydrocarbons, PBenzothiazoles.
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Table 3: VOCs identified in foliar and floral tissue of 15 avocado genotypes reported for the first time in the genus Persea.
Tissue Volatile Compound Biological Function Species Where It Has Been Identified Reference

Foliar tissue

Myrcenol!

Calamenene!

Fenchone!

6,9,12,15-docosatetraenoic acid, methyl ester!

Bactericide

Phytotoxic and antioxidant
Aromatic and antimicrobial
Pharmacological properties

Thymus vulgaris
Myrcia hatschbachii
Hyptis suaveolens
Malva sylvestris

Floral tissue

Ethylbenzene*

Isocumene*

Heptane, 2,2,4,6,6-pentamethyl-
Pseudocumol”®

1-Heptanol, 2,4-dimethyl
7-Octen-2-ol, 2,6-dimethyl-
Isophorone

Benzothiazole

Propanoic acid, 2-methyl-,

2,2-dimethyl-1-(2-hydroxy-1-methylethyl)propyl ester

2-Methylpropanoic acid
2,4-di-t-Butylphenol

3-Hydroxy-5,6-epoxy-[3-ionone
2(Z),6(Z)-Farnesol
1,3-Diphenyl-1-butene*

Pollutant
Pollutant
Allelopathic
Pollutant

Allelochemical and oviposition deterrence
Antifungal

Antifungal
Antioxidant, antimicrobial, antifungal,
and allelopathic

Cytotoxic and antimicrobial
Pollutant

Poceae spp.

Gossypium hirsutum

Eucalyptus grandis

Artemisia herba-alba

Vitis spp.

Chenopodium murale

Ceratophyllum demersum L.y Vallisneria spiralis
Prunella vulgaris

Ceratophyllum demersum L.y Vallisneria spiralis
Humulus lupulus
Osmunda regalis

Phlomis samia
Citrus trifoliata y Diospyros discolor

*Volatile pollutants, 'Not identified in the ‘Hass’ cultivar in this research.
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Information on VOCs in avocado floral tissue remains limited. Previous reports identified (E)-3-ocimene
and perillene as the predominant compounds in avocado flowers [9,10]; however, these volatiles were
not detected in the present study. Instead, the VOCs with the highest relative abundance across the
analyzed genotypes were hexanal (16.08%), which has been associated with defense responses as well as
attraction of pollinators and natural enemies [11], and limonene (7.49%), with multiple defensive roles and
recognized function in the detection of floral stages by pollinating insects [62]. The elevated concentrations
of these volatiles in inflorescences underscore their ecological relevance, reinforcing the role of flowers
as organs that emit specific chemical cues contributing to plant reproduction and protection [40]. These
findings emphasized the importance of considering genetic, phenological, and environmental factors
when comparing chemical profiles and highlighted the need to further investigate the metabolome of the
genus Persea.

3.2 VOCs, Yield, and Fruit Characteristics

The combined analysis of Pearson’s correlation and PCA reinforced the identification of key VOCs for
distinguishing among the evaluated genotypes. Significant correlations (x < 0.01), primarily among terpenes,
corresponded to VOCs with the highest eigenvalues in the first three principal components (Table 4), which
accounted for 67.77% and 74.87% of the total variance in foliar and floral tissues, respectively. In the foliar
tissue, three clusters were observed: one comprising eight genotypes and two smaller clusters with two
genotypes each, while the ‘Hass’ cultivar remained distinct from all groups (Fig. 2A). In contrast, floral
tissue formed a single cluster that included ten genotypes, together with the ‘Hass’ cultivar (Fig. 2B).

Table 4: Eigenvalues and variance explained by foliar tissue! and floral tissue? in the first three principal components
based on 65 VOCs identified in 15 avocado genotypes and the ‘Hass’ cultivar.

Principal Components

Tissue Volatile Compound
PC1(28.27%)* PC2 (24.8%)" PC3 (14.7%)*

o-Pinene 0.2837 0.1744 0.1429
{3-Pinene 0.1904 0.2917 0.1281
o-Phellandrene 0.1906 0.2923 0.1219
{3-Phellandrene 0.1904 0.2917 0.1281
Fenchone 0.1904 0.2917 0.1281

Foliar Estragole 0.1904 0.2917 0.1281
Anethole 0.1904 0.2917 0.1281
Humulene —0.1497 —-0.0110 0.3033
Methyl linoleate —0.2136 0.0169 0.3112
Linoleic acid —0.1577 0.0459 0.3252
2-[(8Z,11Z)-Heptadeca-8,11-dienyl]furan —0.2102 0.0337 0.2928

PC1 (38.65%)* PC2 (20.9%)* PC3 (15.32%)?

Isocumene 0.0820 —0.2186 0.2334
Decane 0.0989 0.2644 0.1702
Undecane 0.0842 —0.0043 —0.2550
Nonanal 0.2364 —0.0487 0.0290
Isophorone 0.1329 0.0568 0.2917
Naphthalene 0.1625 —0.1419 0.2341

Floral Decanal 0.2314 0.0198 0.0824
Benzothiazole 0.1717 0.0957 0.2580
[3-Caryophyllene 0.1240 0.2579 0.1129
Humulene 0.0989 0.2644 0.1702
Pentadecane 0.0871 —0.0347 —0.3389

o«-Farnesene 0.0989 0.2644 0.1702
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Figure 2: Principal component analysis (PCA) scatter plots showing the distribution of 15 avocado genotypes and
the ‘Hass’ cultivar based on 11 foliar (A) and 12 floral (B) volatile organic compounds (VOCs). Each form represents

one genotype; proximity among forms indicates greater similarity in volatile composition.

Correlation analysis revealed significant negative associations (o« < 0.05) between yield and palmitic
acid in foliar tissue, as well as with (3-caryophyllene, humulene, and «-farnesene in floral tissue, with
values ranging from r = —0.5808 to r = —0.6202. In contrast, phytol showed a positive correlation with yield
(r = 0.6112) and has been reported to possess antimicrobial and allelopathic properties [11]. Among the
associations identified between VOCs and fruit characteristics (Table 5), phytol was particularly relevant,
as it correlated with four variables, whereas (3-caryophyllene was associated with storage duration. The
latter result is especially noteworthy, given the extensive evidence supporting its multifunctional role in
plant defense [5].

Table 5: Pearson correlation coefficients (r < 0.5) determined between foliar and floral VOCs with fruit characteristics
of 15 avocado genotypes and the ‘Hass’ cultivar.

Tissue Volatile Compound Fruit Characteristic r Pr > |r|

[3-Caryophyllene Days of storage 0.6127 0.0116

Length 0.6468 0.0068

Phytol Weight . 0.6585 0.0055

Peduncle diameter 0.5940 0.0152

) Peduncle length 0.6502 0.0064
Foliar

Diameter 0.5972 0.0146

2-[(8z,11z)-Heptadeca-8,11-dienyl]furan Weight 0.5845 0.0174

Peduncle diameter 0.6484 0.0066

Diameter 0.6182 0.0107

Tricosane Weight 0.5799 0.0185

Peduncle diameter 0.6165 0.0110

2,4-Dimethyl-1-heptene Length 0.6045 0.0131

Floral {3-Pinene Peduncle length —0.6178 0.0108

Decane Skin thickness 0.6027 0.0135

It is important to emphasize that the relationships identified in this study are correlational and do not
imply causation. The negative association between palmitic acid and yield may be related to stress-associated
signaling processes, as saturated fatty acids participate in stress responses that could indirectly reduce
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productivity [63]. Meanwhile, elevated phytol concentrations in foliar tissue may indicate higher chlorophyll
content or genotype-specific differences in lipid metabolism, rather than a direct effect of phytol on yield [64].
For (3-caryophyllene and other sesquiterpenes, extensive evidence supports their involvement in plant
defense mechanisms [5,11,34]. Therefore, the correlation between {3-caryophyllene and longer fruit storage
duration does not demonstrate a direct protective effect; instead, higher levels of this compound may reflect
the activation of defense pathways that influence water loss and postharvest physiology.

Significant associations between VOCs and agronomic traits may reflect direct physiological effects of
these compounds; however, they could also indicate that VOCs function as markers of underlying metabolic,
physiological, or genetic processes that influence these traits [34]. Therefore, functional interpretations
must be made with caution until validated through targeted experimental approaches.

3.3 Identification of Chemotypes

The comparison of the 65 VOCs among avocado genotypes enabled the identification of eight foliar
chemotypes (FoChem) and eight floral chemotypes (FloChem), shown in Fig. 3A,B, respectively. In
foliar tissue, chemotype differentiation was driven by the presence of distinctive compounds, whereas in
floral tissue it was determined by volatile concentration. Among the FoChem, FoChem1 was notable for
comprising four dwarf growth habit genotypes (F2A3, F3A2, F3A4, and F4A7). FoChemb5, consisting of
F7A4 and F11A8, was characterized by large fruits (mean weight of 251 g) and high yields (160.5 kg tree ).
This last chemotype was distinguished by the presence of 3-caryophyllene, phytol, HDF, and tricosane,
compounds that support the associations previously observed between VOCs, fruit characteristics (Table 5),
and yield in the correlation analysis.

Of the 15 genotypes evaluated, only two (F11A3 and F12A8) cluster with the ‘Hass’ cultivar, forming
FoChem?2. In contrast, F2A5, F3A5, F12A11, and F14A7 were distinguished by the presence of VOCs absent
in the other genotypes. Within this group, FoChem?7 (F2A5) was characterized by 3-pinene, 3-phellandrene,
fenchone, estragol, and anethole, VOCs with reported roles in plant defense [11]. FoChem8 (F3A5) was
defined by the presence of linalool, myrcenol, «-terpineol, and y-selinene, together with elevated eucalyptol
levels, a compound with insecticidal activity and parasitoid-attracting properties [33]. The occurrence of
these terpenes has been widely associated with biotic stress responses and allelopathic activity in several
species [34] positioning these genotypes as candidates for further studies on the defensive functions of their
chemical profiles. FoChem4 (F14A7) was characterized by 2-Ethyl-3-hydroxyhexyl 2-methylpropanoate
(EHM), a (3-carotene degradation product [65] with limited information on its biological role in plants,
whereas FoChem6 (F12A11) showed a high overall concentration of VOCs.

In floral tissue, FloChem6 comprised three dwarf growth habit genotypes: F3A5, F4A7, and F7A4, with
VOCs concentrations ranging from 43.25 to 45.72 pug g '. FloChems8 included the ‘Hass’ cultivar together
with F11A8, F12A8, F12A11, and F12A13, and was characterized by elevated levels of hexanal, with an
average concentration of 57.72 ug g1, a compound involved in defense mechanisms and as an attractant and
deterrent to oviposition [11]. Overall, this group exhibited the lowest diversity and concentration of VOCs.
Similar to foliar tissue, five genotypes displayed distinctive floral chemotypes. FloChem1 (F2A3) was defined
by the highest limonene concentration (9.81 pg g~!), a compound with multiple defense functions [5].
FloChem5 (F3A2), notable for its high palmitic acid content (20.89 pg g™!), was the only one with a
flowering type similar to ‘Hass’, although differing in both chemical profile and fruit morphology [9,10].
FloChem4 (F3A4) stood out for the exclusive presence of decane, humulene, and «-farnesene, along with
high 3-caryophyllene levels (26.82 pg g™?!). This last chemotype is of particular interest, as it exhibited the
lowest average yield and included VOCs negatively correlated with yield; however, further evaluations
across production cycles and phytopathological studies are required to confirm this association. Finally,
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FloChem2 (F2A5) and FloChem3 (F14A4) were differentiated from the other genotypes by the highest
number and concentration of VOCs.

The distinctive VOCs identified in foliar and floral tissue may serve as chemical markers for
differentiating closely related genotypes, as they were absent in the ‘Hass’ cultivar. Because all genotypes
were evaluated under homogeneous cultivation conditions, the presence of these compounds can be
attributed to genetic factors, reinforcing this interpretation.
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Figure 3: Hierarchical clustering dendrograms, using Ward’s method with Gower distances, of avocado genotypes
and the ‘Hass’ cultivar, based on 29 foliar (A), 42 floral (B), and combined (C) volatile organic compounds.

The integrated analysis of foliar and floral volatiles (Fig. 3C) confirmed the separation of genotypes
with distinctive chemotypes, supporting the existence of differentiated volatile profiles at a whole-plant
level. This supports the importance of further evaluating these genotypes to determine their potential as
alternative or complementary cultivars to ‘Hass’, combining competitive morphological characteristics with
distinctive phytochemical profiles. However, the presence of different chemotypes does not necessarily
confer greater resistance [23]. Therefore, additional studies are required to establish whether differences
in metabolomic profiles are associated with pests and disease susceptibility or with productive traits.
Moreover, since VOCs synthesis and emission are tissue-and stage-specific processes [26], the integrated
characterization of foliar and floral profiles provides valuable information to advance the understanding of
the volatile metabolome in Persea.

Finally, the groupings identified through cluster analysis of FloChem were consistent with those
generated by PCA, in contrast to FoChem. This discrepancy may be explained by the lower percentage of
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variance captured by PCA in foliar tissue (67.77%) and the broader range of VOCs concentration detected
in this tissue. Overall, the results demonstrate the utility of metabolomic approaches for differentiating
closely related genotypes, such as those analyzed in this study.

4 Conclusions

This study revealed distinct foliar and floral volatilome profiles among 15 ‘Hass’-type avocado variant
genotypes, including 18 VOCs reported for the first time in the genus Persea. Based on these profiles,
eight foliar and eight floral chemotypes were identified, demonstrating clear chemical differentiation
from the ‘Hass’ cultivar. Some VOCs were unique to genotypes with a dwarf growth habit, while others
showed statistically significant correlations with yield and fruit quality traits, suggesting their potential
as biomarkers in breeding and selection programs. The presence of uncommon VOCs in these genotypes
may be influenced by the agroecological conditions of Michoacan; however, this interpretation remains
tentative and requires further validation.
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