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Abstract

Plant-microbe interactions play a pivotal role in shaping host fitness, especially concerning chemical defense mechanisms.
In cycads, establishing direct correlations between specific endophytic microbes and the synthesis of highly toxic defensive
phytochemicals has been challenging. Our research delves into the intricate relationship between plant—microbe associations
and the variation of secondary metabolite production in two closely related Zamia species that grow in distinct habitats;
terrestrial and epiphytic. Employing an integrated approach, we combined microbial metabarcoding, which characterize the
leaf endophytic bacterial and fungal communities, with untargeted metabolomics to test if the relative abundances of specific
microbial taxa in these two Zamia species were associated with different metabolome profiles. The two species studied shared
approximately 90% of the metabolites spanning diverse biosynthetic pathways: alkaloids, amino acids, carbohydrates, fatty
acids, polyketides, shikimates, phenylpropanoids, and terpenoids. Co-occurrence networks revealed positive associations
among metabolites from different pathways, underscoring the complexity of their interactions. Our integrated analysis
demonstrated to some degree that the intraspecific variation in metabolome profiles of the two host species was associated
with the abundance of bacterial orders Acidobacteriales and Frankiales, as well as the fungal endophytes belonging to the
orders Chaetothyriales, Glomerellales, Heliotiales, Hypocreales, and Sordariales. We further associate individual metabolic
similarity with four specific fungal endophyte members of the core microbiota, but no specific bacterial taxa associations
were identified. This study represents a pioneering investigation to characterize leaf endophytes and their association with
metabolomes in tropical gymnosperms, laying the groundwork for deeper inquiries into this complex domain.

Keywords Cycads - Defensive traits - Phyllosphere - Biotic interactions - Fungal endophytes - Zamiaceae - Secondary
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Introduction

Plants have evolved a myriad of adaptive traits to cope with
biotic stressors (Kursar & Coley 2003). Through evolutionary
spans, species have engaged in interactions exhibiting
reciprocal evolutionary responses to adapt to each other's
changes—a phenomenon known as coevolution (Ehrlich &
Raven 1964; Wink 2003). Among these adaptive mechanisms,
the production of specialized small organic molecules
(secondary metabolites) stands out as a crucial defense
mechanism against natural enemies such as herbivores and
pathogens (Sedio 2017; Sedio et al. 2021; Walker et al. 2022).
The synthesis of secondary metabolites can be modulated by
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multiple biotic interactions, including those with herbivores
and inhabiting endophytic microbes, leading to broad
intraspecific chemical variation (Salazar et al. 2018; Endara
et al. 2017; Fine et al. 2023; Christian et al. 2020).
Mutualistic endophytic microbes, comprising bacteria
and fungi, play a pivotal role in inducing plant defensive
secondary metabolites such as alkaloids, phenolics, and
terpenoids (U’Ren et al. 2019; Walker et al. 2022). For
instance, experiments manipulating the plant microbial
community have elucidated the patterns observed in plants’
chemical defense conferring tolerances to abiotic and biotic
stressors (Arnold et al. 2003; Estrada et al. 2013; Mejia
et al. 2014; Yamaji et al. 2016; Christian et al. 2020).
Advances in high-throughput genomic sequencing and
untargeted metabolomic techniques enable the identification
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of thousands of microbial taxa and metabolites within plant
tissues respectively, facilitating an integrative study of the
mechanisms behind this mutualistic relationship (Sedio
2017; Christian et al. 2020).

The plant phyllosphere, the encompassing microenviron-
ment of the outer surface (epiphyte) and internal tissues of
leaves (endophytes) harbors a diverse microbiome compris-
ing all living domains, including archaea, bacteria, fungi,
and viruses (Rosado et al. 2018). Endophytes contribute
significantly to various plant functions, such as nitrogen
fixation, methanol emission, and biosynthesis of phyto-
hormones (Vorholt 2012; Moyes et al. 2016; Dorokhov
et al. 2018). Indeed, the leaf microbiome modulates many
plants' functional traits and primary metabolic processes,
synergistically promoting host fitness (Lambais et al. 2017,
Rosado et al. 2018; Christian et al. 2019; Lajoie et al. 2020).
Empirical evidence confirms that plant defensive second-
ary metabolites are modulated by plant—-microbe recipro-
cal interactions (Christian et al. 2020). In this interaction,
secondary metabolites produced by the plant influence the
assembly of endophytic microbial species in the leaf tis-
sue (Arnold et al. 2003; Christian et al. 2020), leading to
a certain host-distinct associated microbiome. This endo-
phytic microbiota then induces and generates secondary
metabolites that influence the viability of both the host and
its microbiome (Christian et al. 2020). The diverse functions
of the phyllosphere microbiota (Lambais et al. 2017; Lajoie
et al. 2020), coupled with the spatial delimitation of the leaf
provide an ideal system to explore how plant—microbe inter-
actions induces host defensive metabolites (Estrada et al.
2013; Christian et al. 2015). Despite advances in method-
ologies toward understanding plant—microbe complexity,
only 2% of plant species have been screened for endophytes
(Khare et al. 2018; Laforest-Lapointe & Whitaker 2019),
and metabolome work has been done in diverse genera of
angiosperms and conifers, but not in tropical cycads (Salazar
et al. 2018; Sedio et al. 2021).

Cycads are long-lived gymnosperms, that engage in
highly obligate plant—insect interactions with phylogeneti-
cally unrelated specialized herbivores (i.e., Coleoptera and
Lepidoptera) (Salzman et al. 2018; Robbins et al. 2021;
Sierra-Botero et al. 2023). Despite possessing neurotoxic
and carcinogenic anti-herbivore toxins like methylazox-
ymethanol acetate (MAM), p-methylamino-L-alanine
(BMAA), and azoxyglycosides, cycad leaves may suffer
substantial damage from herbivores (Prado et al. 2014;
Sierra-Botero et al. 2023). These defensive compounds
are the main conserved chemical defensive traits in all
cycad genera (Schneider et al. 2002; Whitaker & Salzman
2020). Moreover, the genera Cycas and Zamia possess
diverse bioflavonoids exhibiting cytotoxic, antioxidant,
and antipathogenic properties against microbes and pro-
tozoans (El-Seadawy et al. 2023a, El-Seadawy 2023b).
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Research on the gut microbiome of cycad insect herbivores
has shed light on their abilities to tolerate the plant-toxic
phytochemicals (Salzman et al. 2018; Robbins et al. 2021;
Gutierrez-Garcia et al. 2023).

Cycads have evolved specialized symbiotic associations
with microbes, making them essential to understanding the
origin and maintenance of plant—microbe interactions and
their role in shaping the secondary chemistry across the
evolution of land plants (Zheng & Gong 2019; Whitaker
& Salzman 2020). Notably, nitrogen-fixing cyanobacte-
ria are the dominant functional group within the coralloid
roots of all cycads (Gehringer et al. 2010; Yamada et al.
2012; Gutiérrez-Garcia et al. 2018; Zheng et al. 2018;
Suérez-Moo et al. 2019; Bell-Doyon et al. 2020). Yet to
our knowledge, no studies have addressed the leaf micro-
biota of cycads, thereby limiting our understanding of the
interactions between endophytes and their host plants.
Therefore, further investigations of the role of the host
microbial endophytes would help to understand the signifi-
cance of multitrophic interactions in the evolution of cycad
defensive metabolomic traits (Whitaker & Salzman 2020).

Here, we investigated the potential role of host-
microbe co-interaction on the foliar defensive metabo-
lites of cycads. To study plant—-microbe interactions, we
selected two phylogenetically close Zamia species, with
similar leaf anatomical traits (Calonje et al. 2019; Glos
et al. 2022). This approach allows us to account for foliar
metabolome variation associated with specific differences
in host-microbial endophyte in plant species with simi-
lar evolutionary history and leaf traits. Moreover, the two
focal species differed in their habitat preferences, Zamia
nana A. Lindstr., Calonje, D.W. Stev. & A.S. Taylor being
a terrestrial plant, and Zamia pseudoparasitica J. Yates an
epiphyte, offering the opportunity to explore differences
in leaf endophyte and metabolome in contrasting habitats.
Here we ask whether plant chemical variations in cycads
are related to host plant species or predominantly driven
by microbial endophytic communities (bacteria and fungi).
Using a combined approach involving metabarcoding and
untargeted metabolomics we aim to answer the question:
Does the metabolomic expression of host leaf chemis-
try, associated with defense, correlate with the microbial
endophyte community composition? Given the special-
ized plant—herbivore association in cycads, we predict
that mutualistic endophytes enhance the production of host
secondary metabolites, thereby accounting for intraspecific
variation attributable to differences in microbial communi-
ties. We expect that this variation is more pronounced in
the epiphytic species because individuals will be prone to
vertical microclimate variation. Consequently, we propose
that the composition of the endophytic community signifi-
cantly influences the diversity and abundance of secondary
metabolites within the genus Zamia.
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Methods
Study System

We focus on two species of Zamia (Zamiaceae) from
Panama. Individual plants of the Neotropical genus Zamia
are characterized by their long-lived palm-like compound
leaves. Zamia nana and Zamia pseudoparasitica are
two endemic species restricted to the premontane to
montane forest on the Caribbean slope of western
Panama (50-1000 m.a.s.1), under similar environmental
conditions with daily temperatures of 18-29 °C and
annual rainfall of 2500—4000 mm, with average monthly
rain < 60 to 353 mm (Bell-Doyon & Villarreal 2020).
Zamia nana is a terrestrial species that occurs in a single
native population in Cerro Gaital (Coclé) (Lindstrom et al.
2013), nearly ~40 km apart from the closest population
of Z. pseudoparasitica. Zamia pseudoparasitica is the
only known epiphytic gymnosperm in the world and it
grows attached to the trunks and nestled in lower forks
of large canopy trees at heights of 7 to 20 m (Bell-Doyon
& Villarreal 2020). Both species are nested within the
isthmian clade that recently diverged ~3 Ma years ago
(Calonje et al. 2019). A total of 73 individuals (n=30 of
Z. nana and n=43 of Z. pseudoparasitica) were selected
for this study. We collected one leaflet per plant and were
stored at 4 °C in the field for less than three hours and then
taken to the laboratory for processing. Macroepiphytes
from leaflet samples were removed by scratching the
surface with a sterile sponge. Then leaflet rectangular
punches of 10 x5 mm were surface sterilized using a
70% ethanol wash for 2 min, 1% Sodium hypochlorite
for 3 min, and sterile distilled water for 1 min. Two
leaflet punches from individual plants were separated
and stored at -80 °C for untargeted metabolomics, and
DNA extraction for bacterial and fungal metabarcoding
analyses (Supplementary Table 1). The leaflet tissue was
flash frozen in liquid nitrogen and pulverized using a tissue
homogenizer with metallic beads.

Untargeted Metabolomics

Metabolites were extracted from 10 mg pulverized leaflet
tissue from nine individuals of Z. nana and 42 individu-
als of Z. pseudoparasitica (Supplementary Table 1), using
1.8 ml (90:10 v/v) methanol:water pH 5 overnight at 4 °C
and shaking at 300 rpm, then centrifuged at 14000 rpm
for 10 min (Sedio et al. 2018). The supernatant was trans-
ferred and filtered for LC—-MS analysis (Sedio et al. 2021).
Extracts were separated using a Vanquish Horizon Duo
ultra-high performance liquid chromatography (UHPLC)

system (Thermo Fisher, Waltham, MA, United States) with
an Accucore C18 column with 150 mm length, 2.1 mm
internal diameter, and 2.6 um particle size. UHPLC buffer
A (0.1% v/v formic acid in water) and buffer B (0.1% v/v
formic acid in methanol) were employed in a solvent gra-
dient from 5 to 100% buffer B over 18 min. The UHPLC-
MS parameters were optimized to detect and fragment
metabolites representing a wide range in polarity and mass
(Sedio et al. 2018). Separation of metabolites by UHPLC
was followed by heated electrospray ionization (HESI) in
positive mode using full scan MS1 and data-dependent
acquisition of MS2 (dd-MS2) on a Q Exactive hybrid
quadrupole-orbitrap mass spectrometer (Thermo Fisher).
The structural similarity of each unique metabolite was
calculated based on the mass-to-charge ratio (m/z) of the
fragments for every pair of compounds found in the Zamia
species. Consensus spectra in individual chemical extracts
were inferred using The Global Natural Products (GNPS)
Molecular Networking tool by clustering the MS/MS spec-
tra into respective unique structures (Wang et al. 2016).
The GNPS method compares the structural similarity of
every molecule pair using the cosine of the angle between
vectors defined by the m/z values of their constituent frag-
ments with a cosine threshold of cos=0.7 (Wang et al.
2016). We calculated metabolite concentration based on
peak areas/mg, the number of metabolites per individual,
and chemical variation among the samples. Chromato-
grams were aligned using MZmine2 (Pluskal et al. 2010),
and then we inferred chemical molecular formulas using
Sirius (Diihrkop et al. 2019) and predicted their structures
with CSI:fingerID (Diihrkop et al. 2015).

To compare intra- and interspecific host chemical varia-
tion between the two species, first, we tested for differences
in the number of compounds observed using richness met-
rics (Chao, Shannon, and Simpson indexes). Secondly, we
used Qemistree (Tripathi et al. 2021) to build a hierarchical
dendrogram that reflects the metabolite structural similarity
between the compounds observed. The phylogenetic diver-
sity Faith index was calculated using the picante package
(Kembel et al. 2010) used to represent structural diversity
among the metabolites. Statistical differences for the four
indexes were addressed using the Permutation Welch Two
Sample ¢-fest, a reliable test between group means with une-
qual population variances and sample sizes. Additionally, we
searched for differentially expressed metabolites between
the two host species using the DESeq?2 package (Love et al.
2014) and used the student’s #-fest to evaluate significance
when P <0.05 and fold change > 10.

We described metabolite co-occurrence using the soft-
ware Cytoscape and CoNet co-occurrence network analyses
(Shannon et al. 2003; Faust & Raes 2016). Significant inter-
actions (threshold P <0.05) were estimated using Pearson
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and Spearman correlations, a mutual information similarity,
a Bray—Curtis dissimilarity, and the Kullback-Liebler dis-
similarity index. A co-occurrence network was generated
based on 100 iterations with renormalization and null dis-
tribution computing. Estimated metrics were compared to
a null distribution by bootstrapping the metrics under 1000
iterations to assess statistical significance. Correlation met-
rics were combined with the Brown method, and Benjamin
Hochberg multiple-test corrections were applied to retain
edges with g-values <0.05.

To compare structural metabolic composition between
host species we calculated the chemical structural-compo-
sitional similarity (CSCS) metric, which accounts for the
structural similarity of compounds between pairs of indi-
viduals or species (Sedio et al. 2017). This metric weight
the similarity of pairwise comparison of the metabolite com-
position between the two species based on the product of
their proportional ion intensities in each species. The CSCS
metric was calculated for all individual pairs of the two spe-
cies. We also calculated the Bray—Curtis dissimilarity metric
to infer specific variations in shared metabolic compounds
between species. Using the two metrics we tested if chemi-
cal composition significantly varies between species using a
one-way analysis of variance (ANOVA) with species as the
explanatory variable using the car package (Fox & Weisberg
2011). Chemical variation was visualized using non-metric
multidimensional scaling (NMDS) with functions from the
MASS package (Venables & Ripley 2002). Permutation tests
for homogeneity of multivariate dispersion (PERMDISP2)
were used to test for chemical intraspecific variation with the
vegan package (Oksanen et al. 2016). Significance values
were obtained by permuting the model residuals of a null
model analysis of variance (ANOVA) 1000 times.

DNA Extraction and Amplicon Sequencing Library

Genomic DNA was extracted from~30 mg of leaflet
tissue using a cetyl trimethylammonium bromide (CTAB)
extraction protocol (Doyle & Doyle 1987) and DNA
concentrations were evaluated using a Nanodrop 1000
spectrophotometer (ThermoFisher, Waltham, USA).

A two-step dual-indexed PCR approach specifically
designed for Illumina instruments was carried out to
amplify two molecular markers. In the first stage, bacterial
and fungal leaf endophytes were amplified using primers
that included the Illumina sequencing primer on the 5’ end.
The 16S ribosomal rRNA gene V3-V4 region was targeted
to amplify bacteria using the primer set V3-V4_F_341F/
V3-V4_R_805R (Klindworth et al. 2013). The fungal
microbiota was characterized with the internal transcribed
spacer (ITS1) region using the primer set ITSIF/ITS2R
(White et al. 1990). A second PCR reaction was performed
to add dual-indexes and Illumina flow cell adaptors to all
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amplicons. PCR products from the previous steps were puri-
fied with magnetic microbeads and successive washes in
80% ethanol on a magnetic rack. The complete and detailed
PCR protocol followed is provided in the Supplementary
methods. Final products were quantified spectrophoto-
metrically using a Spark 10 M plate reader (Tecan US Inc.,
Raleigh, USA), and pooled in equimolar concentration ratio,
for sequencing on the Illumina Miseq (Illumina Inc., San
Diego, USA). Sequencing was performed at the platform of
genomic analysis of the Institute of Integrative Biology and
Systems, Université Laval, Québec, Canada (16S; 2300 bp
run), and the Naos Molecular Lab (ITS1; 2 X250 bp run) at
the Smithsonian Tropical Research Institute, Panama.

Amplicon Sequence Assembly and Filtering

Sequence adapters and primers were removed for the 16S
and ITS1 markers using the software cutadapt (Martin
2011). With the package DADA2 (Callahan et al. 2016;
Callahan et al. 2017) raw reads were filtered based on
the quality profile (Phred quality score) and trimmed as
follows: forward reads at 280 bp and reverse reads at 210 bp
for 16S, and forward and reverse reads at 220 bp for ITS1.
Expected errors were set for 16S (maxEE =4), while ITS1
at (maxEE =2). For both markers default settings follow
for ambiguous nucleotide (maxN =0) and probability
of erroneous assignment (truncQ =2). Sequences were
dereplicated and merged by aligning forward and reverse
reads with an overlap of a minimum of 20 base pairs.
Amplicon Sequence Variants (ASVs) were inferred for
each contig, and chimera sequences were removed (Callahan
2016). Taxonomy was assigned to bacterial ASVs with the
bacterial SILVA reference database version 132 (Pruesse
et al. 2007), and fungal ASVs against the UNITE community
database of fungi (Nilsson et al. 2018) with the DADA2
taxonomic implementation of the naive Bayesian RDP
classifier. ASV sequences of 16S were aligned using the
DECIPHER package with default parameters (Wright 2016).
A maximum likelihood phylogenetic tree was built under the
GTR + GAMMA +1 DNA evolution model, with a neighbor-
joining tree with the phangorn package (Schliep 2011). Due
to the difficulties of aligning ITS1 amplicon sequences from
different fungal genera, phylogenetic-based methods were
not employed for the fungal endophytes.

All ASV sequences from the host plant, those identified
as chloroplast, mitochondria, eukaryotes, or any ASVs that
remained unidentified (i.e., “NA”) at the kingdom level were
excluded from the dataset. The bacterial (Bdellovibrionota,
Elusimicrobiota, Gemmatimonadota, and NB1-j), and fun-
gal (Basidiobolomycota, Chytridiomycota, Glomeromy-
cota, Kickxellomycota, and Rozellomycota) phyla, each of
which included fewer than 10 ASVs, in the dataset were
excluded. Laboratory external contaminants sequenced in
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PCR negative controls were identified in our study samples
by performing ASVs frequency-based and prevalence-based
methods with the decontam package (Davis et al. 2018). We
excluded any sample that after filtering remained with low
sequencing depth presenting less than 50 reads per sample
(Supplementary Table 1). The final dataset resulted in 1129
ASVs from 32 samples for the bacterial marker 16S (Z. nana
594 ASVs and Z. pseudoparasitica 588 ASVs) and 7945
fungal ASVs from 64 samples for the fungal marker ITS1
(Z. nana 3111 ASVs and Z. pseudoparasitica 5342 ASVs).
These final datasets were used to characterize the alpha and
beta diversity in the endophyte communities.

Leaf Endophyte Community Diversity

For alpha and beta-diversity analysis, we normalized our
data by calculating the relative abundance of each taxon
based on the sample sequence coverage (McMurdie &
Holmes 2014; Weiss et al. 2017). Alpha diversity was
assessed using Hill numbers with three richness indices that
accounted for differences in the weight of common taxa: (1)
the Chao index, (2) the Shannon exponential, which weights
the ASVs by their frequency, and 3) the Inverse Simpson's
diversity index which considers the presence and relative
abundances of ASVs present in a sample. The Pielou index
was used as another measure of species’ evenness between
plant hosts. The phylogenetic diversity with the Faith index
was estimated for the bacterial communities, using the
picante package (Kembel et al. 2010). The assumptions of
normality and homogeneity of variance were tested with the
Shapiro—Wilk and Levene's tests, respectively, for all alpha
diversity measurements. As all alpha diversity metrics were
not normally distributed according to Shapiro—Wilk tests
(P<0.001) and Levene's test was not significant for the five
measures of alpha diversity (P> 0.05), indicating that there
were equal variances in the diversity metrics between groups
(host species), significant differences between host species
were assessed using the Kruskal-Wallis nonparametric
test, and post-hoc pairwise comparisons were performed
with the exact sum of Wilcoxon ranks, and applying a<5%
Bonferroni correction.

Principal Coordinate Analysis (PCoA), with two non-
phylogenetic metrics and three phylogenetic distance met-
rics, was used to visualize bacterial community variation
within and between Zamia species. The multiple distance
metrics allow us to explore differences in endophytic micro-
bial composition between Zamia species by accounting for
the presence of ASVs, their relative abundances, and the
different phylogenetic relationships of taxa in the dataset.
The two non-phylogenetic metrics allow us to examine how
communities differ according to the presence or absence of
ASVs (Jaccard), and according to the relative abundance
of species present in the community (Bray—Curtis). The

phylogenetic metrics of Unifrac were calculated using the
package GUniFrac (Chen et al. 2012). The Unifrac metrics
consider the phylogenetic relatedness of ASV lineages pre-
sent in the community (Unweighted Unifrac), accounting
for the relative abundances of the ASV lineages present
(Weighted Unifrac) or controlling the weight of abundant
lineages of ASV with the parameter a=0.5 (Generalized
Unifrac). PCoA for the fungal endophytic community was
restricted to non-phylogenetic metrics. Permutation tests
for homogeneity of multivariate dispersion (PERMDISP2)
were used to test the hypothesis that the Zamia endo-
phytic communities are more variable between individuals
of each species than across species with the vegan pack-
age (Oksanen et al. 2016). The P values were obtained by
permuting the model residuals of a null model analysis of
variance (ANOVA) 1000 times with the car package (Fox
& Weisberg 2011). Significant compositional differences
in the microbial community between Zamia species were
tested by analyzing sums of squares from the distance matrix
using the vegan package (Oksanen et al. 2016). The analysis
of permutational multivariate of variance (PERMANOVA)
was computed with 1000 permutations and P values were
calculated according to < 5% Bonferroni correction.

Core microbiota was identified using the threshold-based
frequency method (Salonen et al. 2012) in the microbiome
package (Lahti & Shetty 2017). We used variable minimal
threshold percentages of taxon prevalence from 50%, 75%,
and 90% to identify the core members of the bacterial and
fungal community. For each member identified as a member
of the core microbiota, we estimated the relative abundance
by sample.

Correlation of Metabolome and Leaf Endophytic
Microbiota

We integrated the metabolomic and metabarcoding data to
investigate the relationship of host secondary metabolites
with the microbial endophyte community. Of the 32 samples
in the bacterial dataset, 19 had the corresponding metabo-
lomic data, while from the 64 samples in the fungal dataset,
44 had metabolomic data. Seventeen samples had all three
of the datasets included in this study.

To investigate whether similarity in host endophyte com-
munities will correspond to equally similar metabolite com-
position, we correlated the ordination Axisl of the chemical
ordination with the Axisl of bacteria (n=19) and fungal
(n=44) ordinations. We fitted multiple linear regression
using Axisl of chemical NMDS ordinations (CSCS and
Bray—Curtis metrics) with Axisl of the PCoA ordination
with the Bray—Curtis for bacteria and fungi, and Weighted
Unifrac metrics for bacteria. A significant relationship
was considered when P <0.05. Since we aimed to test for
intraspecific chemical variations related to the presence and
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abundance of specific microbial endophytic taxa, our statisti-
cal correlation model did not use host species identity as an
explanatory variable.

Using the ordinations generated with CSCS and
Bray—Curtis, we regressed plot-level measures of individual
host plant bacterial and fungal diversity, as well as the
abundance of predominant taxa orders and members of
the core microbiota. Microbiota variables were fit onto the
metabolome ordinations using the vegan package (Oksanen
et al. 2016). Relationships were considered moderate P <0.1
to strongly P <0.001 significant. Since the integration of the
datasets resulted in some samples with foliar metabolome
comprising only one data for the two associated microbiota
(bacteria and fungi), we explored the correlative association
of the dataset between metabolome-bacteria (n=19),
metabolome-fungi (n=44) and metabolome-bacteria-fungi
(n=17). All analyses were done using the software R v.
03.1+446 (R Core Team 2023) with the functions in the
packages cited in the methods.

Results

Forty-nine metabolites, ranging from 137.06 to 595.47
Daltons (Da), were found in 51 individuals of the two
Zamia species. We observed five unique metabolites in
Z. pseudoparasitica, that were not detected in Z. nana.
The molecular structure of 44 and the chemotaxonomic
classification of 25 of these compounds were predicted, that
based on the NPClassifier corresponded to the following
biosynthetic pathways: alkaloids (7), amino acids and
peptides (9), carbohydrates (1), fatty acids (11), polyketides
(2), shikimates and phenylpropanoids (11), and terpenoids
(3). These classified compounds correspond to the following
classes: carboxylic acids and derivatives (16), fatty acyls
(8), and flavonoids (7), among others (Supplementary Fig. 1;
Supplementary Table 2).

The mean number of chemical compounds observed was
significantly higher in Z. nana (X = 26 + 1.3) compared to
Z. pseudoparasitica (i =21.8 + 0.7) (Fig. 1a). However,
the Shannon entropy (Z. nana: X =1.92+0.08; Z. pseu-
doparasitica: X=1.96+0.03), and Simpson evenness (Z.
nana: X=0.75+0.03; Z. pseudoparasitica: X=0.78+0.01)
diversity indices showed no differences in chemical diversity
(Shannon: r=-0.38, df=11.81; P>0.05; Simpson: t=-0.09,
df=10.64; P> 0.05). In contrast, the phylogenetic diversity
index, representing structural diversity, was significantly
higher in Z. nana (X =88.50+3.8) than in Z. pseudopara-
sitica (§=76.3912.0). The shared metabolites between
the two species were observed in similar relative abundance
(Fig. 1b). The most abundant compounds were phenyl sul-
foxides, aryl-phenylketones, and tetrahydroisoquinolines in
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both species and 1,2-diacylglycerols and dipeptides were
more abundant in Z. pseudoparasitica. The co-occurrence
network showed three main significant interactions between
the 45 nodes (of the 49 metabolites) joined by 28 edges
(Supplementary Table 3). Forty-four of the nodes showed a
co-occurrence interaction (solid edges in Fig. 1c), and there
was only one mutually exclusive interaction (dashed edge
in Fig. 1c). The network showed that the more abundant
tetrahydroisoquinolines, interact with two flavonoids and a
polyketide compound (Fig. 1c). Alpha amino acids with the
alkaloid pathway, strongly interact with four flavonoids (shi-
kimates and phenylpropanoids) and fatty acids compounds;
while two other alkaloids (N-acyl amines, and amino acids
and derivatives), were positively associated with two amino
acids and peptides, a fatty acid, and an unclassified com-
pound. One group of nodes in the network of fatty acids
(esters, linoleic acids, and derivatives) had a strong positive
interaction with flavonoid compounds (Fig. 1c). Five com-
pounds were observed to be upregulated in Z. pseudopara-
sitica in contrast to Z. nana (Fold change =30, P <0.001
(Supplementary Fig. 2)). The five upregulated compounds
correspond to the shikimate and phenylpropanoids, fatty
acid, and amino acid biosynthetic pathways. Based on the
most specific classification from ClassyFire, these metabo-
lites correspond to Benzodioxoles, Biflavonoids and polyfla-
vonoids, 1,2-diacylglycerols, N-acyl-alpha amino acids and
Glutamic acid and derivatives.

We then examined leaf microbial endophytes and com-
pared them to the host chemical similarity. A detailed
description of the alpha and beta-diversity patterns found
in the endophyte microbial community is presented as sup-
plementary results. We found that host species generally
showed similar variation in bacterial alpha-diversity (Sup-
plementary Fig. 4a; Supplementary Table 6) and no bacte-
rial ASVs were prevalent in all individuals to be consid-
ered a member of a core microbiota either within or across
the two Zamia species. Similar bacterial species richness
(alpha-diversity) and overlap of bacterial species composi-
tion (beta-diversity) were observed between the two species,
with Z. nana showing higher intraspecific variation in their
endophyte community, based on the Jaccard and Bray—Cur-
tis metrics (Supplementary Fig. 5; Supplementary Tables 7,
8). The fungal endophytic community showed significant
differences in both alpha- and beta-diversity between the
two species, with fungal endophytes being more diverse in Z.
pseudoparasitica despite the average read count per sample
being half that of Z. nana (Supplementary Figs. 4b, 6; Sup-
plementary Tables 7, 8). We identified 34 fungal ASVs as
members of the core microbiota with prevalence in at least
50%—75% of the individuals sampled within each Zamia
species. These fungal endophytes were classified into eleven
orders of Ascomycota and three of Basidiomycota (Table 1).
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Fig. 1 Comparative leaf metabolomics of Zamia species. a. Individ-
ual chemical diversity: mean number of compounds observed, Shan-
non diversity index, evenness Simpson diversity index, and chemical
structural variation based on phylogenetic diversity (Faith Index).
Statistically significant differences are given with their respective
P values. b. Hierarchical dendrogram of 49 Zamia foliar metabolites
classified by their biochemical pathway and branches coded by color
(NPC classification). Qemistree illustrates the structural similarity of
unique metabolites in a phylogenetic tree, a hierarchical dendrogram

A single fungal taxon, AVS20, of the genus Colletotrichum
(Ascomycota), was included in the core microbiota of both
species in 50% of the individuals.
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abundances of each leaf metabolite for each species. ¢. Co-occurrence
chemical network of significant co-occurrences (solid line) or mutu-
ally exclusive (dash line) of metabolites observed in Zamia. Branch
color in the phylogenetic tree and node color on the network graph
indicate their biochemical pathway. Node labels indicate the core bio-
synthetic pathway from which each metabolite is derived, based on
the NPClassifier chemical classification scheme

We investigated the relationships between host chemical
variation and microbial endophyte community variation for
bacteria (n=19) and fungi (n=44). The linear regression
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Table 1 Core fungal endophytes of Z. nana and Z. pseudoparasitica,
as identified using a threshold-based frequency method. The complete

detection point is given. NA indicates that the ASV was not classified
at a given taxonomic level

taxonomic classification for each ASV and the minimal threshold

Zamia nana

ASV Kingdom Phylum Class Order Family Genus Species Threshold

ASV1 Fungi Ascomycota  Dothideomy- Capnodiales Cladosporiaceae Cladosporium  delicatulum 75%
cetes

ASV18 Fungi Ascomycota  Sordariomycetes Glomerellales Glomerellaceae  Colletotrichum  gigasporum 50%

ASV20  Fungi Ascomycota  Sordariomycetes Glomerellales Glomerellaceae  Colletotrichum  annellatum 50%

ASV22  Fungi Ascomycota  Saccharomy- Saccharomyc- Saccharomyc- Candida pseudojiufen- 50%
cetes etales etales gensis

ASV29  Fungi Ascomycota  Dothideomycetes Pleosporales NA NA NA 50%

ASV59  Fungi Basidiomycota Agaricomycetes Polyporales Meruliaceae Scopuloides NA 50%

ASV62  Fungi Ascomycota  Sordariomycetes Hypocreales NA NA NA 50%

ASV68  Fungi Ascomycota  NA NA NA NA NA 50%

ASVT73 Fungi Ascomycota  Dothideomy- Capnodiales Cladosporiaceae Cladosporium ~ NA 50%
cetes

ASV112  Fungi Ascomycota NA NA NA NA NA 50%

ASV129  Fungi Basidiomycota Agaricomycetes Auriculariales Exidiaceae Heterochaete shearii 50%

ASV130 Fungi Ascomycota  Dothideomycetes Pleosporales NA NA NA 50%

ASV145  Fungi Ascomycota  Dothideomycetes Capnodiales Cladosporiaceae Cladosporium  delicatulum 50%

ASV272  Fungi Ascomycota Sordariomycetes Hypocreales Nectriaceae Nectria bactridioides 50%

Zamia pseudoparasitica

ASV Kingdom Phylum Class Order Family Genus Species Threshold

ASV2 Fungi Ascomycota  Saccharomy- Saccharomyc- Debaryomyceta- Debaryomyces — hansenii 75%
cetes etales ceae

ASV4 Fungi Ascomycota  Sordariomycetes Xylariales Sporocadaceae  Pestalotiopsis coffeae-arabicae 15%

ASV5 Fungi Ascomycota  Sordariomycetes Glomerellales Glomerellaceae  Colletotrichum  cymbidiicola 50%

ASV20  Fungi Ascomycota  Sordariomycetes Glomerellales Glomerellaceae  Colletotrichum  annellatum 50%

ASV21 Fungi Basidiomycota Tremellomy- Tremellales Rhynchogas- Papiliotrema Sflavescens 75%
cetes tremataceae

ASV40  Fungi Ascomycota  Sordariomycetes Xylariales NA NA NA 50%

ASV48 Fungi Ascomycota  Eurotiomycetes Chaetothyriales NA NA NA 50%

ASV49 Fungi Ascomycota Saccharomy- Saccharomyc- Debaryomyceta- Debaryomyces  nepalensis 75%
cetes etales ceae

ASV50  Fungi Ascomycota  Dothideomy- Pleosporales Cucurbitariaceae Pyrenochae- leptospora 75%
cetes topsis

ASV54  Fungi Ascomycota  Leotiomycetes  Helotiales NA NA NA 50%

ASV60  Fungi Ascomycota  Saccharomy- Saccharomyc- Saccharomyc- Candida haemulonis 75%
cetes etales etales

ASV90  Fungi Ascomycota  Sordariomycetes Sordariales NA NA NA 50%

ASV100 Fungi Ascomycota  Sordariomycetes NA NA NA NA 60%

ASV104  Fungi Ascomycota  Saccharomy- Saccharomyc- Metschnikow- Kodamaea ohmeri 50%
cetes etales iaceae

ASVI105 Fungi Ascomycota  Sordariomycetes Hypocreales Nectriaceae Neonectria NA 70%

ASV113  Fungi Ascomycota  Dothideomy- Botryosphaeri-  Botryospha- Lasiodiplodia brasiliensis 50%
cetes ales eriaceae

ASV137  Fungi Basidiomycota Tremellomycetes NA NA NA NA 50%

ASV152  Fungi Ascomycota  Sordariomycetes Hypocreales Nectriaceae Ilyonectria destructans 50%

ASV311  Fungi Ascomycota  Sordariomycetes Hypocreales Stachybotryaceae Myxospora aptrootii 50%

ASV495  Fungi Ascomycota ~ NA NA NA NA NA 50%

ASV1034 Fungi Ascomycota  Saccharomycetes Saccharomyc- Saccharomyc- Candida spencermartinsiae  50%

etales etales
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Fig.2 Linear correlation between chemical variation summarized
in the NMDS Axisl from the CSCS chemical similarity metrics
with endophytic microbial community variation. based on the PCoA
Axisl for (a) bacterial Bray—Curtis dissimilarity index, (b) bacte-
rial Weighted Unifrac and (c) fungal Bray—Curtis dissimilarity index
respectively. The second row shows chemical similarity based on the

showed a relationship between the chemical variation along
the NMDS Axisl with the endophyte bacterial and fun-
gal community variation along the PCoA Axisl (Fig. 2).
Between 19 to 46% of Zamia leaf chemical variation was
explained by bacterial community variation, however, it
was only significant when NMDS Axisl from Bray—Cur-
tis (chemical) was regressed against the PCoA Axisl from
Weighted Unifrac metric (P =0.05). On the other hand,
chemical variation was negatively related when the NMDS
Axisl from CSCS chemical similarity was regressed against
the PCoA Axisl of the fungal community (Bray—Curtis)
explaining 26% of the variation (P =0.10). When chemi-
cal variation was summarized with the NMDS Axis1 using
Bray—Curtis metrics, it was not related to the fungal endo-
phyte community along the PCoA Axisl (Bray—Curtis).
Host species chemical similarity was summarized
in the non-metrical distance space ordination (Fig. 3)
represented by the 51 individuals. Chemical composition
variation indicated high metabolomic similarity between
Zamia species (Supplementary Table 4. PERMANOVA:
CSCS F=0.90, P=0.70; Bray—Curtis F=1.13, P=0.31).
Ordination showed that within-plant intraspecific variation
of secondary metabolites composition diverged along both
NMDS axes, with two diverging clusters along Axis2
(Fig. 3a) and Axis1 (Fig. 3b). These two clusters using the

Bacterial (PCoA Axis1)

Fungi (PCoA Axis1)

Bray—Curtis dissimilarity relationship with the previous endophytic
microbial community variation metrics (d) bacteria using Bray—Cur-
tis, (e) bacteria using Weighted Unifrac, and (f) fungal Bray—Cur-
tis. Linear regression equation, R% and P values are given for each
regression

CSCS metrics, which considered the structural similarity of
metabolites, were significantly related to differences in the
abundance of one bacterial order (Acidobacteriales) and two
fungal orders (Helotiales, and Glomerellales). Specific taxa
of the core endophytic fungal community were correlated to
chemical variation between the two clusters along the NMDS
Axis2 (Fig. 3a). The taxa classified as Heliotales ASV54 and
Cladosporium delicatulum ASV 145 were correlated along
the negative coordinates of Axis2 of the ordination. This
analysis with a subset dataset with samples that have the
complete integrated metabolomic and microbiota (n=17),
showed the two clusters and significant correlations for
the order Acidobacteriales and C. delicatulum ASV145
(Supplementary Fig. 7a). When the Bray—Curtis metric
was used, the two clusters were significantly related to
the fungal orders Sordariales and Hypocreales, and the
bacterial order Frankiales along the positive coordinates of
NMDS Axis2 (Fig. 3b), while along the NMDS Axisl the
samples with two upregulated metabolites of the superclass
amino acid and peptide, were enriched with ASVs of the
fungal order Chaetothyriales. Two members of the fungal
core microbiota (Nectria bactriodioides ASV272 and
ASV137 in the class Tremellomycetes) were correlated
to chemically similar individuals of Z. pseudoparasitica
along the negative coordinates of the NMDS Axis2. Some
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Fig.3 Leaf metabolome non-metric multidimensional scaling
(NMDS) from pairwise CSCS (a) and Bray—Curtis (b) metrics show-
ing chemical similarity of 51 individuals of two Zamia species (green
points: Zamia nana; and orange points: Zamia pseudoparasitica).
Line segments correspond to plot-level regression of significant rela-

samples in this cluster show upregulation of one metabolite
with the fatty acid pathway of the superclass glycerolipids.
This pattern was also observed when a subset of 17 samples
with the complete integrated dataset was analyzed, yet only
the fungal orders Sordariales and Chaetothyriales were
significant correlated, and the core taxa N. bactridioides
ASV272 and Tremellomycetes ASV137 remained significant
(Supplementary Fig. 7b).

Discussion

The coevolution of cycads and associated microbes has
yielded a highly specialized biotic association within their
plant tissues (Suarez-Moo et al. 2019; Bell-Doyon et al.
2020; Zheng & Gong 2019). Yet, connecting specific
plant-microbe interactions to the highly toxic and diverse
defensive metabolites observed in cycads has been sig-
nificantly challenging due to the difficulties of integrating
different data types (Cox et al. 2003; Marler et al. 2010;
Mantas et al. 2022). We relate intraspecific variation of host
leaf secondary chemistry to differences in the composition
of the endophytic community. The individual intraspecific
metabolomic similarity in the two Zamia species was asso-
ciated with an increased abundance of bacterial and fungal
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tionships (P<0.1) chemical similarity to chemical pathway abun-
dances, leaf endophyte microbial order abundances, and fungal core
microbiota identified based on their prevalence in 50% of samples
(Table 1)

orders, while four ASVs core members of the fungal micro-
biota were enriched in individuals with similar metabolomic
composition.

Untargeted metabolomics revealed that both species
of Zamia shared metabolites in similar abundance and
biosynthetic pathways: alkaloids, amino acids and peptides,
carbohydrates, fatty acids, polyketides, shikimates, and
phenylpropanoids, and terpenoids. Co-occurrence networks
of metabolites in the two species suggested a complex
association, leading to the co-expression among and between
metabolic pathways. This highlights the complexity of
inducible defensive secondary metabolites, where different
biosynthetic pathways are codependent. Therefore, plant
defensive metabolites could result from potential synergistic
interactions among different chemical pathways (Piasecka
et al. 2015). Notably, the seven flavonoids in Zamia leaves
might act as potential precursors or signaling molecules for
other defensive metabolites within the alkaloids and amino
acids pathways. However, the regulation of secondary
metabolites by either the host genome, the microbiome,
or the interactions of biomolecules remains largely
underexplored (Piasecka et al. 2015).

Both Zamia species shared 90% of the detected metabolites
which also had similar relative abundances, suggesting no
significant differences between their chemical profiles as
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observed with the ordinations and corresponding statistical
test. For example, the most frequent nitrogenous metabolite
in both species corresponds to an amino acid, indicating
similar metabolite repertoires for defending against obligate
herbivores (Schneider et al. 2002; Whitaker & Salzman
2020; Sierra-Botero et al. 2023). In addition, Zamia species
seem to produce similar defensive phytochemistry, with
comparable metabolites in the flavonoid class across several
species (El-Seadawy et al. 2023b). Despite this similarity
between species, ordinations with both the CSCS similarity
index and Bray—Curtis dissimilarity index, describing the
chemical variation in a two-dimensional space, revealed
wide intraspecific variation in both species with no sign
of host-specific differentiation. However, as our study only
sampled a single site for each species, these results should
be taken with caution as individuals in other populations of
these Zamia species could show different patterns in their
chemical profile variation across their distribution ranges as
observed in other plant groups (Sedio et al. 2021; Christian
et al. 2020).

Our hypothesis posits that endophytic microbes enhance
the production of host secondary metabolites, accounting for
intraspecific variation due to differences in microbial com-
munities. In Z. pseudoparasitica, we identified five upregu-
lated metabolites associated with samples enriched with spe-
cific prevalent fungal endophytes (core fungal microbiota).
This suggests that specific fungal endophyte members can
modulate host secondary metabolites, influencing the plant's
chemical intraspecific variation (Arnold et al. 2003; Christian
et al. 2020), rather than only being host modulated. The two
components of the endophytic microbial community indicate
a stronger host affinity with the fungal endophytes than with
bacteria. Host specificity of fungal endophytes could be the
result of differential host chemistry affecting fungal coloni-
zation of the endosphere, or the metabolite production may
be driven by the endophytic community after colonization
(Christian et al. 2020). Host endophyte affinity could also be
driven by the host leaf anatomical resistance traits such as
the leaf cell walls, flavonoids, anthocyanins, and terpenoids
(Gonzalez-Teuber et al. 2019). However, the species studied
here do not differ in leaf traits such as the presence of meso-
phyll fibers and sclereids (Glos et al. 2022). Fungal endophyte
host specificity could also stem from their contrasting habitats
(terrestrial vs epiphytic), exposing the plants to distinct fungal
propagules coming from the soil or the air (Arnold et al. 2003;
Christian et al. 2017; Zheng & Gong 2019). For example,
Christian et al. (2017) observed that plants experimentally
placed in high sites within the forest canopy showed a lower
number of fungal isolates and a higher variation in endophytic
composition when compared to plants placed in the under-
story. Donald et al. (2020) suggested that endophyte assembly
in leaves in the canopy was driven by neutral processes, where

the host identity but also dispersal limitation, lead to dissimi-
lar fungal composition within distant branches.

We correlated both bacterial and fungal community
variation with the host chemical variation along the
ordination Axisl (Fig. 2). The endophytic bacteria
community variation (based on the Weighted Unifrac)
was significantly correlated (P =0.05) with foliar chemical
variation (based on the CSCS metrics). Regression
analysis of bacterial orders’ relative abundance with
intraspecific chemicals indicated that ASVs in the orders
Acidobacteriales and Frankiales explained to some degree
the variation of host secondary metabolites. While previous
studies have suggested that cyanobacteria enhance BMAA
production in cycads (Cox et al. 2003) via an unknown
biosynthetic pathway (Mantas et al. 2022), our analysis
did not directly link the diverse community of heterocyst-
forming cyanobacteria (85 ASVs of the genus Nostoc)
to the observed intraspecific chemical differences and
upregulated metabolites. In contrast, the overall endophytic
fungal community variation did not correlate with the foliar
chemical variation based on the CSCS and Bray—Curtis
metrics. However, fungal endophyte orders (Chaetothyriales,
Glomerellales, Heliotiales, Hypocreales, and Sordariales)
explained the intraspecific variation of host secondary
metabolites in the two clusters assessed with the CSCS
and Bray—Curtis metrics. Additionally, four specific fungal
endophyte members of the core microbiota were correlated
with a cluster of individuals of Z. pseudoparasitica diftering
in their chemical profile from the rest of the individuals,
based on the Bray—Curtis metric. Moreover, a recent
genomic study has uncovered many secondary metabolite
gene clusters in saprophytic and non-pathogenic fungal
endophytes of Xylariaceae (Sordariomycetes), including
phenylpropanoids (Franco et al. 2022). Phenylpropanoids act
as inducible physical and chemical barriers against pathogen
infection and as a signaling molecule involved in the plant
immune system (Dixon et al. 2002). Despite the order
Xylariales is abundant and diverse in Zamia’s endophytic
mycobiota (903 ASVs), correlations with metabolite
variation were not significant.

Conclusion

Our study marks the first attempt to describe cycad
leaf endophytes and their relationship with secondary
metabolites from untargeted metabolome, providing
new insights for our understanding of the coevolution of
cycad leaf toxicity and specific leaf herbivores with host
microbiota (Schneider et al. 2002; Gutierrez-Garcia et al.
2023). Our data suggest that leaf fungal endophytes may
play an important role inducing host defensive traits,
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such as plant secondary metabolites (Estrada et al. 2013;
Walker et al 2022; Christian et al. 2020) as we observed
that individuals with similar leaf chemical profiles were
enriched by certain fungal taxa prevalent in most of the
individual studied. Future identification of a core fungal
microbiota across the cycad species phylogeny, and its
relation to metabolite expression on below- and above-
ground plant organs is a promising research direction
in this group of gymnosperms (Pecundo et al. 2021).
Moreover, control experiments with synthetic microbial
communities will aid to determine direct relationship of
mutualistic microbes inducing host foliar metabolites
(Emmenegger et al. 2023).
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