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RESUMO

Eucalyptus spp. ¢ um género arboreo economicamente importante com cerca de 700 espécies.
Caracteristicas favoraveis como o rapido crescimento, adaptabilidade a diferentes ecossistemas,
grande diversidade genética dentro e entre espécies, boa densidade da madeira e alto rendimento
na fabricacdo de papel e celulose tornam o eucalipto importante na silvicultura. Empresas de
produtos florestais e centros de pesquisa buscam por novas tecnologias para auxiliar no
melhoramento genético do eucalipto frente aos novos desafios. A aplicagdo da gendmica na
eucaliptocultura possui como principal objetivo auxiliar o melhoramento genético, diminuindo o
tempo dos ciclos de selecdo. Todavia, a gendmica pode também ser utilizada como ferramenta no
estudo de desafios ainda ndo solucionados. Neste documento sdo pontuados dois desafios da
eucaliptocultura e a utilizacdo de técnicas gendmicas como ferramenta para ajudar o melhoramento
do género. O primeiro artigo desta tese traz a identificacdo de espécies e hibridos interespecificos
de eucalipto com base na utilizacdo de marcadores SNP (polimorfismo de um tnico nucleotideo)
com ampla cobertura do genoma. O segundo artigo traz uma abordagem de RNA-seq para
identificar genes e rotas metabolicas associadas ao distirbio fisioldgico do eucalipto, na tentativa
de iluminar o possivel agente etiologico da doenca que ainda ¢ desconhecido. No primeiro estudo
os marcadores SNPs foram capazes de identificar a maior parte das espécies e seus hibridos
interespecificos de acordo com as principais classificagdes filogenéticas do género, além de
comparar a identificacdo gendmica com o pedigree anotado por melhoristas. Como o género
Eucalyptus possui varias espécies (>600) e classificacdo taxondmica complexa, este estudo oferece
uma alternativa molecular para os melhoristas identificarem de forma objetiva e precisa a
composi¢do genomica de seus hibridos. Nosso estudo mostra que a composi¢cdo gendmica dos
genitores pode ser diferente daquela esperada pelas anotacdes do seu pedigree. No segundo estudo,
a comparacdo da expressao génica entre clones suscetiveis e resistentes mostrou que o disturbio
fisiologico afeta diversas rotas metabolicas, sendo portanto, uma doenga complexa a nivel
molecular. Rotas de sinalizagdo de estresses e genes relacionados a produgdo de energia e
fermentagdo foram diferencialmente expressos entre clones suscetiveis e resistentes. Terpenoides
e outras vias também foram identificadas como importantes para a resisténcia ou suscetibilidade
de clones a PDE. Desta forma, ambos os estudos apresentam a utilizacdo de diferentes técnicas
gendmicas e geracao de amplos bancos de dados para ajudar em dois problemas importantes para
o melhoramento da eucaliptocultura: identificagdo de espécies e hibridos, e de genes envolvidos na
resposta de clones resistentes ao disturbio fisiologico do Eucalyptus.

Palavras-chave: Eucalyptus; Hibridos; Taxonomia; Genotipagem; Expressao génica.



ABSTRACT

Eucalyptus spp. is an economically important tree genus with about 700 species. Favorable
characteristics such as rapid growth, adaptability to different ecosystems, great genetic diversity
within and between species, good wood density, and high yield in paper and pulp manufacturing
make Fucalyptus important in forestry. Forest product companies and research centers seek new
technologies to assist in the genetic improvement of Eucalyptus in the face of new challenges. The
application of genomics in Eucalyptus plantation has the main objective of assisting genetic
improvement, reducing the time of selection cycles. However, genomics can also be used as a tool
in the study of challenges that have not yet been solved. This document points out two challenges
of Eucalyptus cultivation and the use of genomic techniques as a tool to help improve the genus.
The first article in this thesis brings the identification of species and interspecific hybrids of
Eucalyptus based on the use of SNP markers (single nucleotide polymorphism) with wide genome
coverage. The second article brings an RNA-seq approach to identify genes and metabolic
pathways associated with the physiological disorder of Eucalyptus to illuminate the possible
etiological agent of the disease that is still unknown. In the first study, the SNP markers were able
to identify most of the species and their interspecific hybrids according to the main phylogenetic
classifications of the genus, in addition to comparing the genomic identification with the pedigree
annotated by breeders. As the Eucalyptus genus has several species (>600) and complex taxonomic
classification, this study offers a molecular alternative for breeders to objectively and accurately
identify the genomic composition of their hybrids. Our study shows that the genomic composition
of the parents can be different from that expected by the annotations of their pedigree. In the second
study, the comparison of gene expression between susceptible and resistant clones showed that the
physiological disorder affects several metabolic pathways, therefore, it is a complex disease at the
molecular level. Stress signaling pathways, genes related to energy production, and fermentation
pathway were differentially expressed between susceptible and resistant clones. Terpenoids and
other pathways were also identified as important for the resistance or susceptibility of clones to
PDE. Thus, both studies present the use of different genomic techniques and the generation of large
databases to help in two important problems for the improvement of Eucalyptus plantations:
identification of species and hybrids, and of genes involved in the response of resistant clones to
the physiological disorder of Eucalyptus.

Keywords: Eucalyptus; Hybrids; Taxonomy; Genotyping; Gene Expression.
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INTRODUCAO

Eucalyptus spp. ¢ um género arboreo economicamente importante. Com cerca de 700
espécies, este género ¢ atualmente plantado em 95 paises ao redor do mundo (ZHANG; WANG,
2021). No Brasil, a eucaliptocultura ocupa cerca de 8 milhdes de hectares plantados (SERVICO
FLORESTAL BRASILEIRO, 2019). O pais se destaca em plantios florestais em ambito mundial,
pois detém grande parte da tecnologia de silvicultura do eucalipto (ASSIS; ABAD; AGUIAR,
2015). A eucaliptocultura no Brasil atinge as mais altas produtividades florestais do mundo, e atende
demandas por produtos madeireiros e ndo madeireiros nos mercados interno e externo.

Caracteristicas favoraveis como o rapido crescimento, adaptabilidade a diferentes
ecossistemas, resisténcia a pragas e doencas, boa densidade da madeira e alto rendimento na
fabricacgao de papel e celulose fazem com que haja uma grande aceitacao de plantios florestais com
o género FEucalyptus (ASSIS; ABAD; AGUIAR, 2015). A possibilidade de hibridagdo
interespecifica e clonagem de espécies de eucalipto sdo outras importantes caracteristicas para o
avanco dos programas de melhoramento da cultura (GRATTAPAGLIA; KIRST, 2008). Programas
de melhoramento de eucalipto exploram as caracteristicas complementares de pelo menos 10
espécies do gé€nero, os quais desenvolvem novos hibridos utilizando as caracteristicas
complementares das espécies MPHAHLELE et al., 2020; JONES et al., 2016; (GRATTAPAGLIA;
KIRST, 2008). Um exemplo de sucesso da técnica de hibridagao interespecifica ¢ o hibrido entre E.
grandis e E. urophylla, atualmente, o mais plantado pelas empresas produtoras de papel e celulose
no Brasil.

Devido a importancia da eucaliptocultura, empresas de produtos florestais e centros de
pesquisa buscam tecnologias para o aumento de produtividade e redugdo do tempo do ciclo de
melhoramento. Estudos de inducdo de florescimento (DE OLIVEIRA CASTRO et al., 2021),
selecdo precoce (FRIAS et al., 2020), hibridacao (ASSIS; BAUER; TAFAREL, 1993), investiga¢do
de problemas fitossanitarios (FERNANDES SANTOS et al., 2022), redugdo da interagdo gendtipos
x ambientes (DE OLIVEIRA et al., 2023) entre outros trabalhos auxiliam o melhoramento do
eucalipto. Novas abordagens como a utilizacdo de Big Data gendmicos sdo exemplos de novas
estratégias utilizadas o melhoramento da espécie (XU et al., 2023). Estudos de associagdo genética
ampla (GWAS), selecao gendomica (GS) (GRATTAPAGLIA, 2022; MPHAHLELE et al., 2020), e
multidmicas sdo exemplos de abordagens gendmicas consideradas promissoras no melhoramento

do eucalipto (XU et al., 2023; WANG et al., 2018).
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A genomica florestal pode ser associada a estudos com diferentes objetivos (BORTHAKUR
et al., 2022). Na eucaliptocultura a gendmica possui o objetivo de melhorar gendtipos de forma mais
rapida que a utilizacdo de métodos convencionais (DE OLIVEIRA CASTRO et al., 2021). A
utilizacdo de marcadores moleculares, como por exemplo os marcadores SNPs, s3o amplamente
utilizados nos estudos de melhoramento molecular. Contudo, outras abordagens, como a biologia
de sistemas e gendmica computacional, permitem que a identificacdo de genes que regulam
caracteristicas complexas, além do entendimento de mecanismos de adaptacdo a estresses bidticos
e abioticos. Estes estudos podem ser pontos de partida para a aplicagdo de novas técnicas da edi¢do
génica para a solucdo de desafios (BORTHAKUR et al., 2022).

Neste documento sdo apresentadas duas abordagens genOmicas. Na primeira foram
genotipados milhares de SNPs, de forma ampla no genoma de espécies de eucalipto e hibridos
interespecificos com o objetivo de avaliar se esses marcadores conseguem separar e identificar as
espécies, bem como a composi¢do gendomica dos hibridos interespecificos. Com isso, foi possivel
comparar a composi¢do esperada, conforme o pedigree anotado pelos melhoristas, com a aquela
identificada de forma objetiva pelas andlises gendmicas com 27K SNPs. O estudo indica que os
SNPs podem orientar os melhoristas de eucalipto na escolha de genitores e potenciais clones ja que
esses marcadores conseguem estimar a composi¢do gendmica das arvores. Informacao relevante na
condugdo dos programas de melhoramento de eucalipto.

O segundo estudo utilizou o RNA-seq para identificar genes e vias metabdlicas associados
ao Disturbio Fisiologico do eucalipto. O objetivo foi iluminar as possiveis causas dessa doenca que
ainda possui agente etioldgico desconhecido. Alguns pesquisadores citam como causas dessas
desordens as mudangas climaticas, efeitos nutricionais e alguns fatores genéticos envolvidos
(CAMARA et al., 2018). Neste sentido, acredita-se que analises gendmicas de grande eficiéncia
possam ser uteis na elucidacdo dessa desordem. A técnica de RNA-Seq permite avaliar a expressao
de todos os genes do eucalipto em qualquer parte da planta e em qualquer condi¢do ambiental. Com
isso0, € possivel comparar a expressdo dos genes em clones de Eucalyptus historicamente resistentes
e suscetiveis a doenca (WANG; GERSTEIN; SNYDER, 2009; HAN et al., 2015). A obten¢ao de
genes diferencialmente expressos em condi¢des e épocas que favorecam ou nao o desenvolvimento
da enfermidade, especialmente no inicio do distirbio, pode contribuir para a identificagdo das vias
metabolicas e dos processos fisiologicos afetados pela doenga. Neste estudo, foi possivel observar

na comparagdo do metabolismo de clones suscetiveis e resistentes, alteracdes nas vias de
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sinalizacdo, incremento da fermentacdo, produg¢do de metabolitos secundarios, além de genes
possivelmente relacionados com a resisténcia e/ou suscetibilidade dos clones.

Portanto, neste estudo duas técnicas gendmicas foram utilizadas em diferentes contextos na
eucaliptocultura. Estas foram importantes para ajudar nos desafios e gerar conhecimento para a
eucalipto cultura. Os marcadores SNPs apresentaram um alto potencial de identificacdo de espécies
e hibridos da espécie sendo um estudo base para o desenvolvimento de novas tecnologias. No
mesmo caminho, a técnica de RNA-seq foi capaz de mostrar as diferencas metabolicas importantes
entre clones suscetiveis e resistentes de eucalipto ao disturbio fisiologico. A identificagdo destas
rotas metabolicas ¢ importante foi importante para aumentar o entendimento desta doenca

complexa.
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Abstract

Eucalyptus is an economically important genus comprising more than 890 species in differ-
ent subgenera and sections. Approximately twenty species of subgenus Symphyomyrtus
account for 95% of the world’s planted eucalypts. Discrimination of closely related eucalypt
taxa is challenging, consistent with their recent phylogenetic divergence and occasional
hybridization in nature. Admixture, misclassification or mislabeling of Eucalyptus germplasm
resources maintained as exotics have been suggested, although no reports are available.
Moreover, hybrids with increased productivity and traits complementarity are planted world-
wide, but little is known about their actual genomic ancestry. In this study we examined a set
of 440 trees of 16 different Eucalyptus species and 44 interspecific hybrids of multi-species
origin conserved in germplasm banks in Brazil. We used genome-wide SNP data to evalu-
ate the agreement between the alleged phylogenetic classification of species and prove-
nances as registered in their historical records, and their observed genetic clustering
derived from SNP data. Genetic structure analyses correctly assigned each of the 16 spe-
cies to a different cluster although the PCA positioning of E. longirostrata was inconsistent
with its current taxonomy. Admixture was present for closely related species’ materials
derived from local germplasm banks, indicating unintended hybridization following germ-
plasm introduction. Provenances could be discriminated for some species, indicating that
SNP-based discrimination was directly proportional to geographical distance, consistent
with anisolation-by-distance model. SNP-based genomic ancestry analysis showed that the
maijority of the hybrids displayed realized genomic composition deviating from the expected
ones based on their pedigree records, consistent with admixture in their parents and perva-
sive genome-wide directional selection toward the fast-growing E. grandis genome. SNP
data in support of tree breeding provide precise germplasm identity verification, and allow
breeders to objectively recognize the actual ancestral origin of superior hybrids to more real-
istically guide the program toward the development of the desired genetic combinations.
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Introduction

Eucalyptus is a highly diverse genus of tree species from Australia and neighboring islands rul-
ing the forest landscape across large part of Australia and neighboring islands. Besides its key-
stone ecological role in native forests, the genus includes the most widely commercially
planted hardwood tree species in tropical and subtropical regions of the world [1, 2]. Fast
growth, wide adaptability to a globally broad diversity of tropical and subtropical environ-
ments, combined with multipurpose wood properties for energy, solid wood products, pulp
and paper, have secured the superior position of the eucalypts in current world forestry [3].

As particularly speciose, the genus Eucalyptus has received significant attention to its phylo-
genetic organization. The classic taxonomy of eucalypts with more than 700 species [4], has
now been expanded to include over 890 species [5], but taxonomic issues still remain as species
delimitations are still being actively investigated. The genus was originally subdivided in 13
subgenera but two of them, Angophora and Corymbia, were recently recognized as separate
genera based on molecular evidences [6, 7]. The largest subgenus Symphyomyrtus includes 470
species organized in 15 sections which are mostly well separated using molecular marker data
[8, 9]. Nevertheless, some discrepancies exist between DNA marker and morphology-based
classifications at the lower taxonomic level, consistent with recent divergence of taxa, charac-
ters convergence and occasional hybridization in natural populations, generating hybrid
swarms and zones of intergradation between species of the same section in the wild [10—13].

Most of the economically important eucalypts species belong to subgenus Symphyomyrtus,
and, within it, to three specific sections, Exsertaria, Latoangulatae and Maidenaria [14]. These
sections include approximately twenty species that account for more than 95% of the world’s
planted eucalypts. Among those, Eucalyptus grandis, E. urophylla (sect. Latoangulatae), E.
camaldulensis (sect. Exsertaria) and E. globulus (sect. Maidenaria) make up more than 80% of
the planted areas [15]. The sexual compatibility among species within and across these three
main sections have been important drivers of breeding programs especially in tropical and
subtropical countries, where large extensions of forests are planted with hybrid material [10,
12, 16, 17]. Hybrid breeding coupled to clonal propagation has allowed the aggregation and
exploitation of important characteristics from different species and provenances in highly pro-
ductive hybrid clones [18, 19]. In Brazil, an estimated 80% of eucalypts plantations are estab-
lished with first- or second-generation hybrids involving mainly E. urophylla and E. grandis
[17, 20]. The remaining 20% are mostly pure species material of the two former species, or
hybrids with E. camaldulensis and E. pellita for greater drought tolerance, and to a much lesser
extent with E. globulus to improve wood quality for cellulose. Additionally, E. dunnii and E.
benthamii are also used as pure species or in hybrid combinations in areas subject to frost [21].

A number of studies in the last fifteen years have approached and largely established the
challenge of resolving lower-level, within section taxonomy in Eucalyptus using different
genome-wide DNA marker data [8, 9, 22—-24]. However, issues remain for species in section
Latoangulatae, for example, due to their intermediate nature, when compared to more densely
clustered taxa in other sections [8]. Admixture of Eucalyptus species in their native range has
been reported [11, 25], reflecting the phylogenetic fluidity that still exist in some taxa. How-
ever, misclassification, mislabeling and hybridization of eucalypts germplasm resources main-
tained as exotics in different countries has been suggested, but reports are only anecdotal.
Little or no data exist on such incidences, or on the overall current status of gene banks in
countries where eucalypt make up a large proportion of planted forests.

Genome-wide studies looking at large numbers of eucalypt species have used DArT mark-
ers, genotyped originally with probe arrays [26] and, more recently, by genome complexity
reduction with restriction enzyme digestion followed by high-throughput sequencing [27].
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This DNA assay has been valuable as it provides simultaneous discovery and genotyping of
Single Nucleotide Polymorphisms (SNP) within and across species, facilitating genus-wide
phylogenetic studies. However, some challenges remain for this SNP genotyping method due
to variable sequencing coverage and irregular sampling of loci causing variable genotype
reproducibility and ultimately limited data portability across studies in highly heterozygous
genomes such as those of the eucalypts [28—30]. The development of Eucalyptus multispecies
SNP arrays based on industry-level “gold standard” technology has provided a worldwide
usable platform allowing seamless and precise data exchange across studies [31].

Although species discrimination using DNA data is largely settled, less attention has been
devoted to looking at provenance variation within species. This is particularly important for
breeding programs that take advantage of matching distinctive provenance characteristics to
specific sites in exotic environments, or aim at deliberately exploiting provenance and species
complementarity by building specific genomic compositions by interspecific hybridization [2,
12, 18]. Likewise, few studies have examined the possibility of using DNA data to describe the
actual genomic ancestral composition of hybrids, including those derived from more than two
parental species. Knowledge of the actual genomic composition of complex hybrids of distinc-
tive performance would allow directing more deliberate selection strategies in hybrid breeding
programs. Earlier studies using microsatellite markers indicated that provenances of E. grandis
could be distinguished but not for E. urophylla and E. camaldulensis, and some hybrid clones
could be assigned to their most likely ancestral species, although with incomplete resolution
[32]. Using SNP data, preliminary analyses have shown that provenances within species could
be distinguished for E. grandis and E. urophylla [31, 33] but not for E. camaldulensis, consistent
with the latter being more prone to hybridization or a remnant of an ancient widespread taxon
[8].

The current eucalypt SNP arrays have been used to estimate recombination rates and carry
out dense linkage mapping [34], build relationship matrices for genomic selection in several
species, reviewed in [35], and understand the consequences of artificial selection [36]. No stud-
ies to date, however, have evaluated their ability to characterize germplasm material in gene
banks. Questions frequently arise regarding the verification of the alleged species classification,
the possibility of discriminating provenances and determining the genomic composition of
hybrid clones of unknown or uncertain origin derived from successive generations of interspe-
cific recombination. In this study we examined a large set of germplasm accessions including
440 Eucalyptus trees of 16 species and 44 interspecific hybrids currently conserved or used in
Brazil. We used genome-wide SNP data to evaluate the agreement between the alleged phylo-
genetic classification of species and provenances as registered in their historical records, and
their observed genetic clustering obtained from genomic data, agnostic to any prior phyloge-
netic information. We focused on the main planted species of Symphyomyrtus given their out-
standing relevance in terms of germplasm use and conservation. Additionally, we used SNP
data to examine the actual genomic makeups of hybrids derived from interspecific crosses
involving two of more species, and compare them with their expected composition based on
the recorded ancestral species.

Material and methods
Plant material

The study involved a germplasm set of 440 trees belonging to 16 Eucalyptus species of five sec-
tions of subgenus Symphyomyrtus and 44 interspecific hybrid clones (Table 1). These trees are
conserved in species/provenance/progeny trials and clonal banks at the Anhembi Experimen-
tal Research Station of the Institute for Forestry Research (IPEF) in Brazil (22.7897° S,
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Table 1. Section, provenances, source and number of individual trees sampled for each of the 16 Eucalyptus species included in the study.

Species Section Provenance Source* Number of individuals
E. argophloia Adnataria Narromine CSIRO 12716 16
E. deglupta Equatoria Philipines CSIRO 21163 18
E. brassiana Exsertaria Cape York Peninsula CSIRO 1188 18
E. camaldulensis Exsertaria Nott’s Crossing Katherine River IPEF—DBrazil 26
E. tereticornis Exsertaria Unknown Suzano—Brazil 7
E. tereticornis Exsertaria MT Garnet CSIRO 20768 10
E. tereticornis Exsertaria N of Mareeba CSIRO 15370 12
E. tereticornis Exsertaria Mitchell R Oaky CK CSIRO 16645 12
E. grandis Latoangulata Atherton Suzano—Brazil 16
E. grandis Latoangulata Coffs Harbour Suzano—Brazil 20
E. longirostrata Latoangulata Starkvale Creek CSIRO 20007 12
E. longirostrata Latoangulata Coominglah SF CSIRO 19312 12
E. longirostrata Latoangulata Goodger CSIRO 20943 12
E. pellita Latoangulata West of Hopevale CSIRO 21018 16
E. pellita Latoangulata NW of Kuranda CSIRO 17859 15
E. robusta Latoangulata David Low Wy Brisbane CSIRO 17004 16
E. robusta Latoangulata Byfield SF CSIRO 15945 14
E. saligna Latoangulata 20 km N Helidon CSIRO 16942 12
E. saligna Latoangulata Kroombit Tops CSIRO 20483 12
E. saligna Latoangulata Richmond Range CSIRO 20483 12
E. urophylla Latoangulata Multiple provenances IPEF—DBrazil 42
E. benthamii Maidenaria Kedumba Valley Klabin- Brazil 24
E. dunnii Maidenaria Unknown CMPC—Brazil 28
E. globulus Maidenaria Unknown CMPC—Brazil 26
E. nitens Maidenaria Unknown Klabin—Brazil 20
E. viminalis Maidenaria Unknown Klabin—Brazil 12
Total 440

seedlots introductions.

* The CSIRO seed lots were sampled in native populations from Australia. The Brazilian germplasm, maintained as exotic resources, are indicated by the institution or

forest company where the germplasm is conserved or utilized for breeding. These Brazilian germplasm resources are at least one generation removed from the original

https://doi.org/10.1371/journal.pone.0289536.t001

48.1280° W), or in the gene banks of some associated forest-based companies. For six species
(E.grandis, E. longirostrata, E. pellita, E. robusta, E. saligna and E. tereticornis), samples were
analyzed for more than one provenance. The original locations of the species and provenances
were plotted on top of a base map of world country boundaries shapefile of Australia, publicly
available under a Creative Commons Attribution 4.0 International Public License (https://
datacatalog.worldbank.org/search/dataset/0038272/World-Bank-Official-Boundaries) using
the R package tmap (Fig 1). Plant material included: (1) individual trees sampled in species/
provenance trials established with original seeds collected in Australia for which the CSIRO
(Commonwealth Scientific and Industrial Research Organisation) seedlot number is known,
and (2) individual trees collected in Brazilian germplasm banks at least one generation
removed from the original introductions, maintained by IPEF or by three associated forestry
companies (Suzano, Klabin, Vallourec and CMPC Celulose Riograndense), sometimes with
unknown provenance origin (Table 1). In addition, 44 interspecific hybrid clones obtained by
controlled interspecific crosses of two or more species were studied to compare their SNP-real-
ized versus pedigree-expected genomic composition. These hybrids were grouped into five
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Fig 1. Eucalyptus species for which provenances were studied, plotted on their respective geographiclocations on a publicly available basemap reprinted
under a CC BY 4.0 license with permission from The World Bank (https://datacatalog.worldbank.org/search/dataset/0038272/World-Bank-Official-

Boundaries)

https://doi.org/10.1371/journal.pone.0289536.9001

classes (Hybrids 1 to 5) according to the Symphyomyrtus sections of the component Eucalyptus
species registered in their pedigrees (Table 2).

SNP genotyping and filtering

Total genomic DNA was extracted with an optimized Sorbitol/CTAB protocol [37]. DNA sam-
ples were sent to ThermoFisher (Santa Clara, CA) for SNP genotyping with the 72K Eucalyp-
tus Axiom Array developed for Eucalyptus and Corymbia species (https://www.thermofisher.
com/order/catalog/product/551134; Grattapaglia D. and Silva-Junior O.B., unpublished). This
Axiom Array is a second-generation Eucalyptus SNP platform with 68,055 SNPs specific to the
Eucalyptus genome, 28,177 of them shared with the previously developed Infinium
EUChip60k [31], and 4,147 specific to the genome of its sister genus Corymbia, these latter
ones not used in thisstudy.

SNPs with more than 10% missing data and with minor allele frequency (MAF) below 5%
were removed using PLINK v1.9 [38] using parameters—maf 0.05 —geno 0.1. A total 0£48,645
SNPs passed these filtering thresholds. The dataset was further pruned of 21,347 SNPs that
were in linkage disequilibrium (LD) with other markers to remove redundant information
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Table 2. List of the 44 Eucalyptus hybrids studied, obtained by controlled interspecific crosses of two or more species, classified into five groups according to the
sections of Symphyomyrtus involved in the cross (Hybrids 1 —Hybrids 5).

Hybrid Sections involved Individual ID Parental species crossed
Hybrids 1 | Latoangulatae x Exsertaria Hyb-1 E. urophylla x E. camaldulensis
Hybrids 1 Hyb-2 E. urophylla x E. camaldulensis
Hybrids 1 Hyb-3 E. urophylla x E. camaldulensis
Hybrids 1 Hyb-4 E. urophylla x E. camaldulensis
Hybrids 1 Hyb-5 E. urophylla x E. camaldulensis
Hybrids 1 Hyb-6 E. urophylla x E. camaldulensis
Hybrids 1 Hyb-7 E. urophylla x E. camaldulensis
Hybrids 1 Hyb-8 E. urophylla x E. camaldulensis
Hybrids 1 Hyb-9 E. urophylla x E. camaldulensis
Hybrids 1 Hyb-10 E. urophylla x E. camaldulensis
Hybrids 1 Hyb-11 E. urophylla x E. camaldulensis
Hybrids 1 Hyb-12 E. camaldulensis x E. grandis
Hybrids 2 Latoangulatae x Hyb-13 E. dunnii x E. urophylla
Hybrids 2 Maidenaria Hyb-14 (E. dunnii x E. grandis) x E. dunnii
Hybrids 2 Hyb-15 (E. grandis x E. saligna) x (E. urophylla x E. globulus)
Hybrids 2 Hyb-16 ((E. grandis x E. urophylla) x (E. grandis x E.globulus)) x ((E. dunnii x E. grandis) x (E. urophyllax E.
globulus))
Hybrids 2 Hyb-17 E. dunnii x E. urophylla
Hybrids 2 Hyb-18 E. dunnii x E. urophylla
Hybrids 2 Hyb-19 E. dunnii x E. urophylla
Hybrids 2 Hyb-20 (E. grandis x E. urophylla) x (E. urophylla x E. globulus)
Hybrids 2 Hyb-21 E. grandis x E. globulus
Hybrids 2 Hyb-22 (E. urophylla x E. globulus) x (E. dunnii x E. grandis)
Hybrids 2 Hyb-23 E. saligna x (E. grandis x E. globulus)
Hybrids 2 Hyb-24 E. urophylla x (E. grandis x E. globulus)
Hybrids 2 Hyb-25 (E. dunnii x E. grandis) x E.globulus
Hybrids 2 Hyb-26 E. saligna x E. globulus
Hybrids 2 Hyb-27 ((E. grandis x E. urophylla) x (E. grandis x E. globulus)) x E. benthamii
Hybrids 2 Hyb-28 (E. urophylla x E. grandis) x ((E. dunnii x E. grandis) x (E. urophylla x E. globulus))
Hybrids 2 Hyb-29 (E. urophylla x E. grandis) x E. benthamii
Hybrids 2 Hyb-30 E. grandis x E. benthamii
Hybrids 2 Hyb-31 (E. urophylla x E. grandis) x E. globulus
Hybrids 2 Hyb-32 E. urophylla x E. benthamii
Hybrids 2 Hyb-33 E. urophylla x E. dunnii
Hybrids 2 Hyb-34 E. urophylla x E. dunnii
Hybrids 2 Hyb-35 E. urophylla x E. globulus
Hybrids 2 Hyb-36 E. urophylla x E. globulus
Hybrids 3 Latoangulatae Hyb-37 E. grandis x E. urophylla
Hybrids 3 Hyb-38 E. grandis x E. pellita
Hybrids 3 Hyb-39 E. urophylla x E. grandis
Hybrids 3 Hyb-40 E. urophylla x E. grandis
Hybrids 3 Hyb-41 E. urophylla x E. saligna
Hybrids 4 ? Hyb-42 E. dunnii x E. globulus
Hybrids 5 b Hyb-43 (E. dunnii x E. grandis) x E. camaldulensis
Hybrids 5 Hyb-44 E. camaldulensis x (E. urophylla x E. globulus)

2 Maidenaria x Maidenaria;

Exsertaria x Latoangulatae x Maidenaria

https://doi.org/10.1371/journal.pone.0289536.t002
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and avoid regions of the genome with a disproportionate influence on the results, that could
potentially distort the representation of genome-wide structure [39]. LD pruning was per-
formed using PLINK parameter—indep-pairwise 50 5 0.3. With the retained 27,298 SNPs, the
rate of per individual missing data was below 10% for all samples, except for one sample of E.
grandis from Coffs Harbor. This sample had 64.9% missing genotypes and was removed from
further analyses. Ultimately, genetic analyses were performed with a dataset of 27,298 SNPs
genotyped in 484 individual trees.

Statistical and population genetics analyses

Basic population genetics parameters were estimated, such as the average minor allele fre-
quency (MAF), observed (H,) and expected heterozygosity (He). Analyses were performed in
R (R Core Team 2020) using packages adegenet v2.1.3 [40] and hierfstat v 0.5-7 [41]. The data
was input into R in FSTAT format after transformation with PGDSpider v2.1.1.5 [42].

fastSTRUCTURE v. 1.0 [43] was run with the 27,298 SNPs to infer population structure for
the 484 individual trees. Analyses were performed with the number of clusters K varying from
2 to 30 and option—seed = 100. The input was the binary version (BED) of the PED file from
PLINK. The most likely model was selected using the supervised estimators of [44] imple-
mented in the StructureSelector [45] web server (https://Imme.ac.cn/StructureSelector/). Clus-
ter assignment for each of the samples was visualized with barplots in R, using packages
pophelper v2.3.0 [46] and gridextra v2.3 [47]. Additional fastSTRUCTURE analyses were car-
ried out separately for individual eucalypt sections and species to assess resolution at within
taxa levels for provenances differentiation.

Genomic composition of the hybrids was initially obtained from the unsupervised inference
provided by fastSTRUCTURE, and compared with the recorded pedigree information. Specifi-
cally, for fastSTRUCTURE annotation, we used the meanQ file, which provided the probabili-
ties of each sample belonging to each of the clusters found. Subsequently, a supervised analysis
was carried out using ADMIXTURE, a software for model-based estimation of ancestry in
unrelated individuals [48]. For this analysis, samples defined as being from pure species with
~99% probability in the initial fastSTRUCTURE analysis, were used as reference populations
to infer the genomic composition of the hybrids’ genomes. A simple matching genetic distance
among individual trees was also estimated and groups visualized with a principal component
analysis (PCA) on the genetic distance matrix, where distances among trees were represented
in a cartesian graph with PC1 and PC2. These analyses were performed in R using packages
adegenet [40] ape v5.4 [49] and pegas v0.14 [50]. PCA biplots were visualized using ggplot2
v.3.3.2 package [51].

Results
SNP diversity across species

After filtering and LD pruning, the final SNP dataset 0of 27,298 SNPs (S1 File) had a very low
percentage of missing data (<3%) for all germplasm sets (species, provenances and hybrids),
corroborating the good performance of the multi-species SNP array for population genomics
and molecular breeding across eucalypt taxa. The percentage of polymorphic loci per popula-
tion ranged from 29.7% for E. deglupta to over 93% for E. urophylla and the hybrids involving
crosses between distant sections Latoangulatae and Maidenaria (Table 3). Overall, there was
no significant difference in the proportion of polymorphic SNPs among the different eucalypt
sections (ANOVA F-value=1.14, p-value = 0.37). The average MAF across taxa was similar,
within 0.1 and 0.15 for most taxa but E. urophylia, E. grandis, E. camaldulensis and the hybrids
had a slightly higher averageMAF.
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Table 3. Summary of the proportion of polymorphic SNPs (Minor Allele Frequency; MAF > 0.05) and their average MAF for the 27,298 filtered and LD pruned
SNPs, and genetic diversity parameters (observed (H,) e expected (H.) heterozygosity) for each species and hybrid (see Table 2) germplasm source.

Species (Provenance) N % SNPs MAF>0.05 Average MAF Average H. Average H,
E. argophloia 16 42.23% 0.104 0.136 0.188
E. benthamii 24 42.63% 0.112 0.151 0.175
E. brassiana 18 55.34% 0.124 0.167 0.167
E. camaldulensis 26 68.88% 0.151 0.205 0.200
E. deglupta 18 29.81% 0.091 0.114 0.179
E. dunnii 28 55.54% 0.119 0.161 0.166
E. globulus 26 58.34% 0.128 0.172 0.176
E. grandis (Atherton) 16 68.02% 0.162 0.219 0.214
E. grandis (Coffs Harbour) 20 79.03% 0.180 0.245 0.240
E. longirostrata (Coominglah) 12 42.90% 0.098 0.132 0.156
E. longirostrata (Goodger) 12 41.38% 0.095 0.128 0.155
E. longirostrata (Starkvale) 12 42.19% 0.096 0.130 0.150
E. nitens 20 38.94% 0.083 0.336 0.158
E. pellita (Hopevale) 16 61.56% 0.132 0.180 0.182
E. pellita (Kuranda) 15 61.28% 0.137 0.186 0.168
E. robusta (Brisbane) 16 56.76% 0.125 0.170 0.183
E. robusta (Byfield) 14 51.61% 0.120 0.161 0.174
E. saligna (Helidon) 12 59.54% 0.142 0.191 0.187
E. saligna (Kroombit Tops) 12 60.92% 0.142 0.192 0.209
E. saligna (Richmond Range) 12 60.56% 0.143 0.193 0.202
E. tereticornis 7 44.83% 0.120 0.385 0.198
E. tereticornis (Mount Garnet) 10 58.40% 0.143 0.192 0.209
E. tereticornis (Mareeba) 12 61.09% 0.146 0.196 0.209
E. tereticornis (Mitchell R.Oaky C) 12 60.10% 0.144 0.193 0.209
E. urophylla 42 93.67% 0.219 0.297 0.272
E. viminalis 12 60.16% 0.122 0.166 0.178
Hybrids 1 12 90.29% 0.225 0.304 0.307
Hybrids 2 24 93.94% 0.229 0.309 0.318
Hybrids 3 5 74.70% 0.205 0.272 0.316
Hybrids 4 1 32.43% 0.163 0.188 0.334
Hybrids 5 2 54.22% 0.186 0.231 0.333

https://doi.org/10.1371/journal.pone.0289536.t003

Population structure analysis

StructureSelector analysis of the fastSTRUCTURE results indicated the most likely model with
K = 18 taxonomic clusters (S2 File). This model correctly assigned each of the 16 species to a
different cluster (Fig 2; S3 File). In the case of E. saligna some individuals were additionally
separated according to provenance and the hybrids were assembled in a separate highly
admixed cluster (Fig 2). Admixture at the individual level was seen in allegedly pure species
trees. Some E. camaldulensis individuals were classified as being admixed with E. tereticornis,
some E. urophylla individuals admixed with E. grandis, and a few additional admixed individu-
als were seen that were expected pure (Fig 2). At the higher taxonomic level of sections within
subgenus Symphyomyrtus, models with smaller numbers of clusters easily separated eucalypt
sections. For example, at K = 2, section Maidenaria detached from the rest. With K = 3,
Latoangulatae and Maidenaria split, with occasional admixture seen in individuals of some
species. With K =4, species of Exsertaria separated from the other sections. Surprisingly,
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Fig 2. Population structure analysis of the 440 trees of 16 Eucalyptus species and 44 hybrids classified according
to the section of their component species involved (Hyb 1 to 5).

https://doi.org/10.1371/journal.pone.0289536.9g002

however, E. longirostrata that belongs to section Exsertaria, was clustered together with E.
deglupta and E. argophloia that belong to two other different sections (S4 File).

The SNPs dataset could not differentiate most provenances within species when all individ-
uals were analyzed together, except for E. saligna from Kroombit Tops (Fig 2). This prove-
nance was assigned to a separate group from Helidon and Richmond Range provenances,
which in turn were clustered together. All the provenances for the other species (E. tereticornis,
E. grandis, E. longirostrata, E. pellita, E. pilularis and E. robusta) could not be discriminated
evenat higher K’s (S5 File). Only when species were analyzed individually, fastSTRUCTURE
modeling resolved some of the provenances. This was the case of the two E. grandis prove-
nances from Atherton and Coffs Harbor and E. robusta from Brisbane and Byfield. Somewhat
separate clustering was also seen for E. longirostrata from Starkvale, and E. tereticornis from
Mount Garnet, although some individuals either displayed admixture or were not clustered
accordingly (Fig 3). Lastly, provenances of some species clearly could not be distinguished.
This occurred with E. pellita, E. longirostrata from Coominglah and Goodger and with E. fere-
ticornis from Mitchell Road (Oaky Creek) and Mareeba.

Determination of ancestral species composition of hybrids

The ancestral genomic composition of hybrids estimated with both fastSTRUCTURE and
ADMIXTURE were compared to their respective pedigree expected composition (Fig 4; S6
File). The supervised analysis carried out using ADMIXTURE resulted, in general, in similar
genomic composition as those obtained with fastSTRUCTURE, although some differences
were seen for example in Hybrids 1, where the fastSTRUCTURE model indicated the unex-
pected presence of E. tereticornis genome. Overall, there were only nine out of the 41 hybrids
for which the SNP-based composition closely matched the pedigree expected one. This hap-
pened for hybrids Hyb-31, Hyb-32, Hyb-33, Hyb-34, Hy-35, Hyb-36, Hyb-38, Hyb-39, Hyb-
40 e Hyb-41, almost all of them simple F1 hybrids. For all other hybrids, small to large devia-
tions were observed.

For a considerable number of hybrids, additional unanticipated species from those
recorded in the pedigree, were observed in their composition (Fig 4). For example, hybrids
Hyb-1 through Hyb-11 in the Hybrids 1 group were expected to be Fi’s of E. urophylla and E.
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E. grandis - Coffs Harbour E. grandis - Atherton

E. longirostrata - Starkvale E. longirostrata - Coominglah E. longirostrata - Goodger

E. pellita - Hopevale E. pellita - Kuranda

E. robusta - Brisbane E. robusta- Byfield

E. saligna - Helidon E. saligna - Richmond Range E. saligna - Kroombit Tops

E. tereticornis E. tereticornis- Mitchell R.  E. tereticornis - Mareeba E. tereticornis - MT Garnet
unknown

Fig 3. Population structure analysis of each Eucalyptus species separately for which more than one provenance
was studied.

https://doi.org/10.1371/journal.pone.0289536.9g003

camaldulensis. However, eight of them showed variable amounts of E. grandis genome in the
ADMIXTURE analysis while the fastSTRUCTURE model suggested the presence of E. fereti-
cornis genome more frequently than that of E. camaldulensis. The unexpected presence of E.
grandis genome was again seen in several other hybrids in the Hybrids 2 group (ex. Hyb-17,
Hyb-18, Hyb-19, Hyb-26). Furthermore, in this group of hybrids none or a considerably less
than expected proportion of the genome was detected coming from the recorded species of
Maidenaria involved in the crosses, namely E. dunnii and E. globulus. E. dunnii genome was
not detected in six of the 14 hybrids and E. globulus in seven of 12 where it should have been
observed (Fig 4). For example, in hybrids Hyb-13, Hyb-17, Hyb-18, Hyb-19, Hyb-21 and Hyb-
26 expected to be F1 hybrids of Latoangulatae species (E. urophylla, E. grandis or E. saligna)
with Maidenaria species (E. dunnii or E. globulus), the SNP data showed little or no sign of the
two temperate species genomes and an unexpected or larger than expected proportions of the
genome of E. grandis. Finally, there were cases where the presumed genomic composition was
completely different from the SNP-estimated one. For example, hybrid Hyb-42 was expected
tobe a E. dunnii x E. globulus hybrid, when in fact it involved mainly species of Latoangulatae
with E. camaldulensis, suggestingmislabeling.
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Genetic distances among species, provenances and hybrids

Overall, the PCA plot based on the genetic distance matrix positioned the different species and
sections as expected, clustering phylogenetically closer species of the same section (Fig 5). A

clear exception, however, was seen for E. longirostrata, taxonomically classified in section

Latoangulatae. The PCA placed it away from Latoangulatae and closer to E. argophloia and E.
deglupta. These two species belong to two different sections but they clustered together, con-
siderably separated from all other species. In most cases, the PCA analysis had no resolution to
discriminate provenances within species. In line with the fastSTRUCTURE results, exceptions
were the Kroombit Tops provenance of E. saligna, and the two provenances each of E. robusta

and E. grandis that were separated in the PCA.
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Discussion
Genome-wide eucalypt species SNPs diversity

Consistent with the initial validation data provided alongside the EuCHIP60k development
[31], our results corroborate that the current SNPs arrays platforms offer effective power to
carry out genetic diversity analysis of the main eucalypt species planted worldwide. Within
species, the proportion of polymorphic SNPs showed some variation, although for the vast
majority, over 40% of the SNPs were informative and the average MAF was generally above
0.13, despite the relatively limited sample sizes analyzed (Table 3). Higher proportions of poly-
morphic SNPs, above 68% up to 93%, and higher average MAF were observed for E. grandlis,
E. camaldulensis and E. urophylla. These results may be explained in part from the somewhat
larger sample sizes analyzed. In the case of E. urophylla the alleged mixture of provenances
might have contributed to the higher diversity. A second explanation for the higher SNP diver-
sity in these three species involves potential admixture due to unintended interspecific hybrid-
ization. These three species are widely used to generate interspecific hybrids in Brazil and the
structure analysis results indicated admixture in the E. urophylla and E. camaldulensis trees
(see below).

A third possible explanation for the higher SNP diversity observed in E. grandis, E. camal-
dulensis and E. urophylla is some ascertainment bias derived from the discovery panels used in
the initial SNP discovery for the development of the EuCHIP60K. Although SNP discovery
was carried out on sequence data for 240 trees of 12 species, a proportionally larger amount of
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sequence data was obtained for these three species when compared to the others [31]. Large
proportions of informative SNPs (58—60%) were also seen for species of Maidenaria, consis-
tent with the fact that E. globulus was also an important target of sequence production during
SNP discovery. Larger proportions of polymorphic SNPs and higher average MAF were also
observed in the different hybrids. This was evidently expected, given the transmission to the
hybrid of alternative SNP alleles fixed in each parental species.

Except for E. urophylla, E. grandis, E. camaldulensis and the hybrids, the results suggest that
the rate of SNP polymorphism might depend more on the level of genetic diversity captured in
the specific sample of individuals than on the particular species analyzed. This in turn indicates
that the SNP set used delivers largely equivalent numbers of polymorphic SNPs between any
pairwise taxa within the main sections of subgenus Symphomyrtus. This indicates good poten-
tial for the selection of ancestry informative SNPs sets [52] that appear in substantially different
frequencies between species, provenances or populations in this phylogenetic group. The
expansion of the number of species and provenances and the specific selection of ancestry
informative SNPs at the species and provenances levels would constitute an obvious follow-up
of this study.

SNPs recover the expected species structure but admixture is present

Genome-wide SNP data provided the necessary resolution to check and validate the phyloge-
netic classification of germplasm sources of the eucalypt species sampled in this study. The
most likely model for the SNP dataset found k = 18 clusters, allowing clearcut discrimination
of the five sections and the 16 species sampled of subgenus Symphyomyrtus, while reliably indi-
cating the admixed composition of hybrids (Fig 2). This result substantiates what a number of
previous phylogenetic studies have shown using different types of DNA marker data such as
ribosomal ITS, chloroplast DNA, microsatellites and DArT (reviewed in [2]), and more recent
studies that further expanded the sampling of taxa and individuals within taxa [8]. The evolu-
tionary history ‘written’ in the genome of these Symphyomyrtus species is generally consistent
with their current phylogenetic organization within this subgenus.

Differently from several previous reports that examined germplasm sampled exclusively in
their center of origin, our study included material conserved in exotic conditions from variable
sources (Table 1). In general, for the species’ germplasm that came directly from original
sources in Australia, the genetic structure splits were clearcut. For species that included mate-
rial from unknown origins or collected in germplasm banks established in Brazil, occasional
admixture was seen. The E. camaldulensis trees showed admixture with E. tereticornis, E. vimi-
nalis individuals showed admixture with E. dunnii, and E. urophylla sampled from multiple
provenances established in Brazil displayed significant admixture with E. grandis (Fig 2). For
some of these germplasm sources our data indicate that accidental hybridization might have
taken place once the germplasm was introduced in Brazil. In the exotic habitat under different
ecoclimatic conditions, reproductive barriers between eucalypt species such as geographic dis-
tance and flowering phenology that maintain species apart in their natural range, are relaxed
or even broken, facilitating hybridization [53]. The paradigmatic example is the famous euca-
lypt hybrid swarm of the Rio Claro Arboretum established upon the introduction of Eucalyp-
tus species in Brazil in 1904 [53, 54]. Several species were planted side by side, and seeds
collected from that germplasm generated very heterogenous plantation forests, where some
hybrids of unknown origin and outstanding performance were selected and are still planted or
used in breeding programs today [17, 18]. The results of our study point to the development of
ancestry informative SNPs that should allow reconstructing and understanding the recombi-
nation history of these hybrids.

PLOS ONE | https://doi.org/10.1371/journal.pone.0289536 August 8, 2023



https://doi.org/10.1371/journal.pone.0289536

PLOS ONE Genome-wide admixture and ancestral composition of Eucalyptus germplasm 31

The E. viminalis germplasm sample also showed evidences of admixture with E. dunni and
E. globulus atk = 18. This sample of trees was from an advanced generation germplasm source
established in Brazil but with unknown origin in Australia. Hybridization between these tem-
perate species of section Maidenaria once introduced in Brazil cannot be ruled out, although
less likely than for the previously mentioned species of Exsertaria and Latoangulatae, since
Maidenaria species flower and produce seed less conspicuously in the tropics [53]. When a
model with k=20 was tested, E. viminalis individuals clearly split (S5 File) with no evidence of
hybrid constitution. This result highlights the long-standing challenge with admixture model-
ing, whereby the most likely selection of K clusters is a difficult problem to automate in a way
that is effectively robust[39].

The graphical projection of the different species and hybrids in the PCA was generally con-
sistent with the phylogenetic expectations (Fig 5). Complementing the structure analysis, the
PCA provided additional information regarding the genetic distance among the different taxa.
E. deglupta and E. argophloia were placed at a considerable distance from the main section of
Symphyomyrtus. The fact that they clustered together was however unexpected, since they are
classified in distinct sections. These two species are currently part of Symphyomyrtus [55] and
while no contention exists regarding the classification of E. argophloia, E. deglupta has origi-
nally been classified in subgenus Minutifructis [4]. The three main sections of interest in the
subgenus were clearly separated and contained the expected species, exception made for E.
longirostrata that clustered away from its section Latoangulatae and distant from Exsertaria as
well.

Samples of E. longirostrata have been examined in the most extended molecular phyloge-
netic study of terminal taxa of sections Maidenaria, Exsertaria and Latoangulatae to date [8].
That study produced a phylogeny that largely matched the morphological treatment of sec-
tions, although sections Exsertaria and Latoangulatae were shown to be polyphyletic. Several
inconsistencies between the morphological classification and the molecular phylogeny were
described, and a number of taxa in Latoangulatae were deemed polyphyletic at the species
level. A polyphyletic group is one that shows mixed evolutionary origin, descended from more
than one ancestor, with taxa sharing homoplasies, typically explained as a result of convergent
evolution, complicating the correct taxonomical classification [56]. E. longirostrata was itself
deemed polyphyletic, classified within series Lepidotae-Fimbriatae and clustered into Latoan-
gulatae 1V, a clade considerably distant from Latoangulatae 11 where E. grandis, E. pellita, E.
robusta and the section type species E. saligna belong. Furthermore, those authors suggest that
all Latoangulatae species other than those in Latoangulatae 11 would be better placed in other
taxonomic sections to reflect the phylogeny revealed in their study. The most recent classifica-
tion of the eucalypts [ 14, 55] however, classified E. longirostrata into a different section, Pumi-
lio. In our study, the sharp split of E. longirostrata from Latoangulatae and Exsertaria (Fig 5),
provides further molecular evidence for this most recent taxonomic classification placing the
species in a separate section.

Provenance discrimination is strongly dependent on geographical distance

With the exception of one provenance of E. saligna, all other Eucalyptus provenances could
not be discriminated when all 484 samples were analyzed together (Fig 2). When species were
analyzed separately, provenances could be discriminated for some species but not for others
(Figs 3, 5). Looking at the geographical position of the sampled provenances (Fig 1), a pattern
emerged suggesting that SNP-based discrimination was strongly dependent of geographical
distance. The two provenances of E. grandis (Atherton and Coffs Harbor), separated in the
structure and PCA analyses, are located at more than 2,000 km apart. The same happened with
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provenances Byfield and Brisbane of E. robusta at ~700 km from each other, and E. saligna
Kroombit Tops provenance located at >700 km from the other two E. saligna provenances.
All other provenances that were loosely or otherwise not discriminated are located at less than
200-300 km apart. These results indicate an isolation-by-distance (IBD) model of population
structure for the provenances sampled for these species. The genetic similarity between popu-
lations will decrease exponentially as the geographic distance between them increases, because
of the limiting effect of geographic distance on rates of gene flow [57].

A number of studies in Eucalyptus have looked at the prevalence of genetic structure
between populations located at various geographic distances. These studies have generally
shown that an IBD model fits well the observed data, with genetic distances between prove-
nances strongly positively correlated with geographic distances [24, 58, 59]. A recent landscape
study based on very dense DNA data obtained by whole genome sequencing in E. albens and
E. sideroxylon, also found strong support for IBD in both species [60]. Taken together, ours
and others’ results indicate that clearcut distinction of Fucalyptus germplasm sources in what
regards provenance variation, might not be straightforward even with a dense panel of SNPs,
unless provenances are geographically distant or provenance-informative SNP markers are
specifically identified and used. As a result, what breeders may call as different provenances
could in effect be members of the same continuous population despite several kilometers of
physical distance, if gene flow is ubiquitous. It must be mentioned, however, that our study
suffered from limited and somewhat uneven sampling of provenances that might have contrib-
uted to a greater difficulty in distinguishing some of them. It has been shown that subpopula-
tions with reduced sampling tend to be merged together in genetic structure analyses, and
uneven sampling may lead to downward-biased estimates of the true number of subpopula-
tions [44]. Larger sample sizes for the provenances studied should allow better estimation of
allele frequencies and possibly selection of ancestry informative, provenance-specific SNPs for
greater discrimination power.

Genomic composition of hybrids indicates directional selection toward
tropical genomes

Our genome-wide data showed that the majority of the hybrids studied (35 out of 44) displayed
genomic composition deviating from the expected one based on pedigree information (Fig 4).
This result is important in view of the long standing and widespread adoption of deliberate
breeding strategies toward the selection of elite hybrid clones with specific anticipated genomic
composition, especially in tropical countries (reviewed in [12]). This in turn highlights one
more important application of using dense, high-quality array-based SNP data in support of
breeding programs. SNP data not only provide precise germplasm identity verification, but
more importantly allow the breeder to objectively recognize the actual ancestral origin of supe-
rior hybrids in order to discard unwanted hybrid combinations or to more realistically guide
the breeding program toward the development of the desired genetic material.

For the sample of hybrids studied in this work, the lack of adherence between the expected
genomic composition and the actual one suggests at least two hypotheses. Notwithstanding
the possibility of mislabeling errors during controlled crosses, as likely the case for hybrids
Hyb-13, Hyb-14 and Hyb-42, the second and most probable hypothesis is pervasive genetic
admixture of the parents involved in the original interspecific cross. Given the frequently
unknown introduction history, followed by local intermating in Brazil in the last 120 years, as
discussed previously, there is a considerable possibility that the presumed parents were them-
selves misclassified. Moreover, because hybrids tend to be produced by crossing good per-
forming parents in the breeding program, it is quite possible that actually some of the parents
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used were themselves hybrids, distorting the expected composition of the resulting hybrid off-
spring. Species within the same sections of Symphyomyrtus that display overlapping morpho-
logical features and easily hybridize would be more prone to such occurrences. Clearcut
examples were six supposedly F1 hybrids that in principle did not involve E. grandis, but where
the SNP data revealed its presence (Hyb-13, Hyb-17, Hyb-18, Hyb-19, Hyb-26, Hyb-42). Like-
wise, several F1 hybrids of E. urophylla with E. camaldulensis (Hybrids 1 group) showed vari-
able amounts of E. grandis genome in their composition, and the presence of E. tereticornis
genome more frequently than that of E. camaldulensis (Fig 4). Admixture of E. grandis genome
into the E. urophylla parents and difficulties in morphologically discriminating E. camaldulen-
sis germplasm from E. tereticornis could readily explain these results.

Besides the presence of E. grandis as an unexpected species in the genomically realized pedi-
gree, the observation of larger than expected proportions of E. grandis genome was also seen
for all hybrids where this species was involved. Fourteen hybrids derived from advanced gen-
eration recombinant intercrosses involved one or both hybrid parents with three or more spe-
cies represented, E. grandis being one of them (ex. Hyb-14, Hyb-15, Hyb-16, Hyb-20, Hyb-22
through Hyb-25, Hyb-27 through Hyb-29, Hyb-32, Hyb-43 and Hyb-44) (Table 2). The pedi-
gree-expected proportions were estimated based on the final presumed participation of each
single species in the pedigree, assuming balanced Mendelian inheritance and recombination
rates in the previous hybrid generations with no selection. For all these 20 hybrids, the SNP
data showed, however, a consistently higher proportion of E. grandis genome in the hybrid
composition. Aside from unintended admixture in the original parents, the ubiquitous unex-
pected presence or higher than anticipated proportion of E. grandis genome in the vast major-
ity of hybrids, strongly suggests genome-wide directional selection for this species’ genome
throughout the breeding history of these complex hybrid clones. This should not be surprising
given that volume growth is the main breeding target, and that E. grandis is well known for its
fast growth [53]. Our data therefore not only corroborates the pivotal role of E. grandis in
hybrid breeding, but also shows that its actual participation is considerably larger than
expected and frequently unintended. Moreover, our data also demonstrate that in hybrids
between species of Latoangulatae and Exsertaria with species of Maidenaria (Hybrids 2
group), the actual participation of the latter, such as E. globulus. E. dunnii and E. benthamii in
the final hybrid’s genome composition is less than expected, consistent with strong selection
against the less adapted temperate genomes in tropical environments.

Concluding remarks

In conclusion, we have shown that the current Fucalyptus multi-species SNP array platform,
provides a valuable tool to look at within taxa variation in Symphyomyrtus, to investigate popu-
lation structure and track the genomic ancestry of individual clones. As the current “gold stan-
dard” in the high-throughput SNP genotyping industry, SNP arrays provide full data
portability across studies carried out at different times. This represents a crucial advantage for
the construction of legacy SNP databases for multiple Eucalyptus species and populations
when compared to reduced representation genotyping by sequencing methods. SNP array
data portability across studies allows effortless data consolidation across time for comparative
studies and meta-analyses, that should be valuable for resolving taxonomic issues that still per-
sist in the eucalypts. We are aware, however, that for eucalypt species phylogenetically distant
from subgenus Symphyomyrtus, the current SNP array will not provide equivalent numbers of
informative SNPs due to a higher genomic divergence [31].

We have also shown that while species classification is well resolved at the genome-wide
level, provenance discrimination is not always so. It depends essentially on geographical

PLOS ONE | https://doi.org/10.1371/journal.pone.0289536 August 8, 2023



https://doi.org/10.1371/journal.pone.0289536

PLOS ONE

Genome-wide admixture and ancestral composition of Eucalyptus germplasm 34

distance, consistent with an isolation by distance model, and likely to be impacted by sample
size. Further studies with larger samples sizes and the identification of provenance specific
SNPs are warranted. Finally, our results are novel in that they objectively show, based on SNP
data, that unplanned genetic admixture should not be a surprise in exotic germplasm sources
not only in Brazil but likely in other countries, especially among phylogenetically closer species
that easily hybridize in exotic environments. Moreover, the genomic ancestral composition of
control-crossed hybrids in Brazil indicated that strong selection takes place in favor of tropical
genomes and more specifically that of E. grandis. SNP-based auditing of hybrids’ genomic
composition could be introduced as a standard practice in hybrid breeding programs to more
truthfully guide the program toward the development of the desired genetic material.
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AN RNA-SEQ APPROACH REVEALS THE METABOLIC CHANGES IN RESPONSE TO
THE PHYSIOLOGICAL DISORDER OF EUCALYPTUS AND ITS RECOVERY

Abstract

Eucalyptus plantations are expanding around the world, which poses new challenges to the
culture. The Physiological Disorder of Eucalyptus (PDE), despite not being a recent problem, has
been threatening the Eucalyptus plantations in some regions of Brazil. The disorder causes apical
dieback, over budding, bark shredding and significantly decreases the forest yield. Several
hypotheses have already been tested as the cause of the disorder, however, the causal agent
remains unknown. This study aimed to identify the metabolic changes due to the PDE by
comparing susceptible and resistant clones under field conditions with and without PDE. An
RNA-seq approach was used to evaluate differentially expressed genes (DEGs) in three different
locations: two with high PDE incidence (BA1 and BA2) and another with no PDE history (SP),
in two seasons (during and after the disorder, when plants had symptoms and were recovering).
Differential expression analyzes were performed using the bioconductor package DESeq2,
contrasting susceptible vs. resistant clones within each location. Lists with DEGs were used in
Gene Ontology (GO) enrichment analyses using AgriGO web tool. Pathways activated and
repressed under PDE were visualized using MapMan. Many GO terms and pathways related to
stress signaling, signaling hormone synthesis, and signal transduction pathways were activated.
Genes related to processes related to energy production and fermentation were differentially
regulated between susceptible and resistant clones. Terpenoids and other pathways were identified
as important to the resistance or susceptibility of clones to PDE. In conclusion, our study indicates
that the physiological disorder causes widespread metabolic changes in several pathways of
Eucalyptus. This study serves as a basis for illuminating the disorder and a source of new
hypotheses to the cause of this important disorder.

Keywords: Plant stress, tree metabolism, differential expressed genes, abiotic factors

Introduction

Eucalyptus is a genus that contain fast-growing and high-yielding tree species planted
worldwide. These woody plants have many uses, such as pulp and paper production, charcoal,
lumber, and essential oil industries (Assis et al. 2015). Although eucalypts are characterized by
high adaptation to many soil and climate conditions (e.g. high tolerance to infertile soil and
drought), new challenges are appearing as plantations increase to new areas with different climatic
conditions (Floréncio et al. 2022). Since the 2000’s, a new disorder was found in a coastal region
of Brazil, called the Physiological Disorder of Eucalyptus (PDE). More specifically, the disorder
was found in Eucalyptus plantations in the South of Bahia State and North of Espirito Santo State
in Brazil.

The PDE is a disorder that causes apical dieback, over budding, bark shredding and
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significantly decreases the forest yield. Even though many hypotheses have been raised about the
PDE cause, its etiology is still unknow. This disorder often affects plants with six to eight months
after the plantation, causing high financial loses to the companies (Bueno et al. 2020). After PDE
incidence, a recovery season of susceptible clones occur but the trees lose their industry viability.
Research performed by the Brazilian forestry companies have identified susceptible clones, as well
as the hotspots where the PDE happen. These findings indicate that the PDE expression is
influenced by both genetic and environmental components (Camara et al. 2018, Almeida et al.
2013).

Many hypotheses were developed about the causal agent of PDE. Evaluations about biotic
agents of diseases like bacteria and fungi were test, but no isolated microorganism could induce
the PDE or similar symptoms (Ferreira et al. 1989). Nowadays, most breeders and researchers
involved with PDE studies do not believe that the causal agent is biotic. Evidences point to PDE
as an abiotic disorder, as it occurs in some specific sites often after the rainy season (Almeida et al.
2013, Leite et al. 2014). Metal toxicity like manganese also were studied as a potential cause in
flooded sites (Leite et al. 2014). The manganese intoxicated plants show symptoms close to the
eucalypts affected by PDE. However, it is known that manganese increases the symptoms but is
not the principal agent of the PDE (Harguindeguy et al. 2018). Another idea is the alternation of a
drought season followed by flooding that can cause root hypoxia and death (Jardim et al. 2018,
Ferreira et al. 1989). Under this hypothesis, affected plants should be mainly on lower altitudes,
but PDE has also been found on higher lands. New studies using different methodologies can raise
new hypotheses about the etiology of the PDE.

Knowledge about the differential expression of genes between susceptible and resistant
clones under PDE conditions can shed light into problem. The RNA-seq is known to be an efficient
technique for the quantification and evaluation of gene expression (Metzker 2010, Van Dijk et al.
2014). Many RNA-seq studies of plant stress, such as heat, drought, flood, salt, heavy metal stress
point to key genes and pathways involved in the plants’ response to these conditions. Metabolic
Pathways and Gene Ontology terms enrichment using the differential expressed genes (DEGs)
between susceptible and resistant genotypes can aid the identification of the main molecular
responses to the PDE.

Comparing the activated pathways and important DEGs between susceptible and resistant

clones to PDE may highlight the causes of this disorder. This study aimed to identify the metabolic
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changes due to the Physiological Disorder of Eucalyptus comparing susceptible and resistant
clones under contrasting field conditions using a RNA-seq approach. The clones were grown in
three experiments: two in sites with high incidence of PDE and another in a site without history of

the disorder.

Material and methods
Field experiment

Three Eucalyptus field experiments were planted on April 2021 using a randomized
complete blocks design with three replicates, square plots of 4x4 plants and two border lanes. Trees
were planted using a 3x2 m spacing. The treatments compared in these three experiments were five
Eucalyptus clones: two known as highly resistant to the PDE (clone 1 - C1 and clone 2 - C2), an
intermediate clone (clone 3 — C3) which shows less PDE symptoms, and two clones highly

susceptible (clone 4 — C4 and clone 5 — C5) to the PDE (Figure 1).

Figure 1. Phenotypic response of the five clones studied here, during the PDE conditions (Season

1) at site BA1.

The three sites with different climatic conditions (Figure S1) were chosen according to
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the history of occurrence of the PDE in Brazil. Two experiments were in the south of Bahia State,
Brazil, with high incidence of PDE. The other site was in the State of Sdo Paulo State, Brazil, with
no historical occurrence of the PDE (Figure 2). Planting and topdressing fertilization were
performed on the experiments based on the physical and chemical analyses of the three soils.
Weeds and ants were controlled with the standard chemical control practices employed by Suzano

SA company.

o — /
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Figure 2. Map locating the three experimental sites in Sdo Paulo State (SP, in blue), with no history
of PDE, and two sites in Bahia State (BA, in red) with high incidence of PDE.

RNA extraction and sequencing

Young shoots, containing the apical meristem and a pair of leaves, were sampled from
each experiment in two seasons at the same daytime (morning) for RNA-extraction. These tissues
were chosen, as they are generally the first to start to show PDE symptoms. The first collection
(Season 1 - S1) happened at ten months after planting (February 2022), when the susceptible clones
had high incidence of PDE symptoms. The other sampling time (Season 2 — S2) was performed at
16 months after planting (August 2022) when the susceptible clones started to recover from the
PDE symptoms. Samples from three biological replicates were collected from all genotypes in each
season from each site, totaling 90 samples:

5 clones x 3 sites x 3 replicates x 2 seasons = 90 RNA samples
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The RNA extraction was carried out using the Invitrogen PureLink RNA Mini kit. The
RNA quality was evaluated using Nanodrop, Qubit and agarose gel electrophoresis. RNA samples
were sent to the BGI company for the RNA sequencing using RNA stabilization columns

(GTRS5025-S Gentegra).

Reads mapping and gene expression analyses

The RNA-seq data were downloaded into a high-performance Linux server. First, the
quality of the DNA sequences was evaluated wusing the FastQC software
(http://www.bioinformatics.babraham.ac.uk/ projects/fastqc/). After attesting their quality,
sequencing reads were mapped against the Eucalyptus grandis genome v.2.0, available on
Phytozome 13 (https://phytozome-next.jgi.doe.gov/info/Egrandis_v2 0), using the STAR aligner
v.2.7.10 (Dobin et al. 2013). Count files provided by STAR were merged into a matrix using R v.
4.3.1 (R Core Team 2022). This count matrix had the number of reads from each sample (in the
matrix columns) mapped in each gene (rows) and was used for differential gene expression
analyses. A Principal Component Analysis (PCA) were done using the rlog normalized count
matrix using the gridExtra package.

The differentially expressed genes (DEG) were identified using the bioconductor package
DESeq2 (Love et al. 2014). We used the interaction design model ~ genotype + condition +
genotype:condition for the analyses following the DESeq2 manual (available at:
https://bioconductor.org/packages/release/bioc/html/DESeq2.html). The main model design used
was ~ pheno_season + site + pheno_season:site, where the pheno_season effect is the comparison
between susceptible vs. resistant clones in each season; sife is the effect of the three sites of
experiments; pheno_season:site is the interaction between phenotypes within season with sites.
The second design used was ~clone_season + site + clone_season:site, where clone season means
the comparison between individual clones in each season; site means the three sites of experiments;
clone_season:site is the interaction between clones within season with sites (Table 1). For this
second design we compared two known full-siblings clones with contrasting phenotypic response
to PDE: resistant clone C2 x susceptible clone C5.

Using results from DESeq2, many contrasts were analyzed (Table 1). For example, clones
susceptible vs. resistant within each site, contrasts between full-siblings clones with contrasting

phenotypic response in each site, resistant clones’ differences between Season 1 (disorder season)
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and Season 2 (recovery season) or susceptible clones’ differences between Season 1 and Season 2
as well as individual clones’ comparison between Season 1 and Season 2. A filter of FDR > 0.05
and logfold2chage > |2| was applied to access the highly significant DEGs. Venn diagram was
constructed using the online tool Venny (https://bioinfogp.cnb.csic.es/tools/venny/index.html) to
evaluate the number of shared DEG among contrasts. The Eucalyptus genome annotation file was
merged to the DEG lists to identify the functional categories of activated and repressed genes under
PDE.

Table 1. Models used in DESeq?2 and contrasts that result in DEGs lists.

Models Comparison Contrasts

interaction susceptible S1 vs. resistant S1 : ambient BA1 vs. SP

Phenotype model interaction susceptible S1 vs. resistant S1 : ambient BA2 vs. SP

Interaction term interaction susceptible S2 vs. resistant S2 : ambient BA1 vs. SP
interaction susceptible S2 vs. resistant S2 : ambient BA2 vs. SP
susceptible S1 vs. resistant S1 within SP

Phenotype i ) .
T susceptible S1 vs. resistant_S1 within BA1
~phenotype_season + comparison inside susceptible S1 vs. resistant_S1 within BA2
site + each individual susceptible S2 vs. resistant_S2 within SP
. : susceptible S2 vs. resistant_S2 within BA1
phenotype_season:site ambient susceptible S2 vs. resistant_S2 within BA2
Phenotype resistant S1 vs. resistant S2 within SP

resistant S1 vs. resistant S2 within BA1
resistant S1 vs. resistant S2 within BA2
seasons inside each susceptible S1 vs. susceptible S2 within SP
susceptible S1 vs. susceptible S2 within BA1
susceptible S1 vs. susceptible S2 within BA2

comparison among

individual ambient

interaction C5_S1 vs. C2_S1 : ambient BA1 vs. SP

Clone model interaction C5_S1 vs. C2_S1 : ambient BA2 vs. SP
Interaction term interaction C5_S2 vs. C2_S2 : ambient BA1 vs. SP
interaction C5_S2 vs. C2_S2 : ambient BA2 vs. SP
~clone_season + site - C5_S1 vs. C2_S1 within SP
: Full-sibling clones = D
+ clone season:site C5_S1 vs. C2_S1 within BA1
comparison inside C5_S1 vs. C2_S1 within BA2
each individual C5_S2 vs. C2_S2 within SP
ambient C5_S2 vs. C2_S2 within BA1

C5_S2 vs. C2_8S2 within BA2

GO enrichment and pathway activation/repression analyses
Functional analyses were performed with the list of DEGs for each individual contrast,
using the Egrandis 297 v2.0.annotation_info file from Phytozome v.13. The GO terms enrichment

analyses were carried out using the Fisher’s Test, terms with FDR < 0.05 significance level were
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highlighted on the web software AgriGO.v2.0 (Tian et al. 2017). Eucalyptus grandis genome gene
identifiers (locus ID) were used for each DEG with default parameters on AgriGO to identify
significantly enriched GO terms. Significant terms were analyzed with REVIGO (Supek et al.
2011) to reduce the redundant terms. Pathways activation and repression were visualized using the
MapMan software (Usadel et al. 2009). The input files were DEG lists generated by DESeq2 for

each contrast and expression (logfold2change) level for each gene.

Results
Physiological disorder changes the expression of a large number of genes

On average 17.73 M reads per sample were mapped onto the E. grandis genome. A
Principal Component Analysis (PCA) with the normalized count matrix data, clustered the samples
according to the genotypes. Clone C3, with intermediate resistance to PDE, had more dissimilar
gene expression pattern as it clustered far from the other clones (Figure S2). The models used for
the differentially expressed genes (DEGs) analyses obtained good convergence (Figure S3).

The highest number of DEGs was found at the season and sites with occurrence of the
disorder (Figure 3). Sites BA2 and BA 1, with high incidence of PDE, had a large number of DEGs
in Season 1 (2,2722 and 2,446 DEGs), when susceptible clones had high incidence of PDE
symptoms. On the other hand, in Season 2, when clones were recovering from the disorder, the
number of DEG was lower (1,772 and 1,377 DEGs). The number of DEGs in SP, where there is
no incidence of the disorder, was similar in the two collection seasons (Figure 3A). In general,
during the stress period, the clones showed higher numbers of upregulated DEGs, while in the
recovery period the number of downregulated DEGs was higher in BA.

Shared DEGs among sites were found for each season (Figure 3B). It was verified the
existence of exclusive genes for each location, as well as the existence of genes that were exclusive
for BA1 and BA2, places where the PDE occurs. The intersection between BA1 and BA2 points

to a decrease of 107 DEGS from the disorder incidence period to the recovery period.
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Figure 3. Number of DEGs in each contrast and shared among them. A. Number of down and
upregulated genes in susceptible clones in each contrast. B. Venn diagram showing the number of

shared genes among sites in each season.
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Gene ontology enrichment among differentially expressed genes

Only the Gene Ontology (GO) terms of Molecular Function and Biological Process were
enriched among the DEGs from the different contrasts (Figure 4). In terms of Molecular Function,
a significant catalytic activity was observed in the two sites where Eucalyptus is affected by PDE.
Enrichment of catalytic activity term (GO:0003824) was present in genes activated in both
susceptible (upregulated) and resistant (downregulated) clones. Exopeptidase-related term
(GO:0008238) was also enriched among genes upregulated in susceptible genotypes in BA1-S1,
as well as in both sites with PDE during the recovery season (S2). Terms related to terpene synthase
activity (GO:0010333 and its “child” terms) were upregulated in resistant clones during both
seasons of sites with PDE.

Terms related to the Biological Process indicate that resistant clones and susceptible
clones have different signaling activity regardless of the location where PDE occurs. For example,
terms such as signaling (G0O:0023052), phosphorylation (GO:0016310), protein phosphorylation
(GO:0006468), signal transduction (GO:0007165) were enriched among both up and
downregulated genes (i.e. activated in susceptible or resistant clones). GO terms also show that
resistant clones seem to activate their reproductive potential. Reproductive process (G0:0022414),
pollination (GO:0009856), recognition of pollen (GO:0048544), reproduction (GO:0000003) were
some of the terms enriched among genes upregulated in resistant clones in almost all environments,
except in BA2-S1. During the disorder, susceptible clones presented GO terms related to increased
cellulose and cell wall production (GO:0044036 and GO:0016998). Enrichment was also observed
for two terms related to chromosome condensation, chromosome condensation (GO:0030261) and

mitotic chromosome condensation (GO:0007076), in susceptible clones during the disorder period.
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Figure 4. GO terms related to molecular function and biological process significantly enriched (FDR < 0.05) among up and

downregulated genes between susceptible vs. resistant Eucalyptus clones in different sites and seasons.
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Metabolic changes in susceptible vs. resistant clones

Many metabolic pathways were differentially regulated in susceptible vs. resistant clones
in the different sites and seasons, with and without PDE. Some of these metabolic pathway changes
seen to be due to constitutive genetic differences in resistant vs. susceptible clones. For example,
sucrose degradation pathway, fermentation, terpenoid production, phenylpropanoid production,
receptor kinases were activated in all environments and periods, regardless of the occurrence or
not of the disorder. However, the expression of the genes in these pathways varied in susceptible
vs. resistant clones with season and site of sampling.

Genes related to signaling proteins (kinases), protein degradation and modification, as
well as transcription factors were more differentially regulated during the period and in sites where
the plants were under stress (Figure 5). Plant hormones genes which act as stress signaling genes
were also upregulated during the disorder. Jasmonate, IAA, ABA and salicylic acid were examples
of hormones with altered gene expression between susceptible and resistant clones in different
environments and collections. Many glutaredoxin-related genes were highly activated at sites

where PDE occurs, mainly in disorder-susceptible genotypes (Figure 5).
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Phenotype - Susceptible vs Resistant

Figure 5. MapMan overview of regulatory pathways depicting differentially expressed genes between susceptible vs. resistant Eucalyptus
clones within each ambientes (SP, BA1, BA2) during the seasons 1 and 2. Analyses and figure were generated in the MapMan software.

Red squares depict upregulated genes and blue square downregulated genes in susceptible clones.
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Susceptible versus resistant clones had many metabolic differences as observed by the
large number of DEG in many pathways (Figure 6). For example, genes related to photorespiration
tetrapyrrole synthesis showed higher expression in season S1. A chlorophylase II gene was
upregulated in BA2 but downregulated in BA1. Another regulated pathway was the respiration
tricarboxylic acid cycle (TCA), with susceptible clones having alpha carbonic anhydrase 7 gene
expression activated during the disorder season. Aconitate hydratase genes, also from the TCA
pathway, were upregulated in susceptible clones in sites and seasons BA1-S1, BA1-S2 and BA2-
S2.

Some genes related to macromolecule synthesis were activated only in clones present in
sites with a history of PDE (Figure 6). Genes related to phospholipid synthesis stand out, being
differentially expressed between susceptible and resistant clones only in BA1 and BA2. Other
important activated pathways were the cell wall-related pathways. Synthesis, signaling and cell
wall modification pathways had DEG. Cell wall signaling genes were found to be downregulated
at BA2-S1, such as some LRR (leucin rich repeat) and FLA7 (fascilin-like arabinogalactan 7). A
cell wall modification pathway was activated in the first sampling season in both sites with PDE
and in the second season only in BA2. Expansin and xyloglucan transglycosylase were genes
differentially expressed in these pathways. However, in BA1-S1, genes of cell wall modification
pathway were upregulated, while in BA2-S1 there were up and downregulated genes, and in BA2-
S2 there were only downregulated genes. Cell wall pectin esterase family had genes with
differential expression only in the two sites with PDE, and it was only expressed in the period of

occurrence of the PDE.
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BA1, BA2) during the seasons 1 and 2 (during and after PDE symptoms). Analyses and figure were generated in the MapMan software.

Red squares depict upregulated genes and blue square downregulated genes in susceptible clones.
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A metabolic pathway related to fermentation was altered in different sites. Acetaldehyde
dehydrogenase and pyruvate descarboxylase genes, of the fermentation pathway, were more
differentially expressed in sites BA1 and BA2 during season 1 (Figure 6). In the glycolysis
pathway, pyruvate descarboxylase genes were more expressed in resistant clones in BA2-S1
(Figure 7). However, when we evaluated these genes in BA1-S1, a site that started to recover in
season 1, the pyruvate descarboxylase genes were more expressed in susceptible clones. Moreover,
when we evaluated the glycolysis pathway in the second (recovery) season of site BA2, susceptible
genotypes induced pyruvate descarboxylase genes. Comparing the seasons in susceptible
genotypes, there was a higher expression of L-lactate dehydrogenase genes related to lactate
production during the disorder (Season 1) (Figure S4). On the other hand, resistant clones seem to
activate the ethanol production, through a pyruvate descarboxylase gene, during the season S1 with

PDE compared to the recovery season S2 (Figure S4).
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Figure 7. Glycolysis or fermentation pathway with differentially expressed genes in susceptible vs.
resistant clones within each site (SP, BA1l, BA2) and seasons 1 and 2 (during and after PDE
symptoms). Analyses and figure were generated in the MapMan software. Red squares depict

upregulated genes and blue square downregulated genes in susceptible clones.

An important result that agreed with the GO enriched categories was the differential expression of
genes in secondary metabolism (Figure 8). In general, some pathways had increased expression in
both susceptible and resistant clones, such as phenylpropanoids, lignin and lignans. Genes related

to the production of terpenoids, and alkaloids were more expressed in the resistant clones during
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the first season in sites with PDE. In contrast, simple phenols genes were activated in susceptible
genotypes during the first season. Several heat shock proteins (HSP) were activated in both
susceptible and resistant clones. Comparison between susceptible and resistant clones in different

locations showed the influence of the disorder in HSP.

Differential gene expression between full sibling clones and seasons

Contrasts between full sibling clones C5 vs. C2 showed the activation of pathways like
those observed in the comparison of susceptible vs. resistant clones. However, more DEGs were
observed in these pathways when using the contrast C5 vs. C2 at the individual sites (Figure S5).
For example, cell walls related pathways in BA2-S1 have large amount of DEGs when we compare
only the comparison between phenotypes. TCA and carbonic anhydrases also were highligthed

with more genes expressed in clones’ comparison.

Gene expression and resistance level

When we analyzed specific genes, we were able to find candidates associated with the
level of resistance of the clones. A gene of tocopherol pathway, PDS-1 (Eucgr.A02023), related to
the production of p-hydroxyphenylpyruvate dioxygenase (HPPDase), was significantly more
expressed in resistant genotypes in all seasons. In addition, its expression level was correlated with
the degree of tolerance of the clones to PDE (Figure 9). Similar pattern was observed in other
genes, such as ascorbate peroxidase 3 (Eucgr.E00522) and glutathione-S-transferase 6
(Eucgr.HO1166), which were more expressed in resistant clones. Many genes related to gamma-
irradiation and mitomycin ¢ induced (GMI1) were more expressed in susceptible clones (Figure

S6). These genes are candidates of molecular markers of the resistance/susceptibility to PDE.
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Figure 8. Secondary metabolism pathway showing differentially expressed genes between susceptible vs. resistant clones within each

ambientes (SP, BA1, BA2) during the seasons 1 and 2 (during and after PDE symptoms). Analyses and figure were generated in the

MapMan software. Red squares depict upregulated genes and blue squares downregulated genes in susceptible clones.
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Figure 9. PDS-1 gene (Eucgr.A02023) expression difference among Susceptible and Resistant

clones. Counts were normalized using the rlog normalization method.

Discussion

Physiological Disorder of Eucalyptus (PDE) is a complex stress. The possibility of the
causal agent being a singular environmental variable, interaction of several abiotic factors or even
biotic factors cannot be ruled out when we analyze the results obtained in this study. From the
comparison of the metabolism of susceptible and resistant clones to PDE, many genes and
metabolic pathways were activated, making it difficult to pinpoint any cause. Understanding the
metabolic regulation of plants to each type of stress is a challenge (Da Ros et al. 2023). It is known
that many signaling pathways and hormones are commonly regulated in plants under various types
of stress (Da Ros et al. 2023, Medina et al. 2019). For example, hormone molecules that signal
stress were altered in Eucalyptus clones subjected to water stress (Teshome et al. 2023). Under
stress caused by PDE hormone as ABA, ethylene, and jasmonates were expressed. The higher
number of DEGs in BA1-S1 and BA2-S1 (Figure 3) and the increase of DEG involved in signal
transduction pathway may be related to a plant defense response to the PDE causal agent.

In this study, genes involved in plant adaptation to stressful conditions were differentially
regulated. The activation of reproduction pathways that occurred in resistant clones, as well as the

expression of thioredoxin gene family responsible for maintaining cellular redox homeostasis are
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examples of a possible adaptive response (Meyer et al. 2008, Nuruzzaman et al. 2012). Thioredoxin
is known to be involved in the response to different types of stress, adaptability and development
in plants. Exopeptidase activity during plant recovery may also be related to an adaptation of clones
to PDE conditions. Exopeptidases have proteolytic action, hydrolyzing proteins into amino acid
residues (Miazek et al. 2008). Control of proteolysis is studied as one of the post-transcriptional
factors in plant gene regulation under stress and functions in plant immunity (Godson et al. 2021,
Miazek et al. 2008). Proteins degraded or inactivated by stress can be fragmented, recycled for the
synthesis of new secondary metabolites or as energy sources for stress adaptation.

In this study, secondary metabolites were more activated in resistant clones under stress
conditions, when compared to susceptible clones. Phenolic compounds are examples of secondary
metabolites considered in many plants as protective agents against stress caused by pathogens and
ultraviolet radiation (Dai et al. 2010, Loreto et al. 2010). Furthermore, the accumulation of toxic
molecules like ROS, due to stress, can be toxic for plants. Proteases help eliminate these molecules,
preventing damage to plant tissues (Godson et al. 2021). In this study, serine carboxypeptidase-
like protease (SCLP) genes were expressed at sites with PDE. It is known that SCLP genes are
involved in oxidative stress tolerance, indicating that the gene may be involved in the regulation of
defense responses against oxidative stress and pathogen infection (Xu et al. 2021).

Genes related to energy machinery, such as those involved in the citric acid cycle, are
important regulators identified in plants under stress. The aconitate gene were differentially
expressed in sites under stress. The products of these genes are found in the mitochondria and can
act in several metabolic pathways that generate ATP and developmental processes, such as
programmed cell death, oxidative stress, and hypersensitive response (Kesawat et al. 2022). Also
related to energy sources, chlorophyllases were regulated in the study. These enzymes catalyze the
degradation of chlorophyll into various products and can be stimulated by ethylene under flooding
conditions (Panda et al. 2021). Chlorophyllases play an important role during leaf senescence,
which may explain why this gene expression is higher in periods when PDE occurs. It is known
that the reduction in chlorophyll production can be an indicator of stress due to excess light. Excess
light can lead to the production of ROS (Panda et al. 2021). Thus, in our results, the resistant clones
showed higher expressions of the tetrapyrole pathway during incidence of the disorder, which
indicates a possible regulation of the amount of chlorophyll to avoid damage due to high light

incidence.
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ROS can be considered molecules that lead to programmed cell death (PCD) in plants
(Demidchik 2015). One of the characteristics of plants that induce programmed cell death is
mitochondrial condensation, disruption of organelles and chromatin condensation (Latrasse et al.
2016, Rybaczek et al. 2015, Diaz-Tielas et al. 2012). GO terms associated with chromosomal
condensation at A3-S1 may be related to these events. Many gamma-irradiation and mitomycin ¢
induced genes with double strand break repair protein function (Béhmdorfer et al. 2011) were
upregulated in the susceptible clones, indicating DNA strands breakage and activation of the DNA
repair mechanisms, which are characteristic of PCD (Latrasse et al. 2016).

Activation of the fermentation pathway in sites with PDE might be a result of the heavy
rains present in these locations. However, the fermentation pathway can be activated in aerobically
conditions activating the production of known anaerobic proteins. Enzymes like alcohol
dehydrogenase and pyruvate decarboxylase act as a pyruvate regulator and associated with plant
growth in aerobic condition (Panda et al. 2021, Ventura et al. 2020, Zabalza et al. 2009). Under
oxygen limitation, free radicals are transformed into ROS when it becomes available again. It is
known that the PDE occurs in places with large variations in rainy and dry periods, which cannot
be ruled out as an aggravating factor for the disorder. Another point to highlight is the degree of
toxicity between alcohol and lactate. At cellular pH, alcohol is less aggressive compared to lactate,
since it does not alter cellular pH (Miro et al. 2013). In this study, when comparing the metabolism
of Eucalyptus between seasons, it was observed that susceptible genotypes in BA2 (Figure S3)
express more L-lactate dehydrogenase in the first season (during the disorder). On the other hand,
resistant clones activated the pyruvate decarboxylase. Some studies show that activation of the
lactate pathway may be the beginning of alcoholic fermentation. A switch from lactate production
to lower toxicity ethanol is performed to tolerate anoxic conditions in more flooding resistant plants
(Bailey-Serres et al. 2008).

Incidence of PDE is higher in regions with high temperature and high air humidity (e.g.
BA1 and BA2). Both factors are known to be involved in reduction of evapotranspiration in plants
(Chia et al. 2022). Also These two factors are known to induce production of ROS and heat shock
proteins (Georgii et al. 2017). Acetaldehyde dehydrogenase (ALDH), in addition to being the key
enzyme in the anaerobiosis process, is transformed into acetate as part of the TCA cycle when
reoxygenation occurs (Bailey-Serres et al. 2008). ALDH, in addition to abiotic stress tolerance,

acts in male sterility restoration, embryo development and seed viability and maturation (Kotchoni
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et al. 2010). Additionally, ALDHs act as “aldehyde scavenger” during lipid peroxidation to
mitigate oxidative/electrophilic stress caused by ROS (Singh et al. 2013).

Phenylpropanoids can be related to lignin production (Naoumkina et al. 2010), and cell
wall modifying genes were highly expressed in clones under PDE conditions. It is known that
production of aerenchyma is an important characteristic of hypoxia-resistant plants (Medina et al.
2019). The assembly of aerenchyma requires cell wall modification. However, alterations in the
expression of genes related to the cell wall under conditions of high and low temperatures and CO»
availability have already been reported (Feltrim et al. 2022, Le Gall et al. 2015). Therefore, the
gene expression changes in cell wall observed in our study may be a response to climate changes.
Genes related to heat stress (heat shock proteins) were also activated in plant metabolism under
PDE conditions. It is known that the regions where the disorder occurs have high average annual
temperatures. Therefore, heat stress may be an aggravating factor for the occurrence of the disorder.

Observation of the metabolic pathways and genes differentially expressed in Eucalyptus
plants during and after the incidence of PDE is important for understanding the disorder.
Knowledge of the metabolic changes of plants under different stresses and comparison with the
pathways activated in Eucalyptus clones that suffer from the physiological disorder can help shed
light on the causes of this stress. Our study indicates that the physiological disorder causes
widespread metabolic changes in several pathways of Eucalyptus. Clones affected by the PDE
showed changes in glycolysis, cell wall, secondary metabolites and stress signaling pathways when
compared to the resistant clones during and after the incidence of the disorder in different sites.
Genes related to antioxidants were found to be more expressed in resistant clones. This study
provides information that can illuminate the molecular mechanisms involved in PDE resistance

and create new hypotheses for the PDE cause.
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Figure S3. Models fitting analyses using the designs ~phenotype season + site +

phenotype_season:site and ~clone_season + site + clone_season:site.
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Figure S4. Comparison between seasons for resistant and susceptible clones. Analyses and figure

generated in the MapMan software. Red squares are related to upregulated genes and blue square

are related to downregulated genes.
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Figure S5. Metabolism overview showing differentially expressed genes between clone C5 vs. clone C2 within each site (SP, BA1, BA2)
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blue square are related to downregulated genes.
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