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ABSTRACT

The environment is a powerful selective pressure for sessile organisms, such as plants,
and adaptation to the environment is particularly important for long-lived species, like
trees. Despite the importance of adaptive trait variation to the survival and success of
trees, the molecular basis of adaptation is still poorly understood. Gene expression
patterns in three closely related, but phenotypically and ecologically divergent, pine
species were analyzed to detect differentiation that may be associated with their ad-
aptation to distinct environments. Total RNA of Pinus mugo, P. uncinata and P. syl-
vestris samples grown under common garden conditions was used for de novo tran-
scriptome assembly, providing a new reference dataset that includes species from the
taxonomically challenging Pinus mugo complex. Gene expression profiles were found
to be very similar with only 121 genes significantly diverged in any of the pairwise
species comparisons. Functional annotation of these genes revealed major categories
of distinctly expressed transcripts including: wood trait properties, oxidative stress
response, and response to abiotic factors such as salinity, drought and temperature.
We discuss putative associations between gene expression profiles and adaptation to
different environments, for example: upregulation of genes involved in lignin biosyn-
thesis in the species which have adapted to mountainous regions characterized by
strong winds and thick snow cover. Our study provides valid candidates for verifica-

tion of the importance of the gene expression role, in addition to evidence for selec-
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tion within genomic regions, in the process of ecological divergence and adaptation to

higher altitudes in pine taxa.

GRAPHICAL ABSTRACT

The expression profiles of annotated (in color) and not (in gray) gene models that dis-
criminate three European pine taxa. The upper (A) panel shows markers significantly
up-regulated in tests comparing two mountain pines (Pinus mugo and P. uncinata)

with their close relative, Scots pine (P. sylvestris); the lower (B) panel presents mark-

ers with differential expression between the two mountain pines.
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1 INTRODUCTION

Plant growth, fitness and survival is highly dependent on their surrounding environ-
ment. This reliance is highly pronounced in perennials such as temperate forest trees,
as they need to cope with changing seasons and extreme events. Although these spe-
cies are often characterized by wind pollination and high outcrossing rates, resulting
in generally low neutral among-population variation and weak population structure at
large geographical areas (Petit & Hampe, 2006), their quantitative traits usually ex-
press strong geographical and environmental patterns of differentiation (Aitken et al.,
2008). Such intra- and interspecific variation has been quantitatively assessed for
many traits related to temperature, photoperiod or water availability in numerous
common garden and provenance trial experiments (Lascoux et al., 2016). This herita-
ble differentiation is linked to the species adaptations resulting from natural selection
driven by local environmental demands. At the genome level, over relatively short
timescales, without time for new mutations to arise, adaptations of trees are based on
the standing genetic variation of populations, operating mostly through changes in
allele frequency spectra (Neale et al., 2017). However, genetic variation, even from
extensive genome-wide studies, rarely seems sufficient to explain observed pheno-
typic diversity or species adaptations to different habitat gradients (Kremer, 2011,
Plomion et al., 2016). Despite growing examples of nucleotide polymorphisms under

selection in genomic regions of forest trees, less is known about variation in gene ex-
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pression patterns that may play important role in development of plant adaptation.
Studies of closely related but phenotypically and ecologically diverse species may be

particularly useful to shed light on the evolution of such traits.

The three hard pines investigated here - Pinus mugo Turra, P. uncinata Ramond and
P. sylvestris L. - are morphologically diverged and adapted to different habitats, en-
forced by disjunction of their geographical ranges and isolation during the Pleistocene
glaciation (Christensen, 1987). Pinus mugo, the dwarf mountain pine, and P. uncina-
ta, the Pyrenean pine, are sister taxa related to subalpine habitats of European moun-
tains. The dwarf pine is represented by individuals of shrubby habit (multiple trunks,
up to a few meters high), which inhabit central and eastern massifs — Alps, Sudetes,
Carpathians and Balkan mountain chains (Hamernik & Musil, 2007). Pyrenean pine is
a typical coniferous tree (grows straight and may reach up to 25 m), that occurs from
the Alps westward — in the Massif Central, Jura and VVosges, Pyrenees, and a few re-
mote populations inside Iberian Peninsula (Jalas & Suominen, 1973). Although they
are distinguished by a number of other, more subtle traits, e.g., phenology, cone size
and shape, needle characteristics, composition of volatiles and allozymes (please, see
Table S1; Adams & Tashev, 2019; Boratynska & Boratynski, 2007; Boratynska et al.,
2015; Lewandowski et al., 2000; Monteleone et al., 2006; Wachowiak et al., 2018),
they are often aggregated under the P. mugo complex together with a few less defined

groups (Christensen, 1987; Hamernik & Musil, 2007). For simplicity reasons, and
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following Businsky & Kirschner (2010), we call them here separate species. The two
taxa are closely related to Scots pine (P. sylvestris), that is mostly monocormic and
upright tree, up to 45 m high. Range of this pine spreads from the Mediterranean cli-
mate on Iberian Peninsula, through vast areas of Europe and Asia, up to the cold tem-
perate conditions of the Siberian taiga, covering broad diversity of mainly lowland
habitats. As a result of its large distribution, the species demonstrates high phenotypic
differentiation with dozens of ecotypes described (www.theplantlist.org). Pines from
the P. mugo complex and P. sylvestris diverged about 5 million years BP (Wachowiak
et al., 2011, Labiszak & Wachowiak, 2021). However, they are genetically similar
and previous studies showed little differentiation between the taxa at karyotype
(Bogunic et al., 2011), mitochondrial and plastid genomes (Dzialuk et al., 2017,
Heuertz et al., 2010; Sokolowska et al., 2020; Zaborowska et al., 2019), nuclear loci
(Monteleone et al., 2006; Wachowiak et al., 2013; Zaborowska et al., 2021), and can-
didate genes that showed low (<0.1%) net genetic divergence between the taxa
(Wachowiak et al., 2013). So far, only singular species diagnostic markers have been
found at mitochondrial, plastid and nuclear regions (Kormutak et al., 2005; Wachow-
iak et al., 2000; Zaborowska et al., 2019; Zukowska & Wachowiak, 2017). This close
genetic similarity between the species is usually explained by relatively recent specia-
tion in presence of gene flow (Christensen, 1987; Jasinska et al., 2010; Monteleone et
al., 2006) and segregation of ancestral variation (Wachowiak et al., 2011; Wachowiak

et al., 2013). Comparative transcriptome analysis of these pines (Wachowiak et al.,
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2015) and revealed thousands of polymorphic markers that were used for develop-
ment of SNPs genotyping array (Perry et al., 2021) which has since been used to iden-
tify loci significantly associated with key adaptive traits, including growth and phe-
nology (Perry et al., 2022). Genomic studies support the phylogenetically close rela-
tionship between two mountain pine taxa as compared to Scots pine and reveal some
candidate regions under selection during the species evolution (Zaborowska et al.,

2021).

In the presented work we focused on the information hidden in the expression profiles
of these pines to look at the genes and metabolic pathways that could influence their
distinct phenotype and ecology. As the study builds on samples from a common gar-
den experiment, it helped us exclude the impact of population-specific environmental
determinants on gene transcription profiles of the samples. We were primarily inter-
ested in the relationships of the two mountain species (P. mugo and P. uncinata), as
these share longer period of common history and higher proportion of common varia-
tion at the nucleotide sequence level but are highly phenotypically distinct. The Scots
pine was included to provide a reference, and to evaluate the extent to which the vari-
ation in expression profiles reflects the phylogenetic relationships between the taxa.
We looked specifically for transcriptome outliers potentially related to adverse envi-
ronmental factors known to operate on higher altitudes, such as reduced atmospheric

pressure, photo-oxidative stress, or more demanding substrates.
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2 MATERIALS AND METHODS

2.1 Materials

Genetic material was obtained from needles of 11 two year-old seedlings of three pine
species (P. mugo — 4 samples, M; P. uncinata — 3 samples, UN; P. sylvestris L. — 4
samples, PS) grown in a glasshouse facility of the UK Centre of Ecology and Hy-
drology in Edinburgh. The seedlings were derived from open-pollinated seeds col-
lected in natural populations in Europe (Fig. 1, Table 1; for details, see Wachowiak et
al., 2018). Raw paired-end Illumina reads from teams’ previous RNA-sequencing
attempts were used, data is deposited in the European Nucleotide Archive under ac-
cession number PRIEB6877 (for precise sample identifiers, please see Table 1). De-
tails regarding RNA isolation, library preparation and sequencing are specified in

Wachowiak et al. (2015).

2.2 Transcriptome assembly and expression analysis

The raw reads of all 11 samples were quality checked in FASTQC v0.11.9
(www.github.com/s-andrews/FastQC) and used for de novo transcriptome construc-
tion by TRINITY v2.11.0 (Haas et al., 2013). The paired-end assembly procedure
adapted default parameter values, except it was run with simultaneous cleaning and
trimming of reads provided by TRIMMOMATIC v0.39 (Bolger et al., 2014) and con-

tigs below 200 bp were rejected. Afterwards reads were verified with FASTQC again.
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The resulting transcriptome, hereafter MUS assembly, was adopted as the reference in
all subsequent examination. Sample PS2, used in earlier studies for Scots pine refer-
ence transcript construction and sequenced at much higher coverage than the remain-

ing samples (Wachowiak et al., 2015), was excluded from further analyses.

For the quality assessment of the resulting MUS assembly, basic statistics from
TRINITY run were investigated, and the transcripts were compared to the known
‘core’ gene sequences present in plants as deposited in the BUSCO v5.0.0 database
(Manni et al., 2021), both, the viridiplante_odb10 and embryophyta_odb10 clusters

were used.

Analyses of expression profiles were run at isoform and gene levels, using the raw
MUS assembly transcripts and the quality-filtered reads. Three methods were exploit-
ed for read count estimations. First, two fast pseudo-aligner software, KALLISTO
v0.46.2 (Bray et al., 2016) and SALMON v1.4.0 (Patro et al., 2017), were used
adapting suggestions from TRINITY abundance estimation protocol
(www.github.com/trinityrnaseg/trinityrnaseq/wiki). Default settings were run in
SALMON, whereas KALLISTO was executed with additional 100 bootstrap samples.
The third approach included the classical alignment-based method implemented in
RSEM, it was run with scripts from the DETONATE v1.11 package (Li et al., 2014).
The required read mapping was performed simultaneously using BOWTIE2 v2.3.4.3

(Langmead & Salzberg, 2012), default program options were used except the value of
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the parameter ‘—k’ changed from 200 to 100 and the addition of ‘—phred33-quals’ for
proper read quality scoring. The expression estimations were normalized to FPKMs
(fragments per kilobase transcript length per million fragments mapped), TPMs (tran-
scripts per million), and to cross-sample normalized TMMs (trimmed M-means). The
general ExN5O0 statistics were recorded. They are calculated like the standard N50 (or
more broadly Nx, which indicate the length of contig for which the collection of all
contigs of equal or longer length produces 50% of the total bases in the transcrip-
tome), however these are limited to the x% of the total normalized expression data -
the most highly expressed transcripts. They are therefore recommended as more relia-
ble indicators of transcriptome quality as they consider the read support
(www.github.com/trinityrnaseg/trinityrnaseq/wiki). Transcripts that did not pass fur-

ther expression filtering (FPKM > 0.5 for average across samples) were discarded.

2.4 Differential expression of gene models

Differential expression analysis was conducted using two BIOCONDUCTOR (Gen-
tleman et al., 2004) packages based on the negative binomial distribution model -
EDGER v3.32.0 (Robinson et al., 2010) and DESEQ. 2 v1.30.0 (Love et al., 2014).
The expression estimates were compared between the species at the gene level, and
each individual sample was treated as biological replicate. We tested patterns of
change in expression among four pairs of taxa: P. mugo vs P. uncinata (hereafter M

vs UN), P. mugo vs P. sylvestris (M vs PS), P. uncinata vs P. sylvestris (UN vs PS)
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and P. mugo and P. uncinata (as sister, high-altitude taxa) that were jointly opposed
to P. sylvestris (M-UN vs PS). Both packages are included in the TRINITY kit so
were run using scripts provided therein. Default parameter values were adopted, i.e.
minimum 4-fold change in gene expression and p-value cutoff for false discovery rate
(FDR) set at 0.001 were thresholds for significant result. Outputs from different soft-
ware were compared and only intersection of the sets was considered to contain dif-
ferentially expressed sequences. For M-UN vs PS analyses we distinguished two sets
of results further described as ‘broad’ and ‘narrow’. These corresponded to direct
outcome from M-UN vs PS test (‘board’), and its subset significant in 3 tests - con-
firmed by M vs PS and UN vs PS comparisons (‘narrow”). Overlaps between marker
sets were identified and depicted with Venn diagrams produced with the VENNDI-

AGRAM v1.6.20 package (Chen & Boutros, 2011).

2.5 Functional annotation of transcriptome

For recognition of the gene specific functions, we chose the ENTAP v0.10.8-beta
program (Hart et al., 2020) designed for improved accuracy and speed in non-model
organisms. Particular steps of transcriptome annotation were run with the following
software, data and specific parameters: 1) Expression analysis and filtering step were
omitted, previous RSEM results were taken and only isoforms of genes passing the
FPKM > 0.5 cutoff were utilized; 2) Identification of protein coding regions was

conducted with TRANSDECODER v5.5.0

This article is protected by copyright. All rights reserved.



(www.github.com/TransDecoder/TransDecoder/wiki) using the following arguments:
‘runP=true’, ‘transdecoder-m=100’, ‘complete=false’ and ‘transdecod-
er-no-refine-starts=false’; 3) For similarity search and identification of contaminants
we used DIAMOND v2.0.11 (Buchfink et al., 2015), two UniProt KB databases -
manually annotated Swiss-Prot and computationally analyzed TrEMBL (release
2021_03 of 02-Jun-2021; The UniProt Consortium, 2021), and the collection of plant
proteins stored in NCBI RefSeq database (release207 of 12-Jul-2021; O'Leary et al.,
2016). Thresholds of 50 bp for minimum query and target coverages along with
e-value cutoff of 10 for hits were set. The Pinidae lineage (NCBI txid3313) was
preferred to be the reported hit (‘taxon=pinidae’), also two lists of keywords were
used for filtration of extraneous or uncertain subjects (including ‘con-
tam=bacteria,opisthokonta’ and ‘uninforma-
tive=conserved,predicted,unknown,unnamed,hypothetical, putative,unidentified,uncha
racterized,uncultured,uninformative’); 4) Sequence functional analysis, the assign-
ments of protein domains and gene ontology (GO) terms were performed with the
EGGNOG-MAPPER v2.1.5 and eggNOG database version v5.0 (Cantalapiedra et al.,
2021; Huerta-Cepas et al., 2019). Single isoform was chosen to represent predicted
gene and the longest contig was chosen if there was more than one annotated. In case
of the differentially expressed markers, we took the most reliably annotated sequence
that was most often the longest one. Additionally, the GO term enrichment analysis

was performed on the terms assigned to the differentially expressed markers. The

This article is protected by copyright. All rights reserved.



script run_GOseq.pl from TRINITY package was employed for that purpose and re-
sults were further reduced and visualized by REVIGO (accessed 18 May 2022; Supek

etal., 2011).

3 RESULTS

3.1 Characteristic and quality assessment of de novo transcriptome assembly

Out of 259,291,524 input read pairs that passed quality filtering and were trimmed
(Table S2), we built the new transcriptome MUS assembly. In total, 371,779 unique
contigs for 241,804 putative gene models were generated, summing up to about 266.5
Mb total length and 42.17% of GC nucleotide pairs (Table S3). The newly generated
transcriptome was characterized by a mean contig length of 716.77 bp. The N50 value
based on all transcripts was 1290 bp, while N50 based on the longest isoforms per
gene model was 674 bp, indicating that first value might be exaggerated due to gener-
ation of surplus isoforms during assembly, especially in longer transcripts. The new
MUS assembly (submitted to the Dryad database under accession number XXX),
which was compared to the expected plant genes of two BUSCO collections, repre-
sented nearly complete sets of those sequences. In case of the 425 ‘core’ genes of Vi-
ridiplante only 0.1% were missing, while of the complete sequences 37.6% were sin-
gle-copy and 61.6% were duplicated BUSCOs. Representation of Embryophyta genes

was slightly lower - 4.2% of 1614 were missing, however there were fewer duplicated
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sequences among complete BUSCOs — 39.2% compared to 54.7% single-copy repre-
sentations. The observed significant proportion of duplicated sequences is expected in

non-filtered and non-clustered transcriptomes (Madritsch et al., 2021).

The analysis of isoform expression performed using three methods yielded quite con-
sistent results. According to RSEM read abundance estimates, the MUS assembly
ES50N50 (N50 for the top 50% of genes with the highest expression), calculated here
on 1,939 gene models, was 1,577 bp, while E9QON50, measured on 17,830 gene mod-
els, was 2,173 bp. Three outputs of the transcript expression estimation methods
showed similar EXN50 maximum, however those peaks were reached at slightly dif-
ferent Ex values (Fig. S1). 56,077 gene models met the minimal mRNA volume crite-
ria for further analyses. For details on the success of mapping reads to the reference
MUS assembly that was performed to enable RSEM estimations (alignment-based

method), please see Table S2.

3.2 Functional annotation of the transcriptome

After filtering to remove markers with low expression, the number of isoforms
dropped from 371,779 to 159,919 (Table S3). In about half of these sequences -
73,339 isoforms (23,815 gene models) an open reading frame (ORF) could be pre-
dicted (Table S4). They represented mainly complete genes (44,874 isoforms), but

partial sequences were recognized too (5’-fragments: 11,112, 3°-fragments: 7,979,
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internal sequences: 9,374). All the isoforms with at least partial ORF detected were
subjected to similarity searches through local alignments to three protein databases.
Of the 77,339 isoforms checked, 41,300 were successfully aligned to plant reference
sequences in RefSeq, 32,664 to Swiss-Prot records, and 40,825 to sequences deposit-
ed in TrEMBL. In total 59,369 contigs, corresponding to 19,731 gene models, had at
minimum one significant hit in any of the collections (Table S5). Depending on the
database screened (and its specificity), diverse plants dominated the significant best
hits: RefSeq — Amborella trichopoda (13.6%), Swiss-Prot — Arabidopsis thaliana
(61.3%), TFEMBL — Picea sitchensis (32.3%); the last species was also the top one in
global consideration (29.3%). Discarded contaminant sequences, including those from
two most commonly found taxa - Orchasella cincta and Photinus pyralis (107 and 46
hits, respectively) - summed up to 1.4% of all significant alignments (details in Table
S6). In the BUSCO analysis performed at this stage - on the set of gene models with
detected ORFs but free of contaminants - 96.5% of the Viridiplantae and 89.4% of
Embryophyta near universal single-copy orthologues were covered (Fig. 2; the long-
est contig per gene model was included). About one quarter (25.9%) of the aligned
sequences were further rejected if their DIAMOND tags were uninformative (e.g.,
‘predicted’, ‘hypothetical’). Considering only queries with informative,
non-contaminant best-hit alignments, total number of 43,573 isoforms, corresponding
to 15,084 coding gene models (hereafter named genes), was left for final annotation

steps in EGGNOG.
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For 14,666 genes at least one isoform was successfully annotated, providing function
and/or structure information based on assigned GO term, PFAM or SMART domain
content, or other data from EGGNOG mapping. Screening PFAM collection resulted
in total of 27,523 recognized (3214 unique) domains in 14,022 sequences, while iden-
tification of compositionally biased structure with SMART was possible for 10,768
sequences in which 20,631 domains (607 unique) were found (Table S7). Together,
13,293 genes were annotated with at least one GO tag of all 803,761 recorded (con-
sidering terms of level 1 or higher, i.e. more specific). In that set 9,816 were unique,
inclusive of 6,163 in the Biological Process aspect, 2,662 Molecular Functions and
991 Cellular Components. Level 4 GO terms, that might be considered as general
function description, are listed in Fig. 3 (details in Table S8). In the category of Biolog-
ical Processes metabolic processes prevailed, particularly macromolecule biosynthesis
and modifications - protein modifications, phosphorylation and regulation of gene
expression. Amongst the most frequently annotated Molecular Functions we found
activities such as binding of nucleic acid, nucleotides or nucleosides, ion binding, also
hydrolase and kinase activities. Plastids and nucleus, and more generally cytoplasm,
intracellular membrane-bounded organelles and integral components of membrane,

were the most common Cellular Components.
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3.3 Differentially expressed genes and their ontology

Identification of distinguished patterns was simultaneously run on all gene models
that passed expression filtering; it was conducted in six combinations: two differential
expression analysis tools on results from three transcript estimation software. A gene
model was considered differentially expressed if it differed significantly in results of
all these combinations, in total 393 adequate markers were recorded from all taxa
pairs analyzed. There were 86 markers pointed in M-UN vs PS test: 68 up regulated in
first plus 18 in latter group; 90 in M vs UN: 56 + 34; 308 in M vs PS: 246 + 62; and
74 found in UN vs PS: 64 + 10 (Figs. 4 and 5). Nearly half of the gene models dis-
criminating both mountain pines from Scots pine were confirmed in the ‘narrow’
subset (Fig. 6). Open reading frames were found in 121 sequences (M-UN vs PS: 26;
M vs UN: 28, M vs PS: 90; UN vs PS: 26; Table 2 and Table S9), and none was indi-
cated as a contaminant, so this set of coding genes is further treated as the final group
of differentially expressed genes — DEGs. However, successful annotation with pre-
dicted function description or specific gene recognition was possible only for 74 of
them (12 in M-UN vs PS, 18 in M vs UN, 54 in M vs PS, and 13 in UN vs PS com-
parison; see Table 2 and Tables S10-S11 for detailed lists of genes, and Fig. 5 for
comparison of their expression levels). In total 135 PFAM and 78 SMART protein
domains were recognized (respectively: 85 and 24 unique) in this subset, and 6,433

GO terms were assigned: 3,882 (1,179 unique) in category of Biological Processes,
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1,127 (244 unique) Molecular Functions and 1,424 (206 unique) Cellular Compo-
nents. Terms representative for the clusters of functions enriched in comparisons of
both high-altitude taxa and Scots pine, and between the first two are given in Figs.
S2-S5 and Table S12. No terms were found to be depleted in any of the sets of GO
terms assigned to DE markers. Please, notice that GO-term enrichment is highly de-
pendent on the success of sequence annotation, so the outcome should be treated with

caution in case of non-model taxa.

In the group of proteins with larger production in two mountain pines compared to
Scots pine, we identified three different O-metylotransferases (COMT, CCoAOMT1
and unspecified one), oxidoreductese from 20G-FE(Il) oxygenase family, cis-zetain
O-glucosylotransferase, protein disulfide isomerase, elongation factor, cullin 1 and
photosystem 11 10kDa polypeptide. All of these were similarly up-regulated in com-
parison of dwarf mountain pine vs Scots pine, while in case of P. uncinata, the ex-
pression of the three last molecules did not differ from P. sylvestris levels. In the long
list of DEGs differentiating dwarf from Scots pine, besides the few mentioned above,
30 other could be characterized (Table S9 and S11). There was one more
O-metylotransferase, two additional peptides from 20G-Fe(ll) oxygenase family,
another component of photosystem Il and elongation factor. Some distinct functions
occurred too, among the more frequently represented were lipoxygenase activity

(three genes), ribulose bisphosphate carboxylase oxygenase activity (two genes), and
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3-beta hydroxysteroid dehydrogenase/ isomerase activity (two genes; for full list,
please see Table S11). In addition to the products of six mentioned DEGs discrimi-
nating both mountain pines and Pyrenean pine alone from Scots pine simultaneously,
there were six other proteins: a reverse transcriptase, ribosomal protein RPL23, RING
finger and CHF zinc finger domain-containing protein, heat-shock protein, 26S pro-

teasome non-ATPase regulatory subunit, and a stem-specific protein.

Regarding markers with enlarged expression in Scots pine, albeit there were some
genes concurrently and significantly up-regulated in all three tests involving this tax-
on, none was annotated. Two aldehyde dehydrogenase were found to have signifi-
cantly increased expression in Scots pine compared to both high-altitude taxa, but not
in tests on individual species — M vs PS or UN vs PS. Single transcript discriminating
M-UN vs PS was also found to differ between Scots pine and dwarf mountain pine, it
encodes an abietadienol/abietadienal oxidize. 14 more annotated DEGs distinguished
Scots pine from the shrubby species (Table S11); beside a few protein functions rep-
resented by solitary genes, we found two more common - transcription factor and al-
dehyde dehydrogenase, with five and two occurrences respectively. The tufA gene,
encoding an elongation factor, was the only defined DEG found to have higher ex-

pression in P. sylvestris compared to P. uncinata.

Amongst genes with satisfying annotation and variant expression between two focal

mountain plants, we found nine sequences up-regulated in dwarf pine and other nine
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with higher expression in Pyrenean pine. In the first group one function occurred
twice - both transcripts coded for alpha subunits of elongation factor 1 that act in ri-
bosomes during translation. Moreover, there were two agents engaged in terpenoid
synthesis: diphosphate synthase and terpene synthase, and singular representatives of
aldehyde dehydrogenases, peroxidases, fatty acid desaturases and plasma membrane
H*-ATPases, together with one receptor-like serine threonine-protein like kinase. The
very last function was also found among predicted activities of genes with increased
expression in Pyrenean pine. Except that one, there occurred two heat-shock proteins,
two cysteine-rich repeat secretory proteins and another cysteine-rich receptor-like
protein kinase, a 60S ribosomal protein L18, one stem-specific protein containing

DUF3700 domain, and, most probably, an aldose 1-epimerase.

Taking into consideration only the part of markers that distinguished individual spe-
cies — significant and exhibiting the same direction of adjustment in two species-wise
tests — we found five DEGs unique for dwarf and two for Pyrenean pine. In the for-
mer, genes coding for elongation factor, fatty acid desaturase and terpene synthase
were up-regulated, at the same time, two coding for aldose 1-epimerase and for cys-
teine-rich receptor-like protein kinase were down-regulated in P. mugo compared to
other two taxa. Pyrenean pine stood out with its higher expression of HSP90-1 and a

gene coding for some stem-specific protein.
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4 DISCUSSION

4.1 New reference transcriptome

We examined differentiation in the gene expression between two mountain species
from Pinus mugo complex and P. sylvestris to look at the genetic relationships be-
tween the taxa and to identify potential drivers of their ecological and phenotypic di-
vergence. The newly generated reference transcriptome sequence (MUS assembly)
builds on published transcriptome data (Wachowiak et al., 2015) but extends the
available reference by including the two mountain pines. In the new assembly, the
number of raw gene models reconstructed is considerably higher as compared to the
original P. sylvestris raw assembly and to single species studies in other pines (Duran
et al., 2019; Parchman et al., 2010; Pinosio et al., 2014). On the other hand, at 14,666,
the number successfully annotated protein coding genes is lower than previously re-
ported from P. sylvestris (19,659; Wachowiak et al., 2015) or from better studied rela-
tives like P. lambertiana (26,568; Gonzales-Ibeas et al., 2016) or Picea abies (28,354;
Nystedt et al., 2013), and the model species of Arabidopsis thaliana (about 27,500;
Cheng et al., 2016;
www.bioinformatics.psb.ugent.be/plaza/versions/plaza_v3_dicots). However, the
good representation of the BUSCOs indicates that our sequence collection is a fair
representation of the plants’ basal genes, and the number is higher than found in other

expression studies in pine seedling needles (Canas et al., 2017). Since the MUS as-
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sembly incorporates samples from other taxa, it covers new, previously unidentified
transcripts. Most of these represent species-specific isoforms of known genes, how-
ever several new genes were also detected, mostly expressed in P. uncinata or P. mu-
go but not in P. sylvestris. These were reported from ORF-containing, significantly
differentiated gene models (DEGs), though, some more could have been dropped

based on their low expression.

4.2 Interspecific gene expression patterns

Our data provide a gene expression perspective on the mutual relationships between
the studied pines. We assumed that controlled glasshouse environment and uniform
setting of growth (Wachowiak et al., 2018) equalized expression between the species,
leading to rather conservative measures of differentiation as compared to natural, in
situ variation. Therefore, the observed patterns were expected to reflect variation re-
sulting from fixed and heritable determinants that mirror the species evolutionary his-
tory. As compared to the total number of protein-coding genes, we found relatively
low numbers of differentially expressed markers (121). The adopted expression-based
filtering criteria should be regarded as a mild cutoff, enough to exclude transcripts
with the lowest signal. Additionally, the conservative approach of limiting the report-
ed markers to the intersection of results from concurrent methods of differential ex-
pression detection impacted these counts moderately (the respective unions were just

3-5 times larger). Counts of DEGs exhibited interesting pattern showing similar
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numbers of genes in comparisons of P. mugo and P. uncinata vs P. sylvestris (26), P
mugo vs P. uncinata (28) and P. uncinata vs P. sylvestris (26), whilst triple that num-
ber were observed in comparison of P. mugo and P. sylvestris (90). The pattern de-
notes asymmetric relations between Scots pine and two mountain pines, consistent
with most available data (e.g., Wachowiak et al., 2015; Zaborowska et al., 2021). The
number of markers that unite the mountain pines and discriminate them from Scots
pine (M vs PS) ., (U vs PS): 14) was not much larger than the numbers of DEGs spe-
cific to each of them ((M vs PS) (M vs UN): 8 and (U vs PS) , (U vs M): 2). More-
over, markers found between two mountain taxa and Scots pine, those present in the
‘broad’ M-UN vs PS set, were dominated by differences between dwarf pine and
Scots pine, which disappeared when filtering to include those which were also differ-
entiated in UN vs PS comparison — were absent from the ‘narrow’ intersection. We
observed generally lower intraspecific variation in expression of markers in individu-
als of dwarf mountain pine and the other two species occasionally showed bipolar
spread of the transcription estimates. This results contrast with the pattern observed in
a broad set of genome-wide SNPs markers (Zaborowska et al., 2021), where P. mugo
showed the highest intraspecific diversity among these three taxa. However, due to
the limited sample sizes used here, much of the variation among the pine species re-
mains unexplored. Overall, the analysis exposed a limited set of genes with diverged
patterns of expression between species as compared to the number of transcripts ana-

lyzed.
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4.3 Putative signatures of mountain pine adaptations

The group of genes most differentiated in the expression between the P. mugo com-
plex and P. sylvestris could be grouped into several major categories related to envi-
ronmental gradients and conditions of the species occurrence. Three genes encoding
O-methyotransferases (OMTS) were discovered in a group of sequences highly
up-regulated in the P. mugo complex taxa (Table 2), and the O-methyltransferase ac-
tivity was as one of the main GO terms enriched in these group of DEGs (Table S12).
OMTs are a large family of enzymes that add methyl groups to target oxygen atoms
of a variety of secondary metabolites such as phenylpropanoids, flavonoids and some
alkaloids, playing important roles in lignin biosynthesis, defense and stress resistance
(Lam et al., 2007). Two were annotated as caffeoyl CoA O-methyltransferase
(CCoAOMT) and catechol-O-methyltransferase (COMT), and third was also grouped
with COMT-like sequences or type 11 OMTSs from the genus Pinus. The best recog-
nized function of CCoAOMT is its role in lignin synthesis, and interestingly the pat-
terns of nucleotide polymorphism at the gene showed signatures of natural selection
in Pinus taeda and P. sylvestris (Gonzalez-Martinez et al., 2006; Wachowiak et al., in
press). Finding the COMT gene was unexpected, since to our knowledge, such se-
guences have not been noted earlier in Scots pine, despite extensive research related
to the wood production process in this species (Lim et al., 2021; Paasela et al., 2017).

Another OMT was highly differentiated among P. mugo and P. sylvestris but showed

This article is protected by copyright. All rights reserved.



intermediate levels of expression in P. uncinata. The results suggest that the pine spe-
cies adapted to mountain regions characterized by strong winds and often thick snow
cover, adjusted their wood properties via the lignin synthesis pathway. On the other
hand, group of phenylpropanoid metabolic processes was indicated to also be en-
riched in genes up-regulated in Scots pine (Figs. S2-S3). Furthermore, the mentioned
OMTs are vital in plant responses to environmental stressors too, mainly salinity,
drought and high ozone concentrations (Chiron et al., 2000; Chun et al., 2021). The
last aspect seems important for subalpine flora (Matyssek & Sandermann, 2003), and
P. mugo and P. uncinata specifically, as both are very sensitive to ozone (Bicarova et

al., 2019; Diaz-de-Quijano et al., 2019).

Other gene up-regulated in mountain pines as compared to Scots pine encodes oxi-
doreductase from the 2-oxogluterate (20G) Fe(l1)-dependent oxygenase superfamily
that exhibit great diversity of metabolite biosynthesis, biodegradation, regulatory or
structural roles (Herr & Hausinger, 2018). Another transcript represented nuclear
PsbR gene for plastid photosystem 11 (PSII) 10 kDa polypeptide. The polypeptide is
essential for stable assembly of proteins in the oxygen-evolving complex including
water splitting and electron transport in PSII. It was shown to have enhanced activity
under low light conditions (Suorsa et al., 2006), be dependent on ultraviolet-B radia-
tion (Peng et al., 2021), and has expression negatively correlated with sun, tempera-

ture and wind, but positively with precipitation and humidity (Sjodin et al., 2008). As
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the light intensity and UV-B radiation are greater at higher altitudes, up-regulation in
both mountain pines could reflect their adaptation and reaction to changed glasshouse
conditions. Enrichment analysis indicated the regulation of circadian rhythm as
over-represented term in P. mugo and P. uncinata, meaning that these plants might
evolved to better synchronize with light cycle, or other diurnal cycles altered in their
environment. Another DEG encoded protein disulfide isomerase (PDI), which cata-
lyzes conversion of thiol-disulfide by formation and breakage of SS-bonds between
cysteine residues, being responsible for proper folding of proteins (protein folding in
endoplasmic reticulum was also an enriched GO term). PDIs in plants are involved in
responses to biotic and abiotic stress (Feldeverd et al., 2020; Zhang et al., 2018), and
may play a role in redox signaling (Wittenberg & Danon, 2008). Also, an elongation

factor was distinctly up-regulated in the subalpine taxa (better specified below).

Also strongly differentiated, but exhibiting the opposite direction of regulation (i.e.
greater expression in Scots pine) was abietadienol/abiedienal oxigenase, a cytochrome
P450 monooxygenase unique to conifers. It is specialized in synthesis of tricyclic
diterpene resin acids (DRAs) (Bathe & Tissier, 2019, Ro et al., 2005), essential com-
ponents of conifers’ oleoresin - the defense blend against pathogens, pests and herbi-
vores, and a chemotaxonomic marker effective in Pinus (Mitic et al., 2017). Poten-
tially, this could be a consequence of the extensive range of Scots pine, and its need to

defend against a broader range of pests and pathogens.
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4.4 Gene expression divergence between the mountain pine species

Diverse genes were found to distinguish the two mountain pines. A fatty acid desatu-
rase was one of the best markers, these enzymes modify properties of fatty acids
(FAs) chains by forming double bonds between adjacent carbon atoms. They are re-
sponsible for appropriate structure and fluidity of plasma membranes, helping to deal
with temperature changes (Kates et al., 1984; Makarenko et al., 2014) or ozone effects
(Matyssek & Sandermann, 2003). The composition of FAs was also successfully used
as chemotaxonomic discrimination tool between the main families and within some
species groups of conifers (Wolff et al., 2001). Our result indirectly supports the util-
ity of this tool, and further investigation of FA variation in these species is merited.
Furthermore, peroxidase PRX20, had greatly increased expression in P. mugo com-
pared to P. uncinata. This protein belongs to a plant-specific family of class 111 pe-
roxidases, involved in diverse processes such us cell elongation, lignification, seed
germination and stress responses (Shigeto & Tsutsumi, 2016). Although we lack data
from gymnosperms, the PRX20 of Populus trees exhibited strong activity towards
coniferyl alcohol, a monolignol participating in lignin synthesis (Ren et al., 2014).
These data suggest that P. uncinata might be less vulnerable to H,O; toxicity or that
wood properties differ in species of the P. mugo complex. Similar bias in expression
modes was observed in two elongation factors, annotated as EF-1a enzymes. Essen-

tially, various elongation factors (EFs) act in ribosomes during translation, among
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others facilitating the elongation of synthesized peptide (Sasikumar et al., 2012).
These specific two are related to regulation of growth, as indicated by GO terms as-
signed (and enriched in the discussed group of DEGs, Table S12 and Fig. S4), so they
represent the candidates for determinants of the shrubby habit of P. mugo. Another
possible agent might be seen in the diphosphate synthase, it is related to the gibberel-
lin metabolic processes (Li et al., 2017), and these hormones are known to effect

dwarfism in plants (Ford et al., 2018).

In the list of GO terms over-represented in transcripts that were more abundant in
Pyrenean pine, many represented diverse responses to exogenous stimuli, like defense
responses, response to water deprivation or responses to inorganic substances (Table
S12, Fig. S5). Among the more significant, response to heat and heat acclimation
were found. These were mainly represented by two heat-shock proteins of family 90
(HSP90) up-regulated in P. uncinata. In plants, this gene family functions as a molec-
ular chaperone, acting in stress signal transduction and influencing responses to dif-
ferent abiotic stresses, but also participates in plant development and resistance to
pests and diseases (Mozharovskaya, 2018; Xu et al., 2012). That observation might
speak for adaptation of Pyrenean pine to warmer climate of the western European
mountain ranges. Furthermore, transcripts encoding three proteins sharing a
plant-specific stress-antifungal domain (two cysteine-rich repeat secretory proteins,

one cysteine-rich receptor-like protein kinase) were also found up-regulated in P.
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unicnata. They belong to a big group of signaling, transmembrane proteins which
respond to diverse developmental and environmental prompts (Mou et al., 2021;
Vaattovaara et al., 2019; Wrzaczek et al., 2010). Another differentially expressed
transcript encoded a stem-specific protein that putative orthologues act as regulators
of the growth of Ricinus communis internodes, and of the development and differenti-

ation of Eucalyptus callus (Hu et al., 2016; Zhang et al., 2022).

All the genes described above, and listed in tables, reveal the expression component
of interspecific variation that may play a role in the species ecological divergence and
adaptation. As such, they well deserve testing their phenotypic effects. First, valida-
tion of the gene expression profiles in form of gRT-PCR or other relevant analysis
(Dallas et al., 2005) should be performed. Furthermore, for finer resolution of the in-
teractions between expression, phenotype and environment, robust statistical model-
ing of transcriptome data and environmental factors, conducted on larger sample of
populations, would be supportive. Finally, complementary test, that would confirm
how actual the reveled expression patterns are, could be governed on individuals col-

lected in their native conditions, across natural populations of the three pine taxa.
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4.5 Conclusions

This study reveals an expression component of interspecific variation that may play a
role in the ecological divergence and differential adaptation among the study species.
As such, they merit further examination to assess their association with phenotype
among standing populations of the species. Furthermore, a new genomic reference for
the pine transcriptome, with particular relevance for the taxonomically challenging P.
mugo complex (including P. mugo and P. uncinata) will facilitate research into these
species. We identified several genes that exhibited good discrimination ability be-
tween the sister mountain pines and their close relative, Scots pine. Those genes could
be grouped into several functional categories including: wood trait properties, oxida-
tive stress response, other abiotic factors related to salinity, drought and temperature,
as well as some biotic stressors. Although the molecular basis for adaptation to dif-
ferent environments is likely to be highly complex and difficult to validate, the identi-
fied markers are excellent candidates for further investigation given their putative
function and corresponding expression patterns among the three taxa. The relatively
low number of differentially expressed genes discovered in the study is in line with
previous reports showing high molecular and genetic similarity between the species,
suggesting that additional determinants of their phenotypic and ecological diversity
may involve variation in the noncoding part of the genome, and epigenetic interac-

tions.
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Table 1. Location of pine populations sampled and glasshouse used for experiment.

Sp.f Sample, ENA Country code, pop- Latitude Longitude Alt."

Acc.} ulation®
M1, RO, Busteni 45°25'55" 25°27'06" 2070
SAMEA2672716 N E
M2, BA, Bjelasnica Mts 43°45'00" 18°13'08" 2120

) SAMEA2672717 N E

E

a M4, AT, Scharnitz 47°22'42" 11°17'45" 1400
SAMEA2672719 N E
M5, PL, Slaskie Kamienie 50°46'35" 15°36'08” 1400
SAMEA2672720 N E
UN1, FR, Col de la Croix ~ 45°35'58" 2°50'44" 1200

% SAMEA2672721 de Morand N E

<

o UNS3, AD, Vall de Ransol ~ 42°35'02" 1°3821" 2025
SAMEA2672723 N E
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UN4, ES, Sierra de Gudar ~ 40°28'49” 0°41'51" 2000
SAMEA2672724 N w
PS2, UK, Glen Tanar 57°02'60" 2°51'36" 334
SAMEA2672712" N w
PS3, FI, Punkahariju 61°45'33" 29°2321" 80
2 SAMEA2672713 N E
8
=
>
o PS4, PL, Jarocin 51°5820" 17°28'40" 120
SAMEA2672714 N E
PS5, ES, Trevenque 37°05'47" 3°32'51" 1170
SAMEA2672715 N E
Glasshouse facility, UK CEH Edinburgh, UK 55°57'00" 3°11'56" 189
N w

Footnote:  Sp. — species name; * ENA Acc. — European Nucleotide Archive Sample

Accession; ° Country codes: RO — Romania, BA — Bosnia and Herzegovina, AT —

Austria, PL — Poland, FR — France, AD — Andorra, ES — Spain, UK — United King-

dom, FI — Finland; " Alt. — Altitude in meters above sea level; * Reference sample

used only for the transcriptome assembly.
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Table 2. Successfully annotated DEGs from comparisons of Scots pine against both
mountain pines and between the latter. Listed sequences correspond to color-marked

genes from Fig. 5.

Gene,
Best hit sequence,
query Predicted gene and/or function description
iSo- species of origin
form

Up-regulated in both mountain pines in relation to P. sylvestris

DN104 tr]/AOA223PIL1 PIC
18 c0_ GL
g2 cis-zeatin O-glucosyltransferase
i Picea glauca
DN111
2611(:2 trlAINVS6_PICSI oxidoreductase, 20G-Fe(l1) oxygenase family pro-
g i
Picea sitchensis tein
il
DNL15 tr|AOAOA7EIL1 PI
4 c2 g NRA
1 COMT, caffeic acid 3-O-methyltransferase
. Pinus radiata
16
D2N3i_ Sp|CAMT_PINTA
cc_9 CCoAOMT], caffeoyl-CoA O-methyltransferase 1
. Pinus taeda
i1
DN34 XP_024928927.1 O-methyltransferase
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c0_gl  Ziziphus jujube

il

DNS370 trAOAOD3CES4 B

4639 paoL

1 elongation factor

i1 Brassica oleracea

DN380

2. c0_g trJA9NK29 PICSI

1 PSBR, photosystem Il 10 kDa polypeptide
Picea sitchensis

il

DN688

5c0 g XP_028103945.1

1 CUL1, cullin1
Camellia sinensis

il

DN974

7 c0 g tr[vVAT2T7 _CITCL

1 PDI, protein disulfide isomerase
Citrus clementina

il

Up-regulated in P. sylvestris in relation to P. mugo and P. uncinata

DN108

76_c0_ tr]AONV57_PICSI
g2 ALDH1A2, aldehyde dehydrogenase
Picea sitchensis

il

DN196 XP 023522297.1
29 c0_ ALDH11A3, aldehyde dehydrogenase
gl Cucurbita pepo
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DN302
6_¢c0 g
1

i2

sp|C72B1_PINTA

Pinus taeda

abietadienol/abietadienal

Up-regulated in P. mugo in relation to P. uncinata

DN101
0cd g

tr|BSLLS6_PICSI

OSI_37124, receptor-like serine threonine-protein

1 :
Picea sitchensis kinase

i2

DN118

41—(30— XP_023921427.1 ALDH2C4, aldehyde dehydrogenase family 2 mem-

g KT
Quercus suber ber C4-like

i2

DN127 tr|AOASBIT619_AR

23 c0_ AAG

gl EEF1AL1, elongation factor-1 alpha
Araucaria angusti-

il folia

DN128

83 _c0_  sp|3CARL1_PICAB

gl terpene synthase, N-terminal domain
Picea abies

i3

DN197

3.¢c0_g tr]A9NU81_PICSI

1 PRX20, peroxidase
Picea sitchensis

i8

This article is protected by copyright. All rights reserved.



DN282

trJAOA7J7TM4R7_9

53 cl_
gl MAGN fatty acid desaturase
i1 Kingdonia uniflora
DN722

ME93 PSEMZ
5 ¢3_g tr|Q5ME93_PS
1 Pseudotsuga men- EEF1A1, elongation factor-1 alpha
i1 ziesii
DN730 tr|AOA2K3K6A4 T
3009 gipr
1 HA1, plasma membrane H*-ATPase
i3 Trifolium pratense
DN937
2 c0_g sp|TPSD1_PINBN
1 CPS1, diphosphate synthase

Pinus banksiana

i10

Up-regulated in P. uncinata in relation to P. mugo

DN135

2. ¢c0_g tr]A9P2M9_PICSI

1 cysteine-rich repeat secretory protein
Picea sitchensis

i10

DN157

60_cO_ trJA9NT90_PICSI

gl cysteine-rich repeat secretory protein
Picea sitchensis

il
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DN176

Tripterygium wil-

25 c0_ trlA7Y7E4 _STYHA

gl HSP90-1, heat shock protein
Stylosanthes hamata

il

DN229 " 11A0A443PX63_9

3Lcl_ MmaGNCin- o

gl namomum micran- stem-specific protein

i1 thum

SNSOQ trAOAOKOM729_PI

09 NTB OSI_37124, receptor-like serine threonine-protein

2 Kinase

i Pinus tabuliformis

DN455

22 _cO_  tr|AONMES8_PICSI

gl RPL18, 60S ribosomal protein L18
Picea sitchensis

i4

DN595 -
XP_030442509.1 converts alpha-aldose to the beta-anomer, active on

cl ol D-glucose, L-arabinose, D-xylose, D-galactose,

i1 Syzygium oleosum maltose and lactose (by similarity)

DN596

75_c0_  XP_024931526.1

gl cysteine-rich receptor-like protein kinase
Ziziphus jujube

i5

DNo16 U

lclg C\?If\ fJ7C285_TRI HSP90-1, heat shock protein

1
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FIGURES

Fig. 1. Geographic distribution and sample collection sites of three investigated pine
species. Blue dots and horizontal shading represent P. mugo (M) sites and range; red dots
and diagonal shading correspond to P. uncinata (UN) locations; green points and dark
shading on the inset represent P. sylvestris (PS) sample locations and European part of its
range. Black square marks localization of the glasshouse where the seedlings were grown.
The mountain pines’ distribution map was created by the authors based on the Empty Polit-
ical Map of Europe is03166-1 (www.commons.wikimedia.org) and ranges taken from Jalas
and Suominen (1973). The inset map has been prepared by EUFORGEN

(www.euforgen.org) and adapted by authors.
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Fig. 2. Representation of 23,425 protein coding genes from MUS assembly transcrip-
tome compared to two sets of the BUSCOs - present in green plants (upper panel) and in

land plants (lower panel). Only one isoform, the longest, per gene was involved in the test.
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Fig. 3. The most frequently reported terms of level 4 in each main gene ontology (GO)

aspect, as found in the annotated isoforms of the MUS assembly.
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Fig. 4. Venn diagrams of results from different analysis tools used in search of differ-
entially expressed gene models in the MUS assembly. A) Discriminating markers found
between two mountain pines and Scots pine (‘broad” M-UN vs PS comparison); B) Dis-

criminating markers found between dwarf mountain pine and Pyrenean pine (M vs UN).
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Fig. 5. Expression profiles of differentially expressed gene models, the successfully
annotated ones are marked with colors. A) Significant markers found in M-UN vs PS pair,
up-regulated in both mountain pines (left) or in Scots pine (right); B) Markers significantly
differentiating two mountain pines, up-regulated in dwarf pine or in Pyrenean pine (left and

right, respectively).
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Fig. 6. Venn diagrams of results from three complementary comparisons of differen-

tially expressed genes between two mountain pine taxa and Scots pine.
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