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Abstract 24 

Background: Despite their ecological and economical importance, conifers still have limited 25 

genomic resources, mainly due to the large size and complexity of their genomes. In addition, 26 

several of the available genomic resources lack complete structural and functional annotation. 27 

Transcriptomic resources have been commonly used to compensate for these deficiencies, though 28 

for most conifer species the currently available transcriptomes are limited to a small number of 29 

tissues, or capture only a fraction of the genes present in the genome. 30 

Results: Here we provide an atlas of gene expression patterns for conifer Pinus sylvestris grown 31 

under natural conditions across five tissues: embryo, megagametophyte, needle, phloem, and 32 

vegetative bud. Compared to previous studies, we used a wider range of tissues and focused our 33 

analyses on the expression profiles of genes at tissue level. We provide comprehensive information 34 

of the per-tissue normalized expression level, and indication of tissue preferential upregulation or 35 

tissue preferential expression. We identified a total of 48,001 tissue preferentially upregulated and 36 

tissue specifically expressed genes, of which 28% have annotation in the Swiss-Prot database. The 37 

annotated genes were associated with a total of 84,498 GO terms, of which 1,834 had significant 38 

enrichment in different processes and functions, for example glyoxylate cycle in megagametophyte 39 

and defense response in needle. Even though most of the genes originating from the transcriptome 40 

do not have functional information in current biological databases, the tissue-specific patterns 41 

identified here provide valuable information about their potential functions for further studies. 42 

Conclusions: The genes identified in this study will contribute to improve the annotation of the 43 

already available and forthcoming conifer genomes. This atlas of gene expression also provides 44 

ground to further the research in the areas of plant physiology, population genetics, and genomics 45 

in general. As we provide information on tissue specificity at both diploid and haploid life stages, our 46 
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data will also contribute to the understanding of evolutionary rates of different tissue types and 47 

ploidy levels. 48 

Keywords: Scots pine, RNA-seq, Pinus sylvestris, tissue-specific gene expression, conifer, 49 

transcriptomics, needle, phloem, megagametophyte, embryo, vegetative bud 50 

 51 

Background 52 

Conifers, a clade within the gymnosperms, represent a group of plants with significant 53 

economic and ecological relevance [1]. Several coniferous trees are among the most important 54 

sources of wood and timber, as for example Pinus and Picea [2, 3]. Conifers dominate boreal 55 

forests worldwide and can form large forested areas hosting a variety of ecosystems. Furthermore, 56 

conifer forests are one of the major ecosystem services providers and they are crucial for carbon 57 

sequestration [2, 4–6]. Despite their importance, genomic resources for conifers, and gymnosperms 58 

in general, lag behind in availability compared to angiosperms. Although several contributions have 59 

been made recently to fill this gap [7–11], conifer genome annotation remains a challenge, with both 60 

structural and functional annotations being far from perfect [12, 13].  Conifer genomics resources 61 

are limited due to the large size of their genomes, ranging from 8 to 70 Gbp [14] and to the large 62 

number of repetitive elements (approximately 80%) within them [7, 15, 16]. Proper and complete 63 

annotation of the conifer genomes has also been complicated by the presence of long introns [7, 64 

13], which prevents the routine use of common annotation software. Moreover, analyses of ortholog 65 

genes across different species indicate that there are several gene groups which are unique to 66 

conifers or conifer species specific, with no well-defined homologs in any of the angiosperm plant 67 

models [7, 13, 16, 17]. 68 
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Transcriptomic resources have been particularly important for research in conifers and other 69 

non-model species, as a strategy to compensate for the challenges associated with efficient 70 

genome assembly and annotation [12, 18]. As the biological functions can not be directly inferred 71 

from nucleotide sequences, reference transcriptomes and gene expression studies are useful in the 72 

identification and annotation of genes [13, 19–22]. Transcriptome information can also be used in 73 

conifers that lack reference genomes, as this information can be used in the design of reduced 74 

genome representation targets [23, 24]. In addition to this, RNA-seq analyses allow the identification 75 

of expression patterns and expression levels, which are essential components of evolutionary 76 

genomics studies. For example, selective constraints in genes can be inferred from their expression 77 

patterns, as both breadth and expression level are known determinants of evolutionary rates [25, 78 

26]. Selective constraints are also expected to differ between haploid and diploid tissues which 79 

differ in the relative rate of expression, as tissue specificity and ploidy has potentially drastic effects 80 

on the dynamics of e.g. purifying selection [27]. 81 

Here we give a first glimpse of the expression patterns of tissue preferentially upregulated 82 

(PUR) and tissue specifically expressed genes across five tissues (embryo, megagametophyte, 83 

needle, phloem, and vegetative bud) of Pinus sylvestris. P. sylvestris is a widely distributed conifer 84 

of large economic and ecological importance in Northern Eurasia [28]. P. sylvestris is one of the 85 

main sources of timber and raw material for the pulp and paper industry in Europe and is a 86 

dominant species in boreal forests, with an estimated coverage area of 145 millions hectares [28]. 87 

P. sylvestris is also a suitable model to answer evolutionary and genetic questions, especially 88 

regarding gymnosperm reproductive biology, its evolution and genetic consequences. For example, 89 

in conifers the maternal nuclear haplotype of an embryo is identical to the megagametophyte's 90 

nuclear haplotype [29], which makes it possible to separate expression of paternal and maternal 91 

haplotypes and alleles in the embryo [30].  92 
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Despite its importance and potential, P. sylvestris still lacks a reference genome, and 93 

currently there are limited genomic resources for this species (see however [20, 31–35]). To date, 94 

the few transcriptomic studies of P. sylvestris have been based on a small number of tissue types 95 

such as needles or seed tissues [20, 32]. Identification of tissue preferentially upregulated and 96 

tissue specific genes is relevant because 1) understanding the different patterns of expression 97 

across different kinds of tissues can aid to elucidate the organization of transcriptomes [19]. 2) 98 

Knowing the different profiles of expression across tissues can set the ground for evolutionary 99 

analysis, as it is known from studies in mammals and angiosperms that the evolution of gene 100 

expression differs across tissues or organs [36, 37].  Ultimately this knowledge will help to gain a 101 

deeper understanding of the determinants and main factors that affect the rate of adaptive evolution 102 

and the dynamics at the genome level.  103 

In this study we 1) provide a comparative transcriptomic resource for P. sylvestris describing 104 

the expression level in five different tissues, 2) identify genes that are tissue preferentially 105 

upregulated and tissue specifically expressed in each of the five tissues, 3) provide quantitative 106 

measures of tissue-specific expression for each gene per tissue combination, and 4) conduct gene 107 

ontology enrichment analysis for each tissue type. Our results are important for future studies in 108 

comparative conifer genomics, plant physiology, population genetic analyses, evolutionary genetic 109 

studies, further gene expression analyses, and aid in the annotation of present and forthcoming 110 

conifer genome sequences. 111 

 112 

Results and discussion 113 

Transcript quantification and abundance matrices construction  114 

We mapped a total of 707,063,773 trimmed and adapter removed reads from five different tissues 115 

(embryo, megagametophyte, needle, phloem, and vegetative bud) and six biological replicates (six 116 
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different genotypes) per tissue type to P. sylvestris TRINITYguided transcriptome [33]. On average 117 

23,568,792 reads originated from each tissue, ranging from 29,591,629 reads for needle to 118 

20,469,80 reads for phloem. On average 76% of the reads per replicate were successfully mapped 119 

to the reference (Table S1). After mapping 1,307,500 contigs had aligned reads at the isoform level. 120 

Of those, 120,040 contigs were removed from the downstream analyses as they were identified as 121 

contaminants (Data S1). The final set consisted of 1,187,460 contigs at isoform level and were used 122 

to construct raw counts and normalized matrices at gene level for downstream analyses (see 123 

Methods section). The total number of putative genes with expression signal in the gene level 124 

matrices was 715,398, much higher than the number of annotated genes in any conifer [7, 16, 38]. 125 

This magnitude, albeit probably an overestimate, is typical to transcriptome studies [21]. This is 126 

likely a result of single genes being present in multiple fragments, isoforms split into multiple genes, 127 

and different alleles originating from heterozygous material identified as separate genes during 128 

assembly and classification as genes by Trinity [33]. However, part of the genes originate from gene 129 

families and since clustering similar genes is possible in downstream analysis, we chose to err on 130 

the side of potentially over splitting the genes rather than imperfectly clustering similar transcripts as 131 

a single gene, as over clustering will inherently lead to loss of information. We believe that  132 

providing expression data with minimum clustering will be most versatile for later use of the 133 

transcriptome and expression data in genome annotations and other studies.  134 

 135 

Quality assessment of biological replicates 136 

As we used different genotypes as biological replicates, we first verified that the replicates clustered 137 

by tissue type and not by genotype, and checked for the presence of potential outliers in the 138 

dataset. We used the raw counts matrix data (Table S2), a principal component analysis (PCA) and 139 

a Pearson correlation to verify this. The PCA separated the tissue samples into five distinct clusters 140 
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without any overlap, indicating that among-tissue variation is the main factor of among-sample 141 

variation (Figure 1). Hence, our approach captures the differentiating gene expression profiles of the 142 

five tissues. In the PCA, the seed-derived megagametophyte and embryo samples clustered closest 143 

to each other, suggesting similarity in their gene expression profiles. Also phloem and bud samples 144 

clustered close to each other, whereas needle samples showed the most unique gene expression 145 

profile. In the hierarchical clustering analysis, based on the correlations of gene expression profiles, 146 

the differences among tissues are relatively shallow. But, similarly to the PCA, all replicates are 147 

clustered according to their tissue type and not according to their genotypes, corroborating the PCA 148 

results (Figure S1). 149 

 150 

 151 

Figure 1. A. Schematic representation of the five tissues used in the transcriptome profiling of Pinus 152 

sylvestris: needle, vegetative bud, megagametophyte, embryo and phloem. B. Scatterplot of the first 153 

two axes of the principal component analysis (PCA). Tissue types are denoted by colors. 154 
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Tissue preferentially upregulated and tissue-specific gene expression 155 

We defined a gene as tissue PUR when there was a significant log fold change in the expression 156 

value compared to the other tissues. To identify tissue PUR we first did a differential expression 157 

(DE) analysis. For this we included all the genes in the raw count matrix (Table S2). We decided not 158 

to apply any minimum number of counts per gene as a filtering threshold to run the analysis, as we 159 

later applied a 5% false discovery rate (FDR) threshold for the identification of PUR genes. Out of 160 

the 715,398 genes initially included in the DE analysis, 198,413 genes had a maximum 5% FDR for 161 

differential expression and were further included in the analysis to identify PUR genes. We identified 162 

a total of 48,001 genes with tissue preferential expression, and out of the five tissues needle has 163 

the highest number of PUR genes (Table 1) 164 

Quantification of tissue specificity allows a powerful statistical analysis of correlation between 165 

tissue-specific expression and e.g. evolutionary rate or other dependent or explanatory variables 166 

and factors. We identified the tissue specifically expressed genes by calculating the τ score per 167 

gene. The score ranges from zero to one, with a zero given to genes expressed in all tissues and 168 

one given to completely tissue specific genes. For this analysis we retained a set of 177,075 genes 169 

(Table S3) after applying the filtering criteria described in Methods. We considered a gene as tissue 170 

specifically expressed only if its τ=1. We identified a total of 3,899 genes with a tissue-specific 171 

pattern of expression, similarly the PUR analysis results, needle has the highest number of tissue-172 

specific genes (Table 1). To obtain the annotation of the genes identified as tissue PUR and tissue 173 

specific, we retrieved the corresponding UniProtKB identifiers [39] from the Trinotate for the 715,398 174 

putative genes in the TMM count matrix, out of which 97,435 (14 %) had a Swiss-Prot [40] protein 175 

match based on BLASTX [33]. Most of the Swiss-Prot annotations (67%) originated from 176 

Arabidopsis thaliana (65,214 genes). Other common annotation sources were Nicotiana tabacum 177 

(9,794; 10%) and Oryza sativa (8,946; 9%). Only 1663 genes (1.7%) had an annotation to other 178 
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Pinus species, of which 177 (10.6%) were hits to P. sylvestris, and 608 (36.5%) genes had Swiss-179 

Prot annotation to Picea. Note that Swiss-Prot is a manually curated database that does not 180 

currently have a comprehensive set of annotated gymnosperm proteins and therefore the best 181 

matches are often obtained from the model plants such as A. thaliana. A proportion of our putative 182 

genes share the same gene identifier (annotation) (Table 1). This probably reflects the incomplete 183 

collapse of different isoforms in the assembled transcriptome used as reference, or the presence of 184 

gene families [13]. Also, a high number of the genes identified as PUR or tissue specific lack 185 

annotation altogether, which is not surprising as genes with higher tissue-specific expression have 186 

less conserved sequences and are less likely to find orthologs among other species [19, 41]. A 187 

summary of the 715,398 genes indicating their normalized expression level (TMM), τ score, tissue 188 

specificity status, PUR status, and annotation can be found in the Supplementary information (Table 189 

S4). 190 

Cursory inspection of annotations of highly expressed tissue PUR and tissue-specific genes 191 

are congruent with some of the already known functions of the tissues. These results confirm that 192 

our analyses capture biologically meaningful characteristics of the tissues. For example in 193 

megagametophytes, enzymes related to seed storage lipid mobilization and germination were 194 

upregulated and specifically expressed. Similarly, in needles, several chlorophyll a-b binding 195 

proteins are upregulated. In embryo, multiple ribosomal proteins and other proteins indicating active 196 

protein synthesis were upregulated. In vegetative buds, expression of genes involved in defense 197 

against insect attack, like (-)-alpha-pinene synthase and dirigent [42] that take part in oleoresin 198 

synthesis, were highly expressed and specific to this tissue. In phloem, the two genes annotated as 199 

metallothionein-like protein EMB30, an aquaporin and a thioredoxin-like protein were highly 200 

expressed, similarly to Quercus suber phellem (cork) where metallothionein reacts to oxidative 201 

stress [43] or in Pinus taeda xylem where the same proteins were among the most highly expressed 202 

genes [44].  203 
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Figure 2. Ten most significantly enriched biological processes (with corresponding GO-term IDs) 205 

and ten most highly expressed annotated genes in each of the five tissues. Genes preferentially 206 

upregulated (PUR) in a given tissue are in bold. 207 

 208 

Among the five tissues analysed, the needle had the highest number of genes with tissue-209 

specific expression and embryo the lowest (Table 1). Except for two genes, one in 210 

megagametophyte and one in needle, all the genes with tissue-specific expression were also 211 

among the PUR genes. However, as tissue specificity does not require a high expression level, 212 

genes with τ score equal to one are not necessarily the most upregulated genes in their respective 213 

tissues. Comparison of our findings to other studies is not straightforward as there are very few 214 

transcriptomic studies in P. sylvestris. But in comparison to a previous study [20], where they focus 215 

on the comparison between megagametophyte and embryo tissues at different developmental 216 

stages, we identified less megagametophyte and embryo specifically expressed genes. One of the 217 

reasons for this difference could be that the identification of unique genes in the previous study [20] 218 

was based only on the comparison between embryo and megagametophyte tissues. As the 219 

identification of tissue specific genes is contingent to the number of tissues used for the analysis, it 220 

is expected that the higher the number of tissues used in the comparison, the lower the number of 221 

tissue specific genes that will be identified. In contrast, we found a higher number of tissue specific 222 

genes in embryo, bud, and needle compared to a previous study in conifers [19], where several 223 

tissue types were used. One notable difference between this  [19] and ours was the higher number 224 

of tissue-specific genes for megagametophyte found in P. glauca. This analysis [19] found the 225 

highest number of unique genes in the megagametophyte in comparison to other tissues analyzed. 226 

The low number of megagametophyte specific genes identified in our study could be due to the use 227 

of mature embryos as starting material. Previous research suggests that the number of unique 228 

transcripts in the megagametophyte varies during the developmental stages of embryogenesis  [20]. 229 
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One caveat of our analyses is that, unlike other studies, we did not use microdissection in 230 

order to obtain the tissue samples [22]. Hence, some of the “tissues” are a mix of tissue types. 231 

Needles, for example, include several tissues (phloem among them) [45], and mature embryos 232 

contain the shoot and root meristems as well as cotyledons [46]. In contrast, the mature 233 

megagametophyte is a quite uniform storage tissue consisting of cells packed with starch protein 234 

and lipids [47, 48]. Another limitation of the dataset is that it represents only one point in time and 235 

space, although gene expression is a dynamic process and quantitative and qualitative variations 236 

exist over spatial and temporal scales. Instead of sampling across several developmental stages or 237 

across a spatial gradient our dataset represents a wider set of tissues, which increases the power to 238 

identify tissue PUR and tissue specifically expressed genes. The added value of the dataset lies in 239 

the unexpected functions and connections discovered among biological pathways and genes with 240 

previously unidentified signals of tissue-specificity or up-regulation.  241 

 242 

Table 1. Number of genes identified as tissue preferentially upregulated and tissue-specific in five 243 

P. sylvestris tissues. The percentage of unique UniProtKB identifiers is also shown. 244 

 Tissue preferentially upregulated 
genes 

Tissue specifically expressed genes 

Total Annotated  Unique (%) Total Annotated  Unique (%) 

Bud 8225 2515  30.6 693 342  49.3 

Embryo 10430 2820 27.0 498 206  41.3 

Megagametophyte 7171 1515  21.1 679 220  32.4 

Needle 13128 3993  30.4 1495 603  40.3 

Phloem 9047 2603 28.7 534 202  37.8 

 245 
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Functional characterization of tissue preferentially upregulated and tissue-specific genes 246 

GO enrichment analysis allows the identification of gene functions enriched with certain functional 247 

roles. The number of enriched functions was of the same magnitude across tissue types, ranging 248 

from 253 to 452 for PUR genes and from 58 to 169 for tissue-specific genes (Tables S5-S14). The 249 

total number of GO terms and the number of significant enriched terms per tissue are shown in 250 

Table 2, a summary of the most highly expressed genes per tissue, and the most significantly 251 

enriched biological processes is shown in Figure 2. Most of the genes (86%) with expression 252 

signals in our study lacked annotation from the Trinotate pipeline. Thus, they did not contribute to 253 

functional analysis or GO enrichment results.  254 

The complete lists of gene identifiers and their corresponding GO terms per tissue and per 255 

each set of genes (Data S2-S11), along with tables with the results of the SEA showing each GO 256 

terms, its p-value, and FDR (Table S5-S14) are provided Supplementary information. 257 

 258 

Table 2. Total number and number of significant GO terms and percentage of enriched terms in P. 259 

sylvestris tissues.  260 

 Tissue preferentially upregulated 
genes 

Tissue-specific genes 

Total  Significant Percentage (%) Total Significant  Percentage (%) 

Bud 15681 452  2.9 2019 137  6.7 

Embryo 17461 253  1.4 1178 75 6.4 

Megagametophyte 9690 306 3.1 1363 111 8.1 

Needle 25295 401 1.6 3818 169 4.3 

Phloem 16371 422 2.6 1249 58 4.6 

 261 
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In needles the significant GO terms reflected the exposure of trees to various stresses and 262 

interactions with other organisms, whereas in embryos, buds and the phloem significant GO terms 263 

were mainly connected to different development-related processes. In needles the enriched 264 

biological process GO terms among tissue-specific genes were immune response (GO:0006955) as 265 

well as response to stress (GO:0006950) and other organisms (GO:0051707) such as oomycetes 266 

(GO:0002229), bacteria (GO:0042742) and fungi (GO:0009817).  Moreover, terpene synthase 267 

activity (GO:0010333), which may play a key role in the defense against herbivores [49], was an 268 

enriched molecular function among tissue-specific genes in needles, but also in embryos and 269 

vegetative buds. For example, reactive oxygen species (ROS) related biological processes 270 

(GO:0006800, GO:0042743, GO:0034614) and molecular functions (GO:0004601, GO:0004364) 271 

were enriched among the tissue-specific genes in embryos consistent with an active ROS protection 272 

in developing tissues. In the phloem, a special differentiation process, syncytium formation 273 

(GO:0006949), indicating the interconnection of phloem sieve elements to generate a transport 274 

route [50] was an enriched biological process among the tissue specific genes. 275 

 276 

Megagametophyte-specific genes have crucial functions in seed germination and energy 277 

conversion  278 

Gymnosperms are characterized by the haploid female gametophyte tissue, the megagametophyte, 279 

which surrounds the embryo in developing and mature seeds. The megagametophyte can be 280 

considered a functional homolog of the endosperm in angiosperms due to its role as a nourishing 281 

tissue [51, 52]. However, the megagametophyte develops from a haploid megaspore before the 282 

fertilization [46] and is therefore entirely maternally inherited unlike the diploid or triploid 283 

endosperms of biparental origin [53, 54]. To give an example of the potential uses of the dataset, 284 

we provide a more detailed description of the megagametophyte expression profile, but leave the in-285 

depth analysis of the other tissues for later investigations.  286 
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   Among highly expressed and up-regulated genes in the megagametophyte were malate 287 

synthase (EC 2.3.3.9) and isocitrate lyase (EC 4.1.3.1) that are essential in glyoxylate cycle 288 

converting lipids into carbohydrates in seeds [55], as well as other glyoxysomal proteins like Acetyl-289 

CoA acyltransferase (EC 2.3.1.16), ABC transporter and peroxisomal fatty acid beta-oxidation 290 

multifunctional protein AIM1 [56] . Seed storage related genes such as 2S seed storage-like protein, 291 

11S globulin seed storage protein 2 and 13S globulin basic chain and some isocitrate lyase copies 292 

were completely megagametophyte-specific (τ=1). Antimicrobial and antifungal protein coding 293 

genes were the most highly expressed among annotated megagametophyte-upregulated genes.  294 

  The enriched GO terms of biological processes and molecular functions in the 295 

megagametophyte tissue-specific genes included seed germination and the mobilization of nutrient 296 

reserves. Nutrient reservoir activity (GO:0045735) indicated the mobilization of energy sources from 297 

the megagametophyte for seed germination and early seedling growth, as well as lipid catabolic 298 

processes (e.g. GO: 0016042, GO:0044242). Malate dehydrogenase activity (GO:0016615) and 299 

heme binding (GO:0020037), which mostly originated from the cytochrome P450 enzymes 300 

containing heme cofactors [57], reflected the resume of active metabolism. Also, response to ROS 301 

(GO:0034614) and antioxidant activity (GO:0016209) suggested active metabolism and signaling. 302 

ROS are natural by-products of metabolism and may be detrimental to seed viability because they 303 

can cause oxidative stress. However, in the seed ROS also work as signals which underpin the 304 

breaking of dormancy and provide protection against pathogens [58]. Megagametophyte cells 305 

showed responses to hormone stimulus (GO: 0032870) and the function of hormone-mediated 306 

signaling pathways (GO:0009755) including abscisic acid (GO:0009738), auxin (GO:0009734) and 307 

ethylene (GO:0009873) which also belong to the molecular networks regulating seed dormancy and 308 

germination [59–62]. Cellulose biosynthetic process (GO:0030244) and primary cell wall biogenesis 309 

(GO:0009833) suggest that cell walls in the megagametophyte may participate in water retention 310 

and give mechanical support to the germinating embryo [63]. Similarly to previous findings in P. 311 
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sylvestris [20] megagametophytes, we found enrichment for processes involved in the response to 312 

chemical and endogenous stimuli (GO:0042221, GO:0071495 ). Merino et al. (2016) [20] suggested 313 

that the megagametophyte could also be involved in the regulation of the embryo development 314 

through the induction of signaling pathways triggered by sensing environmental signals in a similar 315 

way the angiosperms' endosperm does [64]. Altogether, our findings show that the 316 

megagametophyte is not just a reserve nutrition for the germinating embryo, but a metabolically 317 

active tissue contributing in multiple ways to seed germination and, thus, underline the importance 318 

of the haploid stage in P. sylvestris life cycle. 319 

Several enzymes widely used in allozyme-based population genetic studies ([65] and 320 

references therein) such as aconitate hydratase (EC 4.2.1.3), malate dehydrogenase (EC 1.1.1.37) 321 

and aspartate aminotransferase (EC 2.6.1.1) were megagametophyte-specific and among the top 322 

50 expressed genes in the tissue. As they may be more prone to natural selection against recessive 323 

deleterious variants when expressed at the haploid stage, early population genetic analyses may 324 

have bias in e.g. estimates of the overall genetic diversity based on these loci. 325 

Conclusions 326 

We provide a widely and interdisciplinary applicable genome-wide atlas of tissue-level transcription 327 

patterns based on RNA-seq for economically and ecologically significant coniferous tree P. 328 

sylvestris. Quantitative data and analysis of expression level, as well as breadth and tissue 329 

specificity are provided for 715,398 different putative genes. The mapping and bioinformatic 330 

analyses of gene expression are based on the most complete and high-quality reference 331 

transcriptome of P. sylvestris available to date [33]. Previous transcriptome studies of P. sylvestris 332 

have concentrated on a narrow set of tissues in each study such as wood [66], embryo [20], and 333 

needles [32, 67] or focused on a limited set of genes [68]. The present study allows comparison 334 
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across a wide set of genes expressed in the above-ground parts of adult P. sylvestris trees growing 335 

in a natural forest. 336 

In addition to genome sequence annotations, we foresee multiple potential uses for the 337 

dataset. Level and breadth of gene expression are known to be linked to the evolutionary rate and 338 

level of conservation (ref). By combining our data with similar data in other conifers or angiosperms 339 

it is possible to study the evolutionary conservation of expression patterns, or the differences in 340 

evolutionary rates across tissue-specific expression levels and gain a deeper understanding of the 341 

determinants and main factors affecting e.g. rate of adaptive evolution and dynamics at the genome 342 

level. The response of trees to a combination of different stresses is unique and cannot be directly 343 

extrapolated from studying only single stressors in experimental conditions [69].  The transcriptome 344 

resource for adult P. sylvestris trees growing under natural conditions, where they are 345 

simultaneously exposed to a number of different abiotic and biotic stresses as well as interactions 346 

with other organisms, provides a valuable tool also for physiological studies. Finally, un-annotated 347 

conifer genes with high expression or tissue specificity can open up whole new research avenues, 348 

independent of the previously available knowledge based on angiosperm model plants such as A. 349 

thaliana and Populus.  350 

 351 

 352 

Methods 353 

Plant material  354 

During the growing season of 2016 (May 26th-27th), we sampled needles, phloem, and vegetative 355 

buds (called tissues for brevity, but see results and discussion section) from six non-related adult 356 

Pinus sylvestris trees growing at the Punkaharju Intensively Studied Site (ISS) [70] in Southern 357 

Finland, resulting in total of 30 samples (Table S15). The same plant material and sequenced 358 
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libraries have been used previously to assemble multiple reference transcriptomes of P. sylvestris 359 

[33] and a more detailed description of the plant material and RNA extraction procedure is 360 

described by Ojeda et al. [33]. Needle, phloem, and bud samples were stored immediately in 361 

RNAlater (Thermo Fisher Scientific) or frozen in situ and transported to the storage on dry ice. 362 

Samples were stored at -80°C (samples in dry ice) or -20°C (samples in RNAlater) until RNA 363 

extraction. We obtained megagametophyte and embryo tissues by dissecting mature seeds 364 

collected from the same mother trees from which the vegetative tissues were obtained. Seeds were 365 

stored in the dark at 4°C until germination was induced by exposure to moisture and continuous 366 

light for 48 h. 367 

 368 

RNA isolation, library preparation and sequencing 369 

We extracted total RNA from needle, bud, and phloem using the Spectrum Plant Total RNA Kit 370 

(Protocol B, Sigma). Total RNA extraction was followed by mRNA capture with the NEBNext® 371 

Poly(A) mRNA Magnetic Isolation Module (New England Biolabs Inc.). For embryo and 372 

megagametophyte, mRNA was directly extracted from the whole tissues with Dynabeads mRNA 373 

Direct Micro Kit (Thermo Fisher Scientific) according to manufacturer’s protocol, except for using  374 

200 µl of lysis buffer. RNA concentration was quantified with Qubit RNA HS Assay kit (Thermo 375 

Fisher Scientific). We prepared a total of 30 libraries using the NEBNext Ultra Directional RNA 376 

Library Prep Kit for Illumina (New England Biolabs Inc.). We selected an insert size of 300 bp by 377 

using a fragmentation time of 5-12 min, followed by size selection with 40-45 µl / 20 µl AMPure XP 378 

beads (Agencourt). Libraries were single indexed with NEBNext Multiplex Oligos Set 1 for Illumina, 379 

and finally enriched with 12-15 PCR cycles. We quantified the libraries and visually checked the 380 

fragment size distribution before sequencing. We used paired-end (2 x 150 bp) and sequenced five 381 
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pools of 6 to 12 libraries on an Illumina NextSeq 500 at the Biocenter Oulu Sequencing Centre 382 

(Oulu, Finland). 383 

 384 

Transcript quantification 385 

We used trimmed reads (BioProject PRJNA531617) as input for transcript quantification, using the 386 

Trinityguided  [8] as a reference transcriptome (Data S12). We followed the Trinity Post- 387 

Transcriptome Assembly Downstream Analyses pipeline (Trinity v. 2.6.6) [71, 72] to generate 388 

quantification files at isoform level, and raw counts and normalized count matrices at putative gene 389 

level (hereafter referred as gene level matrices). We first obtained transcript abundance 390 

independently for each of the six individuals in each one of the five tissues. This was done by 391 

pseudo-aligning the RNA-seq reads to the transcriptome reference with Salmon 0.9.1 [73] using the 392 

--SS_lib_type (strand specific) and --trinity_mode options. The --trinity_mode option allowed the 393 

estimation of counts from isoforms to generate counts at a putative gene level during the count 394 

matrix generation step. Before any further analysis, we checked for the presence of possible 395 

contaminants by searching contigs that had hits to the keywords ‘alveolata’, ‘metazoa’, ‘fungi’, 396 

‘bacteria’, and ‘archaea’. We search for exact matches to these keywords from the results of a 397 

translated blast (BLASTX) of  the transcriptome annotation file [33, 39]. We then combined our list 398 

of putative contaminants with the contaminants and organelles contigs lists reported in Ojeda et al. 399 

[33], and excluded them from the isoform quantification files and the gene_trans_map. 400 

Contaminants were removed after the pseudo-aligning stage to avoid the false mapping of 401 

contaminant reads to non-contaminant contigs in the reference transcriptome. 402 

 403 
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Abundance matrices construction  404 

We built three count matrices with the Trinity pipeline (abundance_estimates_to_matrix.pl) at the 405 

gene level based on the cleaned independent transcript quantification.  First, we generated a gene 406 

level raw counts matrix (Table S2), which was then used to construct a transcript per million length 407 

normalized gene count matrix (TPM escalated matrix) (Table S16). The TPM escalated matrix 408 

accounts for differences in isoform lengths that otherwise could inflate FDR due to differential 409 

transcript usage [74] . Finally, the TPM escalated matrix was used to construct a gene counts matrix 410 

normalized using the Trimmed Mean of M values (TMM) method (Table S17), which accounts for 411 

differences in the distribution of transcript expression that could lead to an increase in false positive 412 

rates, and decrease the power to detect truly differentially expressed genes [75]. Before doing the 413 

differential expression analyses and the  estimation of tissue specificity, we evaluated the quality of 414 

our samples by doing a principal component analysis (PCA) and a Pearson correlation matrix using 415 

the gene raw count matrix, according to the Trinity QC samples and biological replicates pipeline 416 

[72]. The intention of these analyses was to look for the presence of batch effects or sample 417 

outliers, and to verify that biological replicates clustered within each tissue type and not among 418 

sampled individuals. 419 

 420 

Differential expression analysis and identification of tissue preferentially upregulated genes.  421 

Differentially expressed genes (DEG) and PUR genes were identified using the Trinity Differential 422 

Expression and Sample-Specific Expression pipelines [72, 76]. Briefly, we first identified DEG using 423 

the gene raw counts matrix with edgeR 3.28.0 [77, 78]. The differential expression analysis was 424 

based on pairwise comparisons of each of the 5 tissues (10 pairs), using the six samples per tissue 425 

as biological replicates.  426 
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For each pair of DEG identified we obtained their associated false discovery rate (FDR), and 427 

then we used this information combined with the normalized counts of the TMM matrix to identify 428 

the PUR genes in each of the five tissues. We obtained a normalized mean value of expression for 429 

each tissue by averaging and log 2 transforming the counts for each gene across the six replicates 430 

for each tissue on the TMM gene matrix. Each DEG with a maximum FDR of 0.05 for differential 431 

expression and with positive logFC of the log2 transformed gene counts in the TMM matrix was 432 

classified as PUR. A summary of pairwise expression differences between tissues based on the  433 

logFC of the log2 transformed gene counts in the TMM matrix is provided in Data S13.  434 

 435 

Tissue-specific expression 436 

As an alternative approach to quantitatively assess the tissue-specific expression of the genes we 437 

calculated the τ index based on the TMM gene counts matrix.  The τ index ranges between 0 for 438 

widely expressed genes, and 1 for exclusively tissue-specific genes [79] . As the τ index considers 439 

tissue specificity independently of the level of expression, we set as “not expressed” genes with 440 

expression values < 1 from our TMM matrix in order to exclude genes with low support for true 441 

expression and low signal to noise ratio. To do this, we first log2 transformed the matrix in order to 442 

normalize the distribution of the expression values. We set all negative values in the matrix to zero, 443 

as this represented values < 1 before log2 transformation. We excluded contigs that had no 444 

expression values or that had expression in just one out of the 30 samples. Then, the τ index was 445 

computed separately for each gene across all tissues and replicates according to the following 446 

equation [79, 80] : 447 

 448 

𝜏 =
∑𝑁𝑖=1 =(1−𝑋𝑖)

𝑁−1
, 𝑋𝑖 =

𝑥𝑖

𝑚𝑎𝑥(𝑥𝑖)
 where max(xi) 1 ≤ 𝑖 ≤ 𝑁 449 

 450 
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Where N represents the number of tissues, xi is the mean expression in tissue i and  Xi is the 451 

expression level in tissue i normalized by the maximum mean expression among all tissues [81]. 452 

Singular enrichment analysis 453 

To further characterize the gene expression in the five tissues, we identified the biological pathways 454 

for both tissue-specific and tissue preferentially upregulated gene sets with independent singular 455 

enrichment analysis (SEA) [82, 83]. First, we retrieved the UniProt IDs corresponding to our putative 456 

genes from the blastx field from our reference annotation file [33]. Then we uploaded the list of 457 

UniProt IDs to the uniprot retrieve/ID mapping tool [84] and restricted the result to GO terms only. 458 

We repeated this procedure with the genes used as a background list for the SEA: all the contigs in 459 

the gene raw counts matrix for the PUR genes (Data S14), and all the contigs in the filtered TMM 460 

matrix in the case of the tissue-specific genes (Data S15).  461 

Of the 715,398 putative genes in the raw counts matrix used for the differential expression 462 

analysis, 17,227 have a unique UniProt ID and represent 108,947 GO terms. The background list 463 

for the tissue-specific genes data set consisted of 177,075 contigs of which 14,079 have a unique 464 

annotation and represent 90,198 GO terms. For both data sets only uniquely annotated genes and 465 

their corresponding GO terms (Data S2-S11) were used for running the singular enrichment 466 

analyses to avoid inflating the number of GO terms falsely, and creating a bias in the analysis. 467 

We used the GO terms along the UniProt IDs as input for the SEA using the agriGO platform 468 

[83, 85, 86]. We used the custom background list option, applied a hypergeometric test as statistical 469 

test method with a minimum of 5 mapping entries per term, and Hochberg FDR as multi-test 470 

adjustment method with a significance level of 0.05. 471 
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Additional file 1: Table S1. Table including information about the number of reads mapped to each 717 

one of the tissues.  718 

Additional file 2: Data S1. List of contigs identified as contaminants. 719 

Additional file 3: Table S2. Table including the raw counts per genes across the five tissues. 720 

Additional file 4: Figure S1. Heat map showing the correlation between the expression patterns of 721 

the five tissues. A=embryo, KS=vegetative bud, M=megagametophyte, N=needle, Ni=phloem. 722 

Additional file 5: Table S3. Table including the TMM normalized and filtered counts used for the 723 

identification of genes with tissue-specific expression patterns. A=embryo, KS=vegetative bud, 724 

M=megagametophyte, N=needle, Ni=phloem. 725 

Additional file 6: Table S4. Table including the level of expression, indication of tissue PUR or 726 

tissue-specific expression, and annotation for 715,398 genes across the five tissues. Column one 727 
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indicates gene ID, columns two to six contain the TMM normalized gene counts per tissue, column 728 

seven indicates the gene tau score, columns eight to 12 indicate if in which tissue the gene is 729 

preferentially upregulated, column 13 indicates the UniProt ID, column 14 indicates the protein 730 

name, column 15 indicates the gene name, column 16 indicates the organism from where the 731 

annotation was obtained. 732 

Additional file 7: Table S5. Table containing the results of the SEA for tissue PUR genes 733 

expressed in vegetative bud. Column two indicates the ontological process where P=biological 734 

processes, F=molecular function, C=cellular component.   735 

Additional file 8: Table S6. Table containing the results of the SEA for tissue PUR genes 736 

expressed in embryo. Column two indicates the ontological process where P=biological processes, 737 

F=molecular function, C=cellular component. 738 

Additional file 9: Table S7. Table containing the results of the SEA for tissue PUR genes 739 

expressed in megagametophyte. Column two indicates the ontological process where P=biological 740 

processes, F=molecular function, C=cellular component. 741 

Additional file 10: Table S8. Table containing the results of the SEA for tissue PUR genes 742 

expressed in needle. Column two indicates the ontological process where P=biological processes, 743 

F=molecular function, C=cellular component. 744 

Additional file 11: Table S9. Table containing the results of the SEA for tissue PUR genes 745 

expressed in phloem. Column two indicates the ontological process where P=biological processes, 746 

F=molecular function, C=cellular component. 747 

Additional file 12: Table S10. Table containing the results of the SEA for genes with tissue-specific 748 

expression pattern in vegetative bud. Column two indicates the ontological process where 749 

P=biological processes, F=molecular function, C=cellular component. 750 

Additional file 13: Table S11. Table containing the results of the SEA for genes with tissue-specific 751 

expression pattern in embryo. Column two indicates the ontological process where P=biological 752 

processes, F=molecular function, C=cellular component. 753 

Additional file 14: Table S12. Table containing the results of the SEA for genes with tissue-specific 754 

expression pattern in megagametophyte. Column two indicates the ontological process where 755 

P=biological processes, F=molecular function, C=cellular component. 756 
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Additional file 15: Table S13. Table containing the results of the SEA for genes with tissue-specific 757 

expression pattern in needle. Column two indicates the ontological process where P=biological 758 

processes, F=molecular function, C=cellular component. 759 

Additional file 16: Table S14. Table containing the results of the SEA for genes with tissue-specific 760 

expression pattern in phloem. Column two indicates the ontological process where P=biological 761 

processes, F=molecular function, C=cellular component. 762 
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their associated GO terms. 764 

Additional file 18:Data S3. Genes identified in embryo with PUR expression pattern and their 765 

associated GO terms.  766 

Additional file 19: Data S4. Genes identified in megagametophyte with PUR expression pattern 767 

and their associated GO terms.  768 
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associated GO terms. 770 
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associated GO terms.  772 
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their associated GO terms. 776 
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pattern and their associated GO terms. 778 
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their associated GO terms. 780 
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and their associated GO terms. 782 

Additional file 27: Table S15. Table with information about the geographical location of the trees 783 

used in this study. 784 

Additional file 28: Data S12. Trinityguided transcriptome used as reference (contaminants included). 785 
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Additional file 29: Table S16. Table containing the TPM normalized gene counts.  A=embryo, 786 

KS=vegetative bud, M=megagametophyte, N=needle, Ni=phloem 787 

Additional file 30: Table S17. Table containing the TMM normalized unfiltered gene counts.  788 

A=embryo, KS=vegetative bud, M=megagametophyte, N=needle, Ni=phloem 789 

Additional file 31: Data S13. Pairwise expression differences between tissues. 790 

Additional file 32: Data S14. List of genes used as a background list for the SEA of PUR genes. 791 

Additional file 33: Data S15. List of genes used as a background list for the SEA of tissue-specific 792 

genes. 793 
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