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Abstract

Apomixis is a highly desirable trait in modern agriculture, due to the maintenance of
characteristics of the mother plant in the progeny. However, incorporating it into breeding
programs requires a deeper knowledge of its regulatory mechanisms. Paspalum notatum is
considered a good modd for such studies because it exhibits both sexual and apomictic
cytotypes, facilitating the performance of comparative approaches. Therefore, we used
comparative transcriptomics between contrasting P. notatum cytotypes to identify novel
candidate genes involved in the regulation of the expression of this phenotype. We assembled
and characterized a transcriptome from leaf and inflorescence from apomictic tetraploids and
sexual diploids/tetraploids of P. notatum accessions, and then assembled a coexpression
network based on pairwise correlation between transcripts expression profiles. We identified
genes exclusively expressed in each cytotype and differentially expressed genes between
pairs of cytotypes. Gene ontology enrichment analyses were performed for the interpretation
of data. We de novo assembled 114,306 of reference transcripts. 536 novel candidate genes
for the control of apomixis were detected through statistical analyses of expression data,
contains in this set, the interactions among genes potentially linked to the apomixis-
controlling region, differentially expressed, several genes also already reported in the
literature and their neighbors transcriptionally related in the coexpression network. The
reference transcriptome obtained in this study represents a robust set of expression datafor P.
notatum. Additionally, novel candidate genes identified in this work represent a valuable

resource for future grass breeding programs.
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Author Summary

Clonal mode of reproduction by seeds is termed apomixis, which results from the failure of
gamete formation (meiosis) and fertilization in the sexual female reproductive pathway. The
manipulation of seeds production genetically identical to the mother plant bears great
promise for agricultural applications, however clarification regarding gene interactions
involved in reproductive process is needed. Paspalum is considered a model genus for the
analysis of apomixis mechanisms. Here, we describe an overall analysis of the expression
profiles of Paspalum notatum transcripts in response to changes in reproductive mode
(sexual to apomictic), which allowed usto identify several candidate apomixis genes. Among
these, we found genes potentially associated with the apomixis control region, in addition to
genes adready described in the literature for Paspalum, which highlights the
representativeness of assembled transcriptome. For the first time in the literature, we
explored the main biological processes involved in controlling the expression of apomictic

reproduction based on co-regulatory networks of candidate apomixis genes.
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| ntroduction

Apomixis is a mode of asexual reproduction through seeds in which the plants produced
offspring is genetically identical to the female parent [1]. In apomixis, a non-reduced cell
undergoes developmental pathways different from those of sexual cells. The multiple trgjectories
are classified as sporophytic or gametophytic according to the developmental origin of the cell
from which the embryo is derived [2-4]. In sporophytes, the embryo develops from a somatic
cell of the ovule through numerous mitotic divisions. In gametophytic apomixis, a
chromosomally unreduced embryo sac can be formed either from the megaspore mother cell
(diplospory) or from a nearby nucellar cell (apospory) without fertilization (parthenogenesis)
through a process termed apomeiosis. Endosperm formation is required to produce a viable seed
[5,6]. Apomixis is widely distributed among angiosperms, among which Poaceae represents the
family with the largest number of apomictic genera, with the 47 apomictic species of Paspalum
standing out in particular [7-9].

The polyploid nature of all apomicts provides a challenge for genetic and genomic
analysis [10]. Polyploidization is known to cause immediate and extensive genomic changes,
including sequence rearrangements and/or elimination, changes in DNA methylation, and the
loss of balance in gene expression [11,12]. Apomixis is frequently correlated with polyploidy
and might have arisen through deregulation of the sexual developmental pathway, due to the
increase in number of genomic complements, through a mechanism regulated by both genetic

and epigenetic components[13-16].
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84 Paspalum notatum Flliggé, also known as bahiagrass, belongs to the genus Paspalum,
85  which exhibits numerous characteristics that make it a very interesting system for the study of
86 apomixis[8]. This species is considered an agamic complex that includes different ploidy levels
87 and reproductive modes in which diploid cytotypes (2n=2x=20) are sexua and sdlf-
88 incompatible, whereas polyploids (3%, 4%, 5x, and 6x) are self-compatible pseudogamous
89 apomicts [17]. No 4x sexual cytotypes have been found in nature, but they have been obtained
90 artificialy [18,19]. The inheritance of apomixis in Paspalum is controlled by a single complex
91 dominant locus that confers apospory, i.e., epigenetically controlled parthenogenesis [20], with
92 the capacity to form endosperm with a maternal excess genome contribution ratio of 4:1
93 (materna:paternal) [8]. The apomixis-controlling region (ACR) is small compared to other
94  apomictic systems [8], does not demonstrate recombination and conserves a relatively narrow
95 region that islinked to apomixis among the distinct species [21,22]. Comparative mapping of the
96 ACR has shown synteny with a portion of the long arm of chromosome 12 of rice in P. smplex,
97  P. malacophyllum and P. procurrens [21-23]. In P. notatum the ACR shows synteny with
98 regions of rice chromosomes 2 and 12, suggesting the presence of chromosomal rearrangements
99 [21,24-26].

100 Apomixis presents potential significance for agriculture, allowing the maintenance of

101 heterosis in hybrid progeny. Therefore, this mode of reproduction has become the subject of

102 exhaustive cytoembryological, cytogenetic and molecular analyses [10,25]. Some key genes

103  associated with the components of apomixis and the isolation of some sequence candidates have
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104 aready been discovered [6,12,14,27-41]. However, insights into the genetic mechanisms
105 underlying asexua reproduction in natural apomicts are still needed to develop a stable and
106  universal apomixis system to be applied in breeding programs [39]. Given the complexity of this
107 trait, an understanding of the genomic structure of the apomictic locusis likely to be an essential
108 prerequisite for manipulation of the sexual pathway in mode plants or economically important
109  crops [15]. However, the suppression of recombination events around the ACR limits forward
110 genetic strategies to isolate the mechanism triggering apomixis by map-based [31]. In this
111  context, identify and validate genes that are differentially expressed in apomicts and to conduct
112 more meticulous investigations aiming to detect their effects in phenotype, have garnered
113  extremeinterest in the study of apomixis [31,40].

114 RNA sequencing (RNA-seq) is the most effective method for simultaneously predicting
115 new transcripts and identifying differentially expressed genes in distinct tissues, genotypes,
116  abiotic conditions or developmental stages [42,43]. Conversaly, considering the large amount of
117  data generated from RNA-seq, new approaches that efficiently extract meaningful associations
118 from highly multivariate datasets are needed [44]. The congtruction of coexpression networks
119 from gene expression data using parwise correlation metrics provides us with valuable
120 information on alterations in biological systems in response to differential gene expression
121  patterns [44-46].

122 The objective of this study was to identify candidate genes possibly involved in the

123  regulation of the expression of apomixis in P. notatum. To reach this goal, we used RNA-seq
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124  technology to obtain a reference transcriptome and comprehensively analyze gene expression
125 profilesin leaves and florets from apomictic and sexual genotypes with different ploidy levelsin
126  P. notatum. Our study revedled severa differentially expressed genes among the analyzed
127 genotypes, and a coexpression network analysis and Gene Ontology (GO) annotation of
128  transcripts allowed us to investigate the main biological processes of candidate genes potentially
129 linked to the ACR. These candidate genes may be used to further explore and clarify the

130  mechanismsregulating apomixis in forage grasses.

131
132 Results

133

134 Verification of the DNA content and mode of reproduction of P.

135 notatum accessions

136 The cytoembryological analysis confirmed the expected mode of reproduction of the
137 accessions based on the literature (Tables 1 and 2). The 2C DNA content of all plants from
138 accessions BGP_22 and BGP_306 was half the 2C DNA content from all plants from BGP_30,
139 BGP_34, BGP_ 115, and BGP _216. Therefore, al evaluated plants had DNA contents
140  compatible with the described ploidy levels of their respective accessions in the literature (Tables
141 1and2).

142  Table 1. Paspalum notatum Accessions Evaluated in this Study.

BGP ORIGIN COLLECTOR*

FORMER REPRODUCTION CHROMOSOME
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CODE CODE MODE NUMBER
Canddi (PR), 2n=2x=20 [47]
306 Sexual VLiGu 14829
Brazil
BRA-024236
Bagé (RS), 2n=2x=20 [48,49]
22 BRA-006173 Sexual VGnMaBd 9607
Brazil
Corrientes, 2n=4x=40 [50]
216 BRA-019470 Sexual** Q 3664
Argentina
Alegrete 2n=4x=40 [51]
30 BRA-006467 Apomictic VMrFrLw 9747
(RS), Brazil
Uruguaiana 2n=4x=40 [51,52]
34 BRA-006513 Apomictic VMrFrLw9782
(RS), Brazil
Laguna (SC), 2n=4x=40 [51]
115 BRA-010006 Apomictic VDBdSv 10137
Brazil

* Collectors: Bd, I. I. Boldrini; D, M. Dall’ Agnol; Fr, J. M. O. Freitas, Gn, J. O. N. Goncalves,
Gu, A. Guglieri; Li, L. Essi; Lw, H. M. Longhi-Wagner; Ma, M. C. Assis; Mr, C. O. C. Moraes,
Q, C. L. Quarin; Sv, G. P. daSilva; V, J. F. M. Valls, LAT, latitude (decimal degrees); LONG,
longitude (decimal degrees). ** Facultative apomictic with a high level of sexuality (> 70%),
according to Quarin et al. [53].

Table 2. DNA Contents and Modes of Reproduction of the Bahiagrass Accessions

Evaluated in this Study.

Accession DNA content M ode of
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(BGP code) . reproduction
2C A2C among Accession
Plants

(p9) plants mean 2C (pQ)

BGP30_1* 32
BGP30_2* 31

30 BGP30_3 2.9 04 3.20 facultative apomixis
BGP30_4 2.8

BGP30_5!2 3.0

BGP34_1%23 29

BGP34 2 2.9
34 BGP34 3t 25 0.5 2.80 facultative apomixis
BGP34 4 2.7
BGP34_5! 3.0
BGP115 1 2.7

BGP115 213 29
115 BGP115 3t 2.6 0.3 2.68 obligate apomixis
BGP115 4 2.6

BGP115 5! 2.7

BGP216 112 2.6
BGP216_2t 2.7

216 BGP216_3 2.9 0.6 2.82 sexual
BGP216 4 3.2

BGP216_5! 2.7

BGP22 1 1.5
22 0.3 152 sexual
BGP22 2 17
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BGP22 3123 14
BGP22_4t 1.4

BGP22_5! 15

BGP306 11 15
BGP306 2 15

306 BGP306_3 1.4 0.1 1.44 sexual
BGP306_4 1.4

BGP306_5! 14

150 ndicates plants with foliar RNA evaluated; 2Indicates plants with inflorescence RNA evaluated;
151 3Indicates plants with DNA evaluated.
152

153 RNA-seqg analysis and de novo transcriptome assembly

154 After removing barcodes sequences and low-quality and contaminant reads, 313,198,097
155 high-quality 72-bp paired-ends reads from floret and leaf tissues were used to assemble a P.
156 notatum reference transcriptome. A total of 203,808 transcripts were assembled, out of which a
157  set of 114,306 non-redundant transcripts were filtered (56.08% of all transcripts) (Table 3). Final
158 transcriptsin the reference transcriptome had an average length of 750.51 bp with an N50 of 906
159 bp and GC percentage of 47.60%. According to the length distribution of non-redundant
160 transcripts, we obtained 21,585 (18.88%) transcripts that were longer than 1 kb, a size range that
161 commonly confers a high annotation rate. More than half of the total annotated transcripts were >
162 500 bpinlength (Fig S1).

163 Table 3. Statisticsfor the Assembled Transcriptome of Paspalum notatum.
10
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All assembled transcripts  Non-redundant transcripts

Tota 203,808 114,306
Total assembled bases 219,683,637 85,787,466
Average length (bp) 1,077.90 750.51
N50 length (bp) 1,599 906
Percent GC (%) 46.76 47.60
164 The Bowtie aligner mapped 94.39% of sequenced reads onto the assembled transcripts.

165 73.78% mapped to the non-redundant transcripts set. Out of these, 82.97% and 83.48% of the
166 sequencing reads belonged to sexual and apomictic samples, respectively, showing similar
167  representation within the final transcriptome. The BUSCO analysis included 956 conserved
168 single-copy plant orthologs; the P. notatum transcriptome showed high assembly completeness,
169  with 664 (69%) complete sequences (532 as a single copy and 132 as multiple copies) and 169
170 (17%) fragmented sequences. One hundred and twenty-three (12%) BUSCO plant orthologs
171  werenot identified in the reference P. notatum transcriptome.

172

173 Transcriptome annotation

174 Among the 114,306 unigenes, 51,939 (45.44%) were similar to proteins from the NCBI
175  Nr database, 34,750 (30.40%) to proteins from the UniProtK B/Swiss-Prot, and 54,568 (47.74%)
176  to proteins from Phytozome.

11
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177 The GO database was then used to retrieve the GO identifiers for all possible transcripts.
178 Overall, 21,537 (41.47%) transcripts were assigned to 4,614 GO terms in three main categories:
179 2,510 biological process, 1,486 molecular function, and 618 cellular components. The KEGG
180 annotation was possible for 9,221 annotated transcripts belonging to 129 pathways. Among
181 these, the most represented were Purine Metabolism Pathway (1,079 members), followed by
182 Metabolism of Thiamine (907 members) and Starch and Sucrose Metabolism (336 members).
183  Overall, 33,873 transcripts remained without hits after searching against al protein databases.
184  We then performed a search for the presence of open reading frames (ORFs), which were found
185 in 15,107 transcripts, 2,347 of which were complete. These sequences that showed ORFs without
186 annotation require further investigation since they may represent genes that have not yet been
187  described and possibly new genes that may be unique to P. notatum.

188

189 Expression levels of genesand identification of DEGs

190 The sequenced reads were realigned againgt the 114,306 transcripts of the reference
191 transcriptome to estimate the expression level of the transcriptsin each genotype. Most identified
192  transcripts had expression levels of FPKM < 100 (110,621 transcripts), whereas only 49
193 transcripts had high expression levels (FPKM > 400), in these, most of them involved in
194  photosynthesis process, house-keeping genes and response to stress. The remaining transcripts
195 were not mapped and thus, their expression levels could not be determined. A comparison of the

196 110,656 transcripts that showed different levels of expression in the two tissues of the sequenced

12
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197 samples revealed genes that were expressed in the genotypes of only one phenotypic class and
198 that were not expressed in the others (Fig 1), which were considered "unique” transcripts. Thus,
199 19,304 unique transcripts were found exclusively in the 4xAPO group, 2,173 in the 2xSEX
200 group, and 217 in the 4xSEX group. All transcripts expressed in florets were also expressed in
201 leaves; there were no unique transcripts expressed in the florets from either diploid sexual or
202 tetraploid apomictic samples (Fig 1).

203  Fig 1. Venn diagram showing the distribution of P. notatum transcripts. Expression level of
204  transcripts from two tissues (floret and leaf) and each phenotypic class (sexual diploid, sexual
205 tetraploid, and apomictic tetraploid).

206 For pairwise differential expression analyses of all three phenotypic classes, we
207 considered only leaf samples because they expressed all representative transcripts from the
208 transcriptome assembly and had three clones for each genotype, maximizing the accuracy and
209 reliability of the differential gene expression analysis. However, within the same phenotypic
210 class, different expression patterns were observed among genotypes, mainly in 4xAPO samples
211 (Fig S2). Thus, to reduce the effects of the differences in expression caused by genotype, we
212  performed atwo-step pipeline. In thefirst step, we identified 72,318 transcripts that were equally
213  expressed among all 4xAPO genotypes and 47,069 equally expressed transcripts in the 2xSEX
214  genotypes. Thisinitial analysis was not necessary for the 4xSEX because only one genotype was
215 analyzed. From these, we selected 28,969 transcripts that were expressed in all three phenotypic

216  classes. In the second step of the differential expression analysis, pairwise comparisons of 28,969

13
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217 transcripts alowed the identification of 2,072 DEGs between 2xSEX and 4xAPO, which
218 included 772 and 1,173 overexpressed transcripts, respectively. There were 1,173 DEGs between
219 2xSEX and 4xSEX, including 308 and 798 overexpressed transcripts, respectively, and 1,317
220 were identified as DEGs between 4xAPO and 4xSEX, 618 and 661 of which were
221  overexpressed, respectively. Next, we inferred the enriched functions for the identified DEGs
222  that were over- or underexpressed (Figs S5-S7).

223 Among the identified DEGs, we isolated a set of 510 transcripts that were consistently
224  differentially expressed between apomictic and sexual samples independently of the ploidy level
225  (diploid or tetraploid). We identified GO terms enriched in this set of transcripts, which belonged
226  to 26 biological processes (BP), 13 molecular functions (MF), and three cellular components
227 (CC) (Fig 2). We considered these transcripts as potentially involved in the determination of the
228  reproductive mode.

229  Fig 2. Enriched ontology terms of 510 transcripts differentially expressed in the P. notatum
230 transcriptome. Transcripts consistently differentially expressed between apomictic and sexual
231 samples.

232

233 (RT-PCR validation of RNA-seq data

234 We selected a subset of 18 DEGs detected in-silico between apomictic and sexual
235 samples to confirm the expression profiles through an independent technique, qRT-PCR. Five

236 equally expressed transcripts detected in-silico showed desirable expression stability and

14
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237  coefficient of variance in gRT-PCR reactions (Table S1), out of which one was selected to be an
238 interna control for gRT-PCR verification of 2xSEX vs. 4xAPO analyses (01RefGen-Pnot) and
239  onefor the verification of 4xAPO vs. 4xSEX analyses (04RefGen-Pnot).

240 Out of 18 primer pairs designed for target DEGs, eight (Table S2) were used for qRT-
241  PCR validation of RNA-seq data. The gRT-PCR analyses revealed consistent results compared
242  to those detected through RNA-seq (Figs S3 and $4), emphasizing the power of the latter
243  technique. Two primers pairs were not evaluated in qRT-PCR but showed interesting results in
244 terms of DNA amplification. The first was designed from a transcript that was exclusively
245  expressed in apomict samples in RNA-seq analyses (i.e., showing a zero expression value in the
246  sexual samples). This transcript did not amplify using genomic DNA from sexual samples as
247  PCR templates. For the second primer pair, although genomic DNA amplification occurred in all
248  samples, when complementary DNA (cDNA) was used as PCR template, only apomictic
249  samples presented amplicons. The expression level of this transcript estimated from RNA-seq of
250 the same samples was very low in 2xSEX samples. These results suggest that the first transcript,
251  expressed only in apomictic cytotypes, is exclusive to the genomes of these samples, whereas the
252  second transcript was poorly expressed or silenced in sexual samples.

253

254 Detailed search for potential apomixis genes

255 We detected 1,612 transcripts that showed high similarity to the ACR in the P. notatum

256 reference transcriptome. Out of these, 1,356 transcripts aligned to corresponded rice

15
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257  chromosome 2, and 256 aligned to rice chromosome 12. Curiously, 40 of these transcripts were
258  part of the set identified as unique to apomictic samples, nine were unique to sexual diploids, and
259  six were unigue to sexual tetraploid samples expression. Moreover, considering the analyses of
260 differential expression, 16 putative ACR transcripts were differentially expressed in 2xSEX vs.
261 4xAPO, 20 DEGsin 4xAPO vs. 4xSEX, and 17 DEGs in 2xSEX vs. 4xSEX. All these findings,
262  especialy this set of 108 unique or differentially expressed transcripts, represent a valuable set of
263  genesthat deserveto be carefully investigated to determine their roles in apomixis and determine
264  whether they are effectively genetically within the ACR in P. notatum.

265 The BLAST resultsin Table S3 show the similarity scores of the P. notatum transcripts to
266  previously Paspalum sequences associated to the apomictic mode of reproduction, revealing that
267 our transcriptome contains genes aready found to be involved in asexual reproductive
268  development in Paspalum.

269

270 Transcripts coexpression networ k

271 We identified 879,481 connections among 53,262 transcripts from RNA-seq data (Fig 3).
272  Transcripts were grouped into 642 clusters according to their correlated pattern of expression
273 level. In the network, the unique transcripts from each phenotypic class tended to form
274  coexpression modules (Fig 3B-D). Despite this subdivision, the relevant biological relationships

275  of these transcripts with all remaining transcripts can be recovered in afully integrated network.
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276  Fig 3. Coexpression network for Paspalum notatum. (A) Coexpression network of all analyzed
277  transcripts; the more centralized genesin light gray are those common to all genotypes analyzed
278  with non-differential expression. Node color denotes the differentially expressed transcripts
279  between the phenotypic classes. purple (2xSEX vs. 4xAPO), yellow (2xSEX vs. 4xSEX), and
280 dark green (4xAPO vs. 4xSEX). The networks of exclusively expressed transcripts for each
281 phenotypic class are highlighted: (B) transcripts unique to sexual diploids (blue); (C) transcripts
282  unigue to sexual tetraploids (green); and (D) transcripts unique to apomictic tetraploids (red).
283  Edges denote interaction strength. Circular nodes represent transcripts.

284 We identified a direct correlation among the 108 differentially expressed and/or unique
285 putative ACR genes and their first neighbors in the gene expression network. Thus, we retrieved
286  asub-network composed of 536 strongly correlated transcripts (Fig 4). We used GO enrichment
287 analysis to summarize the main putative functions of this set of transcripts, which included 43
288  biological processes (BP), 31 molecular functions (MF) and 17 cellular components (CC) (Fig.
289 5).

290 Fig 4. Gene expresson sub-network for 536 Paspalum notatum transcripts. The 108
291 differentially expressed and/or unique putative ACR transcripts are presented in this sub-
292  network, along with their first neighbors. The color patterns are the same as those used in the
293  complete coexpression network in Fig 3.

294  Fig 5. Enriched biological processes in the 536 transcripts in the gene expression sub-

295 network.
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206 Discussion

297 We constructed a P. notatum reference transcriptome using the next-generation
298  seguencing approaches, RNA-seq, to investigate the gene expression changes associated with
299 apomictic and sexua reproduction. RNA-seq enabled the assembly of a non-redundant
300 transcriptome, containing 114,306 transcripts from florets and leaves from six distinct genotypes
301 with different ploidy levels and reproductive modes. Robust metrics indicated that the
302 transcriptome was a quality assembly with a high degree of integrity, which further expands the
303  bahiagrass transcriptome database.

304 Even though we did not sequence inflorescences samples at different developmental
305 stages (premeiosis, late premeiosis/meiosis, postmeiosis and anthesis) to search for candidate
306 apomixis-linked genes, differential expression analyses between leaf samples from sexual and
307 apomictic cytotypes allowed us to identify DEGs that may be representative of the mode of
308 reproduction and not dependent of the level of ploidy. We isolated expression patterns of
309 phenotypic classes, aimed both at removing transcripts whose expression could be related to the
310 effect of genotype and at identifying transcripts expressed in all genotypes within the same
311 phenotypic class.

312 GO classification of the assembled transcripts into 4,614 known terms, was used to
313 peform functional enrichment analyses of candidate apomixis genes. Based on a set of 510
314 DEGs detected between apomictic and sexual, among the enriched GO terms, we emphasize

315 “positive regulation of miIRNA metabolic process (GO:2000630)" and “regulation of primary
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316 miRNA processing (GO:2000636)”, both of which either activate or increase the frequency, rate,
317  or extent of mMiRNA production. miRNA, in turn, is directly related to “DNA metabolic process
318 (GO0:0006259)", which decreases the rate of gene expression (negative regulation of gene
319 expression - GO:0010629) through an epigenetic RNA-based gene silencing process (RNA-
320 directed DNA methylation - GO:0080188). Five transcripts were mainly involved in these
321 processes and showed higher expression levels in apomict samples in comparison to sexual
322 samples; these transcripts correspond to a pseudoARR-B transcription factor; premRNA
323  gplicing factor, putative (Ricinus communis); hypothetical protein SORBIDRAFT _05g016770;
324  uncharacterized protein, LOC100501330 (Zea mays); and an uncharacterized protein
325 LOC103641690. The GO analysis reveals the significant enrichment of terms associated with the
326 regulation of gene expression by epigenetic silencing among transcripts showing higher
327 expression levels among apomictic samples in comparison to sexual samples of the bahiagrass.
328 This result is consistent with the growing body of evidence that suggests that apomixis arises
329 from deregulation of the sexual pathway, where epigenetic mechanisms play a significant rolein
330 at least some elements of apomictic development [8,15,54].

331 These DEGs represent a set of candidate genes that, together with the 19,304 transcripts
332 exclusively expressed in apomictic samples, deserve further investigation. In apospory, gene
333 expression occurs at specific stages of apomictic development such as apomeiosis,
334 parthenogenesis, and endosperm development. Increased or decreased expression of some genes

335 during these specific stages may hinder the analysis of differential expression between sexual
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336 and apomictic genotypes [40,55]. Nonetheless, we believe that the identification of DEGs as
337 peformed herein, using selected transcripts with detectable expression pattern among all
338 genotypes of all phenotypic classes, may have minimized this influence. At the same time, our
339  approach increased the potential for discovery of candidate genes involved in apomictic process
340 and not only in a single step. Thus, future reverse genetics experiments based on gRT-PCR and
341 indgtu hybridization could be useful to identify the role of specific genes in the whole apomixis
342  process.

343 Functionally related genes tend to be transcriptionally coordinated [56,57]. Therefore, the
344  construction of transcripts coexpression network provided a powerful resource, for the
345 identification of transcripts that are coexpressed with unique and differentially expressed genes,
346  despite showing undetectable differences in expression between samples. The sub-network
347  containing 536 candidate coexpressed transcripts associated with the expression of apomixis is
348 an example of how we can recover the relevant biological relationships of genes of interest using
349 the transcriptome sequencing approaches. By starting on a smaller scale of transcripts that are
350 DEGs and/or unigue genes and possibly integrated into the ACR and combining the information
351 by adding their nearest neighbors, we can obtain a broader view of the processes involved in the
352 regulation of candidate genes. Significantly enriched BP were mainly associated with plant
353 reproduction, for instance, “male gamete generation (GO: 0048232)"; “sister chromatid
354  segregation (GO: 0000819)”; “meiosis | (GO: 0007127)"; “resolution of meiotic recombination

355 intermediates (GO: 0000712)"; “regulation of cytokinesis (GO: 0032465)”; “mitotic cytokinesis
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356 (GO: 0000281)"; “spindle assembly (GO: 0051225)"; “mitotic spindle organization (GO:
357 0007052)"; and “mitotic DNA integrity checkpoint (GO: 0044774)". In addition, the sub-
358 network was enriched in epigenetic processes such as “macromolecule methylation (GO:
359 0043414)"; “histone-serine phosphorylation (GO: 0035404)”; “regulation of protein phosphatase
360 type 2A activity (GO: 0034047)"; and “negative regulation of MAP kinase activity (GO:
361 0043407)". Transcripts from this sub-network were associated with reproductive processes and
362 the regulation of epigenetic changes by modulating histones. In particular, MAP kinase activity
363 was negatively regulated. The mitogen-activated protein 3-kinase (MAP3K) gene family has
364  been identified as differentially expressed in apomictic and sexual flowers of P. notatum [31]
365 andin flowersof P. simplex [14], and it might play arole in parthenogenetic development of the
366 embryo in both species [8]. Recently, an essential gene to the formation of unreduced embryo
367 sacs in P. notatum was identified from the characterization of a MAP3K retrieved in previous
368 transcriptomic surveys[58].

369 The size of the ACR in Paspalum is relatively small compared with other apomictic
370 systems [8], but the lack of recombination makes it difficult to study this region by map-based
371 cloning [31]. Thus, the discovery of DEGs that are potentially located within this region is
372  extremely valuable for understanding the complex regulatory network of gene—gene interaction.
373 These DEGs could also be used for future manipulation of the apomixis trait, which has

374  outstanding importance in agricultural biotechnology.
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375 In the genus Paspalum, the first approach for understanding the molecular basis of
376  apomixiswas applied by Pessino et al. [27]. This approach led to the identification of three small
377  sequences that are highly expressed during early megagametophyte development in apomictic
378 plantsthrough differential display experimentsin the inflorescences of sexual and aposporous P.
379 notatum. Here, we recovered the reported sequences as a single representative transcript (Table
380 S3) similar to a kinesin motor protein, involved in the biological process of microtubule-based
381 movement. The kinesin motor protein has also been reported by other authors as differentially
382  expressed between apomictic and sexual plants[29,31,59]. Interestingly, the transcript assembled
383 inthiswork also showed differential expression levels between apomictic and sexual samples.
384  Since then, several other candidate genes have been reported using P. notatum and P. simplex
385  gpecies [14,27,30,31] and more recently, the first approach usng RNA-seq was published for
386 bahiagrass based on expression profiling of apomictic and sexual flowers [40]. Some of these
387 candidate genes had been investigated in more detail [35,37-39]. However, many questions
388 remain unanswered, and further research is needed to define the relationships between the
389  dtructure, the position, and the function of the known apomixis-linked genes [8]. Furthermore,
390 based on the set of genes selected through differential expression patterns, we recovered
391 previously published sequencesin our P. notatum transcriptome.

392 One of the candidate genes previously reported in the literature is n20gap-1, a lorele-like
393 P. notatum gene [31,35] encoding a GPIl-anchored protein that supposedly plays a role in the

394  final stages of the apomixis developmental cascade. Laspina et al. [31] previously reported this
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395  sequence as linked to the chromosomal locus governing apospory at a genetic distance of 22 cM.
396 Here, one transcript similar to this gene present in the set of transcripts potentially integrated
397 within the ACR, corresponding to rice chromosome 2. Additionally, we found transcripts,
398 including some that were differentially expressed, that aligned with P. notatum sequences
399 characterized by Podio et a. [38], corresponding to Somatic Embryogenesis Receptor-Like
400 Kinase (SERK), in addition to other numerous transcripts with the same annotation. The
401 candidate SERK-like genes play crucial rolesin somatic embryogenesis in angiosperms and have
402  been reported as related to apomixis. Albertini et al. [59] analyzed two members of this protein
403 family, namey PpSERK1 and PpSERK?2, and found that PpSERK1 expression levels was high
404  during premeiosis and decreased during the meiosis and post-meiotic stages, whereas PpSERK?2
405  expression was high from premeiosis to anthesis in the nucellar cells of aposporous genotypes.
406  The authors proposed that the expression pattern of PpSERK in Poa pratensis was compatible
407  with its role in the specification of aposporous initials. In P. notatum, the expression of two
408  different members of the SERK family (PNSERK1 and PnSERK2) was observed, and PNSERK2
409 displayed a spatial expression pattern similar to that reported for the PpSERKS, which are
410 expressed in nucelar cells at melosis in the apomictic genotype [38]. We also identified
411  transcripts that showed similarity to other interesting candidate genes related to apospory, such
412  asthe PnTgsl-like gene that encodes a trimethylguanosine synthase-like protein, which plays a
413 fundamental role in nucellar cell fate, asits diminished expression is correlated with initiation of

414  the apomictic pathway in plants [37]. Additionally, two transcripts were similar to the sequence
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415  of PSORCS, which seems to play an active role in mechanisms repressing sexuality in apomictic
416 P.simplex, acting in the development of apomictic seeds, which deviate from the canonical 2
417  (maternal):1 (paternal) genome ratio [39]. The recovery of these previously published sequences
418 demonstrates the representative and informative nature of assembled transcriptome. Indeed, this
419  outcome reaffirms that high-throughput sequencing technology enhances our understanding of
420 global RNA expression.

421 In this study, we applied RNA-seq technology and bioinformatics methods to assemble a
422  useful transcriptome and identify differences between apomictic and sexual reproduction. Our
423  results reveal DEGs, genes exclusively expressed in apomicts or sexuals, of which are in
424  potential association with the ACR genomic region, including the apo locus. The validation of
425  genesfrom this set of candidates may enable valuable insights to the understanding of apospory.
426  Moreover, these genes may be considered to screen for molecular markers linked to apomixisin

427  P. notatum, which will be crucial to boost breeding programs for apomictic forage grasses.

428
429 Materialsand methods

430

431 Plant materials collectionsand RNA extraction

432 The six accessions of P. notatum used in this study belong to the Germplasm Bank of
433 Paspalum, maintained by Embrapa Pecuéria Sudeste, Sdo Carlos, SP, Brazil (22° 01'S and

434  47°54' W; 856 m above sea level) (Table 1). The accessions were chosen based on their origins
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435  (different ecotypes), genetic dissmilarity [60] and ploidy levels and reproduction modes.
436 Tetraploid P. notatum is apomictic, whereas the diploid is sexual. The Q3664 (BGP 216)
437  accession is a hybrid from a cross between a sexual colchicine-induced tetraploid (PT-2) and a
438  white-stigma apomictic tetraploid of P. notatum[50]. The Q3664 is characterized as a facultative
439  apomictic accession with ahigh level of sexuality (> 70%) [53].

440 For this study, five clones (biological replicates) of each accession were planted in 8 L
441  pots, filled with 1:1 soil/vermiculite and grown in a greenhouse under the same environmental
442  conditions. The climate is humid subtropical (according to the Koppen-Geiger classification
443  system), with annual average low and high temperatures of 15.3 and 27.0°C, respectively, and
444 total rainfall of 1,422.8 mm, occurring mainly during the spring and summer seasons [61].

445 Young leaf samples from three clones of each accession were collected during summer
446  (December). One clone each of the accessions BGP34 (apomictic tetraploid) and BGP22 (sexual
447  diploid) presented inflorescences, which were also collected. All leaf and floret samples were
448 immediately placed in liquid nitrogen and subsequently stored at -80°C until RNA extraction.
449  Total RNA was isolated according to Oliveira et al. [62]. RNA integrity was assessed in a 1%
450 agarose denaturing gel and quantified using a NanoV ue Plus spectrophotometer (GE Healthcare
451 Life Sciences, Little Chalfont, UK).

452

453 Verification of the mode of reproduction of P. notatum accessions

454 through cytoembryological analysis
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455 The mode of reproduction of the plants was confirmed using the embryo sac clarification
456  method proposed by Young et al. [63], with minor modifications. Inflorescences at anthesis
457  (when the embryo sac is fully developed) were collected and fixed in FAA (95% ethanol,
458 distilled water, glacial acetic acid, formalin 40%, 40:13:3:3 v/v) for 24 h at room temperature.
459  Afterward, the FAA was replaced with 70% ethanol and the samples were stored at 4°C. Ovaries
460 were extracted by dissection under a stereoscopic microscope and stored in 70% ethanol. The
461  embryo sacs were clarified by replacing 70% alcohol with the following series of solutions: 85%
462  ethanol; absolute ethanol; ethanol:methyl salicylate (1:1); ethanol:methyl salicylate (1:3); 100%
463 methyl salicylate (two times). The samples remained in each solution for 24 h. Observations
464  were carried out with an Axiophot microscope (Carl Zeiss, Jena, Germany) using the differential
465  interference contrast (DIC) microscopy technique. A total of 100 embryo sacs per accession were
466  evaluated.

467

468 Verification of the ploidy level of P. notatum accessions through flow

469 Cytometry

470 Flow cytometry analyses were performed to confirm the exact ploidy level of each plant
471  used in the experiment and results were compared to the literature data. Approximately 5 mg of
472  young leaf tissue from each plant was used (Table 1). Pisum sativum cv. Ctirad samples
473  (2C=9.09 pg), were used as an internal control [64,65]. Samples were triturated in a petri dish

474  containing 800 uL of LBO1 buffer (0.45425 g TRIS, 0.186125 g NaEDTA, 0.0435 g-spermine,
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475  0.29225 g NaCl, 1.491 g KClI, and 250 uL of Triton X-100 in 250 mL of distilled water, 7.5 pH,
476  0.11% v/v of B-mercaptoethanol) to obtain a nuclear suspension [66]. The nuclear suspension
477  wasfiltered through a mesh of 40 um and incubated at room temperature for 5 min, followed by
478  the addition of 25 pL of propidium iodide and 25 L of RNase. For each sample, at least 10,000
479 nuclel were analyzed. Samples were analyzed with a FACSCalibur flow cytometer (Becton
480 Dickinson, New Jersey, USA). Histograms were obtained in Cell Quest software and analyzed in
481 Flowing Software (available at http://www.flowingsoftware.com). Only histograms with both
482  peaks (sample and standard) of approximately the same height were considered. The nuclear
483 DNA index (pg) of the plants was estimated based on the value of the G1 peak as an interna
484  reference. We calculated the mean value of C per biological replicate and accession and the
485  difference between the highest and lowest values (A) observed in replicates of each accession.
486

487  RNA-seq library construction, Illumina sequencing, and data

488 quality control

489 The cDNA libraries were constructed from each RNA sample (18 leaf and two floret
490 libraries) using specific barcodes and the TruSeq RNA Sample Preparation Kit (Illumina Inc.,
491 San Diego, CA, USA) following manufacturer’s instructions. Library quality was confirmed
492  using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and quantified
493 via quantitative real-time PCR (gPCR) (Illumina protocol SY-930-10-10). Clustering was

494  conducted using a TruSeq Paired-End Cluster Kit on a cBot (lllumina Inc., San Diego, CA,
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495 USA). Paired-end sequencing was performed on the Illumina Genome Analyzer IIx Platform
496  with TruSeq SBS 36-Cycle kits (Illumina, San Diego, CA, USA) following manufacturer’s
497  gpecifications. RNA-seq was performed with floret libraries of the accessions BGP22
498 (diploid/sexual) and BGP34 (tetraploid/apomictic) in two separate lanes, without biological
499 replicates. The remaining 18 leaf libraries from six different accessions (Table 1), each with
500 threeindependent biological replicates (clones), were distributed randomly in the flow cell, with
501 threelibraries per lane.

502 Raw data was converted to FastQ files containing 72-bp reads. Quality control was
503 performed using the NGS QC Toolkit v2.3.3 [67]. Initially, high-quality reads (Phred quality
504 score > 20 in at least 75% of bases) and reads with more than 60 bases were selected.
505  Subsequently, reads were trimmed at the 3' end for the removal of barcodes. All reads were
506 deposited inthe NCBI Short Read Archive (SRA) under accession number SRP150615.

507

508 Transcriptome assembly and completeness assessment

509 High-quality reads from leaves and florets were de novo assembled into a reference
510 transcriptome for P. notatum, performed with Trinity program v2.0.2 [68] using default settings.
511  Contigs redundancy was minimized through the selection of the first Butterfly sequence from
512 each Chrysalis component, which is considered the most representative contig. To assess the
513 sequenced reads-support of the assembled contigs, the high-quality short reads were mapped

514  back to the transcriptome using the Bowtie2 sequence aligner v2.2.5 [69]. The Benchmarking
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515 Universal Single-Copy Orthologs (BUSCO) tool, an approach for the assessment of conserved
516 orthologs among plant speciesin a set of sequences [70], was used to estimate the completeness
517  of the transcriptome assembly.

518

519 Transcriptome annotation

520 All transcripts were aligned to proteins from the the NCBI non-redundant (Nr) database,
521  from the UniProtKB/Swiss-Prot and from the grass protein database from Phytozome v9.0, using
522  the BLASTX algorithm with an e-value cutoff of 1e-06. Gene Ontology (GO) [71] terms were
523  retrieved for transcripts showing similarity to sequences from NCBI Nr or UniProtKB databases
524  using Blast2GO software [72]. We used REVIGO [73] to summarize and visualize GO terms
525  sets. Pathways were assigned to metabolic pathways from the Kyoto Encyclopedia of Genes and
526  Genomes (KEGG) database [74].

527

528 Estimation of transcript expression levels

529 The expression levels of the transcripts were estimated using the FPKM method
530 (expected number of fragments per kilobase of transcript sequence per million base pairs
531 sequenced). Read counts for each transcript from each sample (Table 1) was obtained using
532 Bowtie v2-2.1.0 and normalized using the RSEM software (RNA-seq by expectation
533 maximization) [75]. A Venn diagram for the visualization of the amount of exclusive and shared

534 transcripts among samples was created using the online platfform available at
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535 http://bioinformatics.psh.ugent.be/webtools/Venn/. Principal component analysis (PCA) was
536  used to assess expression patterns of sequenced genotypes.
537

538 Differential expression analysis

539 EBSeq [76] was used to identify differentially expressed genes (DEGs) using FPKM
540 values, at afalse discovery rate (FDR) < 0.05. Transcripts with alog2 fold change (FC) > 1.5in
541 transcript abundance were regarded as overexpressed. GO enrichment analysis was carried out
542 using R software (version 3.3.1) and the 'goseq’ 1.24.0 Bioconductor package [77]. P-values
543  were subjected to Bonferroni correction, and we considered adjusted p-values < 0.05 as enriched.
544  Resulting enriched GO terms were summarized using REVIGO [73].

545 Genotypes were grouped according to their phenotypic classes as sexual diploids
546  (2xSEX), sexual tetraploids (4xSEX) and apomictic tetraploids (4xAPO) to be compared in
547 parwise differential expression analyses. A two-step pipeline was used for the identification of
548 the DEGs (Fig 6). In the first step, the objective was to select a list of equally expressed
549 transcripts among genotypes belonging to the same phenotypic class. This procedure allowed the
550 detection of gene expression patterns related with characteristics that were shared among
551  genotypes, independently of physiological or developmental particularities. Thus, EBSeq was
552  used to estimate the pairwise posterior probabilities of a transcript being equally express between
553  genotypes:. sexua diploids (accessions. BGP22 and BGP306), and apomictic tetraploids

554  (accessions: BGP30, BGP34 and BGP115). Transcripts that presented PPEE > 0.95 were kept for
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555 the second step of the analysis. The second step consisted of another round of pairwise
556 differential expression analyses between phenotypic classes: (i) 2xSEX vs. 4xAPO; (ii) 2xSEX
557  vs. 4xSEX; (iii) 4xAPO vs. 4xSEX.

558 Fig 6. Workflow of differential expression analyses used in this study. We realized pairwise
559 differentia expression analyses of all three phenotypic classes (apomictic tetraploid “4xAPO”,
560 sexual diploid “2xSEX” and sexual tetraploid “4xSEX"). Each phenotypic class had different
561 genotype with three clones. In the first step, the objective wasto select alist of equally expressed
562 transcripts among genotypes belonging to the same phenotypic class. EBSeq was used to
563 estimate the pairwise posterior probabilities of a transcript being equally express (PPEE)
564  between genotypes of the same phenotypic class: apomictic tetraploid (AxB; AxC; BxC) and
565 sexual diploid (DxE). Transcripts that presented PPEE > 0.95 were kept for the second step of
566 the analysis. The second step consisted of another round of pairwise differential expression
567  analyses between phenotypic classes: (i) 4xAPO vs. 2xSEX;; (ii) 4xAPO vs. 4xSEX; (iii) 2xSEX
568 vs. 4xSEX. The objective was to select a list of transcripts that presented pairwise posterior
569 probabilities of being differentially expressed (PPDE > 0.95). Additionally, we identified alist of
570 transcriptsthat were consistently differentially expressed between sexual and apomictic samples,
571  independently of the ploidy level (diploid or tetraploid).

572

573 Quantitative reverse transcription PCR (gRT-PCR) validation of

574 differential expression results
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575 To verify the reliability and accuracy of transcriptome data and differential expression
576 analyses pipeline, 18 DEGs were randomly selected for quantification through reverse
577 transcription PCR (gRT-PCR). Eight transcripts showing similar expression patterns based on
578 FPKM vaues were used as internal reaction controls. Primer sets for controls and targets were
579  designed using Primer3Plus software [78]. All primer pairs were initialy tested in regular PCR
580 reactions using genomic DNA as a template from the same genotypes and clones used in RNA-
581 seg. Only primers that amplified the genomic DNA of all genotypes were used in the following
582 gRT-PCR amplification efficiency tests. Primer pairs with an amplification efficiency of 90-
583  110% and R*> 0.99 were used for relative expression analyses.

584 Total RNA (500 ng) was used for cDNA synthesis using the QuantiTect Reverse
585  Transcription Kit (Qiagen Inc., Chatsworth, CA, USA). gRT-PCR were performed using a
586 CFX384 Rea-Time PCR Detection System with iTag Universal SYBR Green Supermix (Bio-
587 Rad Laboratories Inc., Hercules, CA, USA), according to the manufacturer’s instructions. The
588  reaction conditions were 95°C (10 min) and then 40 cycles of 95°C (30 s) and 60°C (1 min). All
589 experiments were performed using technical triplicate, and no-template controls were included.
590 The specificity of amplicons was confirmed through the analysis of the melting curve. The
591 Dbasdline and Cqg (quantification cycle) values were automatically determined, and the expression
592  values were estimated using the AACt method implemented by the CFX Manager 2.1 software
593 (Bio-Rad Laboratories, Inc., USA). Reference genes were selected according to their expression

594  gtability (M < 0.5) and coefficient of variance (CV < 0.25) among samples. Mann-Whitney U-

32


https://doi.org/10.1101/369280
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/369280; this version posted October 24, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

595 tests were performed to estimate statistical significance of distribution differences between
596 samples.
597

598 Search for putative apomixis genes

599 To perform a detailed comparative analysis of P. notatum transcripts obtained in this
600 study with their syntenic counterparts on rice chromosomes that are conservatively linked to
601 apomixis in Paspalum species [8], we aligned all P. notatum transcripts to rice transcripts using
602 the BLASTN tool and selected those that presented putative homology to genes in the
603  highlighted area of rice chromosomes 2 and 12. Then, we selected only P. notatum transcripts
604  present in the ACR, which were delimited by a set of molecular markers completely linked to the
605  apospory locus in this species. Thus, the region encompassed the C1069 and C996 markers for
606 rice chromosome 12 and between C560 and C932 markers for chromosome 2 [8,21,24-26,79].
607 We also compared the P. notatum reference transcriptome with sequences reported for the genus
608 Paspalum, potentially associated with apomixis. The sequences were used as queries for
609 BLASTN search in the 114,306 transcripts database, with an e-value cutoff of 1e-05.

610

611 Construction of a transcripts coexpression networ ks

612 To generate coexpression network, we used expression values in FPKM of all assembled
613 transcripts from floret and leaf tissues. Transcripts showing null values for most of the replicates

614 were excluded to reduce noise and eliminate residuals in the analysis. We calculated an all-
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615 versus-all coexpression network matrix using the Pearson correlation coefficient cutoff of > 0.8.
616 The highest reciprocal rank (HRR) method proposed by Mutwil et al. [80] was used to select
617 only the strongest edges, considering an HRR limit of 30. The Heuristic Cluster Chiseling
618 Algorithm (HCCA) was applied to partition the networks into manageable clusters, with three-
619 step node vicinity networks (NVN) [80]. The interactive coexpression network was visualized
620 using the Cytoscape 3.4.0 software [81].
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845  Supporting Information

846 Sl Fig. Length distribution of the number of non-redundant transcripts successful
847 annotated. Comparison of the all non-redundant transcripts and the number of transcripts
848  annotated in the NCBI non-redundant protein database by size range.

849 S2 Fig. Principal component analysis (PCA) according to the FPKM values of P. notatum
850 transcriptome. PCA analysis of leaf and floret transcriptomes for all genotypes and clones used
851 in RNA-seq.

852 S3 Fig. Histograms of gene expression obtained by qRT-PCR. qRT-PCR validation showing
853 the relative expression patterns of 4 genes that are differentially expressed between tetraploid
854  apomictic "4xAPO" (red box) and diploid sexual "2xSEX" (blue box). *P < 0.05; **P < 0.01;
855 ***P < 0.001: statistically significant differences in gene expression between phenotypic classes
856 compared using the Mann-Whitney U-test.

857 4 Fig. Histograms of gene expression obtained by qRT-PCR. qRT-PCR validation showing
858 the relative expression patterns of 4 genes that are differentially expressed between tetraploid
859 apomictic "4xAPO" (red box) and tetraploid sexual "4xSEX" (green box). *P < 0.05; **P <
860 0.01, ***P < 0.001: datistically significant differences in gene expression between the
861 phenotypic classes compared using the Mann-Whitney U-test.

862 S5 Fig. Functional classification of enriched overexpressed DEGs in the 2xSEX vs. the
863 4xAPO comparison. Gene Ontology biological process (blue boxes), Gene Ontology cellular

864  component (yellow boxes), and Gene Ontology molecular function (orange boxes). a) Categories
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865 enriched in overexpressed transcripts in 2xSEX and b) categories enriched in overexpressed
866 transcriptsin 4xAPO.

867 S6 Fig. Functional classification of enriched overexpressed DEGs in the 2xSEX vs. 4xSEX
868 comparison. Gene Ontology biological process (blue boxes), Gene Ontology cellular component
869  (yellow boxes), and Gene Ontology molecular function (orange boxes). a) Categories enriched in
870 overexpressed transcripts in 2xSEX and b) categories enriched in overexpressed transcripts in
871  4xSEX.

872  S7 Fig. Functional classification of enriched overexpressed DEGs in the 4xAPO vs. 4xSEX
873 comparison. Gene Ontology biological process (blue boxes), Gene Ontology cellular component
874  (yellow boxes), and Gene Ontology molecular function (orange boxes). @) categories enriched in
875 overexpressed transcripts in 4xAPO and b) categories enriched in overexpressed transcripts in
876  4xSEX.

877 Sl Table. Primer sequences and amplicons of the candidate reference genes evaluated in
878  thisstudy.

879 S2 Table. Quantitative RT-PCR primer sequences.

880 S3 Table. BLAST search resultsfor sequences of P. notatum from the literature against the

881 assembled transcriptome.
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