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COMPARATIVE TRANSCRIPTOME ANALYSIS OF TWO CLOSELY
RELATED BEGONIA SPECIES REVEALS DIVERGENT PATTERNS IN
KEY LIGHT-REGULATED PATHWAYS

K. Emelianova®'? & C. A. Kidner®'3

Begonia is one of the most diverse angiosperm genera, comprising more than 2000 described
species. The wide morphological and ecological range represented in the genus makes it a good
model for studying the generation and maintenance of diversity. Previous research has shown that
strong population structure, poor seed dispersal, and high levels of drift contribute to high rates of
speciation and morphological variation. In the present study, we used transcriptomics to compare
two closely related but morphologically and ecologically divergent species, Begonia conchifolia
A.Dietr. and B. plebeja Liebm., to identify genes putatively involved in ecological divergence. Using
publicly available multitissue RNA-seq data, we asked what genetic pathways show species-specific
patterns of divergence between our two study species. The results of differential expression and
gene ontology enrichment analyses showed species-specific enrichment of light-regulated functions
in Begonia plebeja. Concomitant enrichment of ethylene and jasmonate pathways in Begonia plebeja
indicate an increased shade avoidance response, suggesting that light availability may be a key
factor in the divergent adaptation of B. conchifolia and B. plebeja.
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Introduction

Understanding the evolutionary processes governing adaptation and speciation is
fundamental to identifying the drivers of diversification and can inform biodiversity

and conservation studies (Conover et al., 2006; Seehausen, 2006; Wilcox et al., 2019).
Selection can drive divergent adaptation in populations that are presented with ecological
opportunities in the form or new or underused niches (Fjeldsa et al., 2018), targeting
ecologically relevant genes and regulatory pathways and driving differentiation across
other, neutral genomic regions (Feder & Nosil, 2010), which can reinforce species barriers
post divergence by the reduction of gene flow (Nosil et al., 2009). Identification of genes
underlying adaptation to new niches is necessary to understand the biotic and abiotic
factors that drive adaptive change (Fischer et al., 2013; Yeaman et al., 2016), and in
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some cases can be used to predict the adaptive potential of genetic changes (Turner
et al., 2010; Hancock et al., 2011). The study of functional classes of genes involved
in ecological adaptation is, therefore, key to understanding environmental factors
responsible for driving adaptive evolution, and how well species might adapt to future
environmental change.

In the present study, we used two species in the genus Begonia to look for genomic
patterns of adaptive divergence. Begonia is one of the most diverse genera of angiosperms,
comprising more than 2000 species (Hughes et al., 2015-) that occupy a wide range of
ecological niches throughout the tropics and display diverse morphologies and vegetative
forms (Burt-Utley, 1985). Studies of the origins of diversity in Begonia suggest a prominent
role of genetic drift (Tseng et al., 2019), the genus being characterised by typically poor
seed dispersal mechanisms (Twyford et al., 2014), leading to strong intraspecific population
structure and high incidence of endemism (Matolweni et al., 2000; Hughes et al., 2003;
Hughes & Hollingsworth, 2008; Nakamura et al., 2012). Nevertheless, adaptive traits such
as secondary woodiness (Kidner et al., 2016), deceit pollination (Castillo et al., 2012) and
tolerance to high altitude (Barrera et al., 2019) are evidence of at least a partial role for
selective forces in shaping this megadiverse genus.

The two species of Begonia used in our study present an excellent model for finding
signatures of divergent adaptive traits, due to their morphological and ecological differences
yet close phylogenetic relationship. Begonia conchifolia A.Dietr. (Figure 1A) is a small
terrestrial plant with long-lived fleshy peltate leaves and small white flowers. It has a
restricted distribution in wet rain forests across southern Mexico and Central America,
sometimes establishing itself successfully on open roadbanks. It often grows epiphytically
on the lower parts of tree trunks or is saxicolous on rock faces uncolonised by other
vascular plants. Begonia plebeja Liebm. (Figure 1B), which also has a terrestrial growth
form, is more widespread, occupying seasonally dry, deciduous forests in northern Mexico,
tolerating higher levels of insolation than typical for the genus. It has larger, thinner leaves,

Figure 1. The study species: A, Begonia conchifolia; B. plebeja. Photographs: Catherine Kidner.
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which are deciduous in some populations and often blotched, and larger flowers sometimes
tinged with pink (Burt-Utley, 1985).

In the present study, we used a comparative transcriptomics approach to investigate
whether the ecological divergence between Begonia conchifolia and B. plebeja is
accompanied by adaptive divergence in environmentally relevant functional gene categories.
Using multitissue transcriptome sequencing data from Begonia conchifolia and B. plebeja
(Emelianova et al., 2021), we aimed to address whether there are species-specific signatures
of gene expression, and whether such signatures could explain the difference in the niches
occupied by the two species.

Materials and methods
Transcriptome sequencing and annotation

Reference transcriptomes for Begonia conchifolia (RBGE accession no. 20042082) and
B. plebeja (RBGE accession no. 20051406) were assembled and annotated as described in
a previous study (Emelianova et al., 2021). Briefly, six tissues were chosen for sequencing:
female flower, leaf, male flower, petiole, root and vegetative bud. RNA was extracted using
a phenol chloroform protocol (Logemann et al., 1987), using three biological replicates per
tissue and species. TruSeq mRNA-seq libraries were prepared and sequenced by Edinburgh
Genomics (Edinburgh, UK) on one lane of an lllumina HiSeq Rapid v1 machine (lllumina,
San Diego, California, USA), generating ¢.240 million 150—base pair paired-end total reads.
Adapter-trimmed reads were subject to contaminant screening using BlobTools (Laetsch
& Blaxter, 2017), retaining only reads that mapped to Streptophyta for all downstream
analyses.

Total reads were assembled using Trinity v2.6.4 (Grabherr et al., 2011) to produce reference
transcriptomes for Begonia conchifolia and B. plebeja (Table 1). The longest transcripts per
locus (unigenes) were annotated using the Trinotate pipeline (Bryant et al., 2017).

Table 1. Assembly statistics for Begonia conchifolia and B. plebeja transcriptomes

Variable B. conchifolia B. plebeja
Total no. of assembled sequences? 42,614 59,106
No. of assembled unigenes® 17,012 19,969
Shortest assembled sequence (bp) 201 201
Longest assembled sequence (bp) 15,923 16,037

N >1kb 31,876 37,865

N > 10 kb 28 16

N with open reading frame 32,848 43,119
N90 1090 842

N50 2381 1905

2 All isoforms of reconstructed transcripts.
® Unigene defined as the longest isoform from each unique transcribed locus.
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Read mapping

Reads from each tissue replicate in Begonia conchifolia and B. plebeja were mapped back to
their corresponding species’ reference transcriptome unigenes, using STAR v2.5.3a (Dobin
et al., 2013) with default parameters. Reads were counted using Subread’s FeatureCounts
v1.5.2 (Liao et al., 2014), excluding read pairs that mapped to different unigenes.

Differential expression

For each of the two species, EdgeR (Robinson et al., 2010) was used to identify differentially
expressed genes (DE genes; i.e. genes differentially expressed between two types of tissue).
Raw read counts generated by FeatureCounts were first filtered, retaining only unigenes

that had more than five counts per million mapping to at least two samples. Samples were
normalised for library size and composition, using TMM normalisation. The exact test was
used to identify DE genes for each tissue-pair comparison, based on a significance level of
adjusted p value (false discovery rate, FDR) < 0.05 and log2 fold change > 2.

Gene ontology enrichment analysis

Data on DE genes were subjected to gene ontology (GO) enrichment analysis with GOseq
(Young et al., 2010), which accounts for sequence length bias, using all unigenes in the
corresponding species’ reference transcriptome as a background. A corrected p value (FDR)
threshold of 0.05 was applied when selecting significantly enriched GO terms.

To compare expression profiles between Begonia conchifolia and B. plebeja in the
absence of a reference genome for both species, we used GO-term analysis to provide a
broad overview of the types of DE genes. To identify GO terms shared by both species or
unique to either species, GO terms were mapped for all DE genes identified for all tissue-pair
comparisons.

We explored qualitative differences between Begonia conchifolia and B. plebeja in terms
of DE genes. First, we used GOseq to identify GO terms enriched in the DE genes identified
for each tissue-pair comparison for each species. Second, for each tissue-pair comparison
(e.g. root versus vegetative bud), we sought to identify GO terms enriched in one species but
not the other (these are hereafter referred to as uniquely enriched terms, UETs).

Annotation of DE genes underlying UETs related to light response was carried out using
transcriptome annotations generated in a previous study (Emelianova et al., 2021).

Results
Differential expression

For each tissue-pair comparison, the number of genes differentially expressed between
the tissues was found to be broadly similar in Begonia conchifolia and B. plebeja, with both
species sharing tissue-specific patterns (Figure 2). Data for both species showed differential
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Figure 2. Barplot grid showing data for genes differentially expressed between different types of

tissue in Begonia conchifolia and B. plebeja. Above each column is the number of differentially
expressed genes for that tissue-pair comparison. Rows denote the base tissue and columns denote
the comparison tissue. Up-regulated genes (red for Begonia conchifolia and orange for B. plebeja) and
down-regulated genes (dark blue for B. conchifolia and light blue for B. plebeja) represent a significant
increase or decrease, respectively, in expression in the comparison tissue relative to the base tissue. A
significance level of adjusted p value (false discovery rate) < 0.05 and log2 fold change > 2 was used to
define differential expression of a gene.

expression to be greatest between reproductive tissues (male flower or female flower) and
roots; fewer genes were found to be differentially expressed between reproductive tissues
and other vegetative tissues (petiole, vegetative bud and leaf).

Gene ontology enrichment analysis

The results of mapping of GO terms for all DE genes identified for all tissue-pair
comparisons showed that of the total 5267 GO terms, 3694 mapped to DE genes in both
Begonia conchifolia and B. plebeja, 776 mapped to DE genes in B. conchifolia only, and 797
mapped to DE genes in B. plebeja only. As expected, the number of GO terms mapped to DE
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genes per tissue-pair comparison (Figure 3) was proportional to the number of DE genes
identified for that comparison (see Figure 2).

The results for most tissue-pair comparisons, including the directions of change in
expression, were similar between Begonia conchifolia and B. plebeja (see Figure 3).
However, for some comparisons there was a notable difference between the two species;
for example, 48 genes are up-regulated in petiole compared with female flower in Begonia
plebeja, versus 18 in B. conchifolia (see Figure 3).

For almost every tissue-pair comparison, the number of DE genes underlying UETs was
found to be greater in Begonia conchifolia than in B. plebeja, and these genes were shown
to differ proportionally between comparisons in B. conchifolia versus B. plebeja (Figure 4).
Genes underlying UETs in Begonia conchifolia were shown to predominate in comparisons

Female Flower vs Root- _
Male Flower vs Root- _
Leaf vs Root- _
Petiole vs Root- _
Root vs Vegetative Bud- -
.

Leaf vs Male Flower-

Male Flower vs Vegetative Bud-

M B. conchifolia up
B B. conchifolia down
B. plebeja up
B. plebeja down
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Comparison
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Female Flower vs Vegetative Bud- -
Female Flower vs Leaf- -

Petiole vs Vegetative Bud- .

Female Flower vs Male Flower-

Female Flower vs Petiole- - .

T mber of eniched GO terms.
Figure 3. Number of gene ontology (GO) terms enriched in differentially expressed genes in Begonia
conchifolia and B. plebeja, by tissue-pair comparison. The first and second tissue in each comparison
are the base and comparison tissue, respectively. The number of GO terms mapped to up-regulated
genes indicates the number of genes with signficantly greater expression in the reference tissue than
in the base tissue. Conversely, the number of GO terms mapped to down-regulated genes indicates the
number of genes with significantly lower expression in the reference tissue than in the base tissue.
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Figure 4. Network diagrams showing the number of genes associated with uniquely enriched gene
ontology (GO) terms for each tissue-pair comparison carried out for Begonia conchifolia (A) and B.
plebeja (B). For each comparison, the arrow indicates the direction of comparison, and the number is
the number of genes underlying uniquely enriched terms. FmF, female flower; Lef, leaf; MIF, male flower;
Ptl, petiole; Rot, root; VgB, vegetative bud.

between vegetative bud, petiole and root, whereas in B. plebeja, genes underlying UETs were
more evenly distributed among the tissue-pair comparisons. Uniquely enriched terms were
identified in fewer tissue-pair comparisons in Begonia conchifolia than in B. plebeja (10 in

B. conchifolia versus 15 in B. plebeja).

In Begonia plebeja, compared with B. conchifolia, there was a greater propensity for UETs
to be associated with a single tissue-pair comparison (Figures 5 and 6); analysis of the
underlying data showed that 84% of B. plebeja UETs were associated with a single tissue-pair
comparison, compared with 65% of B. conchifolia UETs. In both species, UETs associated
with multiple tissue-pair comparisons were often found to have a tissue in common (see
Figures 5 and 6). In the case of Begonia conchifolia, most shared terms were shown to be
between petiole and vegetative bud, and between petiole and root (see Figure 5).

Our results showed that UETs in Begonia conchifolia tend to be related to housekeeping
functions such as cell division, DNA replication and microtubule activity (Figure 7).
Response to abscisic acid and response to water deprivation were among the few functional
categories related to environmental responses (see Figure 7). Housekeeping functions
such as cell division and photosynthesis were also represented in the Begonia plebeja
UETs; however, a large proportion of these are related to environmental response, such as
the ethylene-activated signalling pathway, comprising categories such as response to blue
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Figure 5. Numbers of genes associated with gene ontology (GO) terms that are enriched in
differentially expressed genes (DE) for Begonia conchifolia but not B. plebeja, for each tissue-pair
comparison. Gene numbers have been log transformed to improve the visibility of smaller GO
categories. Up-regulated and down-regulated genes are included together within each group.

light and auxin influx (Figure 8). Other environmental response functions in Begonia plebeja
include response to chitin.

Differentially expressed genes underlying UETs related to light response were further
annotated for Begonia plebeja, as summarised in Table 2.

Discussion

Ecological heterogeneity provides a mosaic of different environmental niches, giving
populations opportunities to undergo divergent adaptive evolution to take advantage of
new habitats (Seehausen et al., 2008). Regulation of gene expression is an important target
of selection during adaptive evolution (Parry et al., 2005; Jones et al., 2012; Thompson et
al., 2018), and identification of the functional classes of genes involved in expressional
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Figure 6. Numbers of genes associated with gene ontology (GO) terms that are enriched in
differentially expressed genes (DE) for Begonia plebeja but not B. conchifolia, for each tissue-pair
comparison. Gene numbers have been log transformed to improve visibility of smaller GO categories.
Up-regulated and down-regulated genes are included together within each group.

divergence can reveal clues to the biotic or abiotic driving forces underlying divergent
evolution (Dunning et al., 2016; Piron-Prunier et al., 2021).

Begonia conchifolia and B. plebeja represent an excellent model for studying the
contribution of gene expression to ecological divergence and speciation; the morphological
and ecological differences between the species are complemented by their relatively recent
date of divergence, making it more likely that signatures of expressional divergence are
detectable and not obscured by changes accumulated over longer time periods. Using our
comparative transcriptome approach, we have identified key differences between Begonia
conchifolia and B. plebeja in the expression of environmental response genes. Additionally,
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Figure 7. Gene ontology (GO) terms that are enriched in differentially expressed (DE) genes for Begonia
conchifolia but not B. plebeja across all tissue-pair comparisons. The plot was generated using Revigo
(Supek et al., 2011), which visually summarises GO terms, removing redundant terms. Each colour-
coded group of rectangles represents a cluster of loosely related terms; the size of each rectangle
represents the number of significantly DE genes associated with that term.

we have identified species-specific expression of key light-regulated genes in Begonia
plebeja.

A large proportion of light-related GO terms enriched in Begonia plebeja are involved in
photomorphogenesis, the regulation of plant development in response to light. A substantial
number of light-related genes annotated with GO terms enriched in Begonia plebeja are involved
in the shade avoidance response, suggesting that this pathway is more active in B. plebeja
than in B. conchifolia; thus, B. plebeja seems to have a more vigorous response to changing
light availability. The shade avoidance strategy enables plants to cope with competition
from neighbouring plants for light availability; foliar shade experienced during competitive
over-topping is perceived by a reduction in the ratio of red to far red light wavelengths,
triggering a regulatory cascade to prevent competitive light exclusion (Casal, 2013).

Phototropin-1 and phototropin-2 were among the Begonia plebeja genes annotated with
light-related UETs. Members of the phototropin family of receptors are responsible for
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Figure 8. Gene ontology (GO) terms that are enriched in differentially expressed (DE) genes for Begonia
plebeja but not B. conchifolia across all comparisons. The plot was generated using Revigo (Supek et
al.,, 2011), which visually summarises GO terms, removing redundant terms. Each colour-coded group
of rectangles represents a cluster of loosely related terms; the size of each rectangle represents the
number of significantly DE genes associated with that term.

sensing blue and red light and coordinating responses to optimise photosynthesis, including
relocation of chloroplasts to enable their accumulation under low light (Sakai et al., 2001) and
movement to the cell walls under high light (Kagawa et al., 2001). Responses to foliar shade
include changes in reproductive strategy, via induction of early flowering (Galvao et al., 2019),
and redirection of resources to leaf and petiole elongation to thereby escape encroaching
competitor foliar shade (Pierik et al., 2009; Buti et al., 2020b; Barillot et al., 2021).

In genes annotated by Begonia plebeja UETs, we identified key genes in the basic/helix—
loop—helix (bHLH) regulatory network, including the transcription factor bHLH63, which
is involved in triggering early flowering in response to blue light (Buti et al., 2020a), and
HBI1, which positively regulates petiole elongation and early flowering (Zhiponova et al.,
2014). In the Begonia plebeja UET annotated genes, we also identified allene oxide cyclase,
which catalyses the production of jasmonic acid, a key compound in the orchestration of
photomorphogenesis in the jasmonate pathway (Nozue et al., 2015; Yi et al., 2020).
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Table 2. Differentially expressed genes associated with gene ontology terms identified for Begonia
plebeja uniquely enriched terms related to light response®

Response

Differentially expressed gene

Response to blue light GO:0009637

Cellular response to light stimulus
G0:0071482

Response to high light intensity
G0:0009644

Negative regulation of anion channel
activity by blue light G0:0010362

Cryptochrome-1

Phototropin-2

Phototropin-1

Protein GIGANTEA

ABC transporter B family member 1
Transcription factor UNE10

Protein LIGHT-DEPENDENT SHORT HYPOCOTYLS 1
Transcription factor HBI1

Transcription factor TCP2

Homeobox-leucine zipper protein HAT5
Phototropin-1B

Protein SPA1-RELATED 4

Allene oxide cyclase, chloroplastic

Adagio protein 1

Transcription factor bHLH63

Allene oxide cyclase, chloroplastic
1,4-alpha-glucan-branching enzyme 1, chloroplastic/amyloplastic
RNA polymerase sigma factor sigB

RNA polymerase sigma factor sigF

RNA polymerase sigma factor sigC

RNA polymerase sigma factor sigA
Calmodulin-binding receptor kinase CaMRLK
Chlorophyll a-b binding protein 3

Protein ACTIVITY OF BC1 COMPLEX KINASE 8
Lysine-tRNA ligase, chloroplastic/mitochondrial
Protein EARLY-RESPONSIVE TO DEHYDRATION 7
Chlorophyll a-b binding protein 36

Protein PROTON GRADIENT REGULATION 5
Chlorophyll a-b binding protein 4

Chloroplastic lipocalin

Chlorophyll a-b binding protein 7

Protein MET1

Ferredoxin C 1

Protein ACTIVITY OF BC1 COMPLEX KINASE 8
Phototropin-2

Phototropin-1

Phototropin-1B

2 Annotations were obtained from Begonia plebeja annotations generated in a previous study (Emelianova et

al., 2021).
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Begonia plebeja UET annotated genes also included key circadian rhythm-related
genes, including blue light—dependent protein Adagio 1 (Somers et al., 2000) and
chaperone protein GIGANTEA (Dalchau et al., 2011). Circadian clock genes fulfil an
important negative feedback mechanism to prevent excessive light foraging, especially
in shorter photoperiods (Franklin, 2020); identification of these transcripts in our dataset,
along with other photomorphogenic repressors such as SPAT-RELATED 4 protein,
provides greater insight into the coordinated regulation of shade avoidance in Begonia
plebeja.

Our finding of UETS in fewer tissue-pair comparisons in Begonia conchifolia than in
B. plebeja suggests less species-specific activity in the former. In both species, we found
that UETs associated with multiple tissue-pair comparisons often have a tissue in common,
suggesting that these functional terms may underlie a process specific to that tissue. In
the case of Begonia conchifolia, we found most shared terms to be between petiole and
vegetative bud, and petiole and root, and all related to cell division and housekeeping, which
suggests that in this species, petiole is particularly divergent from other tissues in terms of
rate of cell division.

Shade-tolerant species living in understorey habitats, such as Begonia conchifolia, have
lower growth rates and reduced or absent elongation responses to shade (Morgan & Smith,
1979; Gommers et al., 2013), and the UETs in B. plebeja suggest a higher turnover of plant
growth and development (meristem initiation, leaf senescence, vegetative phase change)
compared with in B. conchifolia.

Light availability is one of the most immediate differences in the habitats of our study
species; Begonia conchifolia occupies a shaded understorey environment, with a steady
supply of low diffuse light interspersed with periodic high-intensity sunflecks. By contrast,
Begonia plebeja occupies a more open habitat in seasonally dry forests, with more access
to direct, high-intensity sunlight (Burt-Utley, 1985). Environmental constraints of living under
a canopy preclude a shade avoidance response, and therefore compel understorey dwelling
species to optimise responses to a low-light environment (Valladares & Niinemets, 2008;
Valladares et al., 2016). Shade-tolerant species, being less sensitive to the ratio of red to far
red light, are able to cope with low light levels without invoking a strong shade avoidance
response (Kwesiga & Grace, 1986). Although less is known about shade tolerance than
shade avoidance (Gommers et al., 2013), some evidence exists for mechanisms to
modulate shade avoidance responses. Preference of different phytochromes sensitive
to far red, rather than red and blue light (Johnson et al., 1994), as well as modulation
of hormone pathways (Hornitschek et al., 2012) and recruitment of shade avoidance
antagonists (Buti et al., 2020b), are among the various methods suggested to contribute to
shade tolerance.

Using the approach described in this article, we have identified species-specific
expression patterns in Begonia conchifolia and B. plebeja, revealing an active response
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to shade avoidance in B. plebeja, and showing that, by contrast, B. conchifolia has little
species-specific activity outside predominantly housekeeping functions. Thus, our work
has uncovered a key difference in the responses of these two species to fluctuating light
availability, and has laid the ground for further investigations to determine the role of light
availability in the ecological divergence of Begonia conchifolia and B. plebeja.

ORCID iDs

K. Emelianova (i https://orcid.org/0000-0002-5981-4442
C. A. Kidner () https://orcid.org/0000-0001-6426-3000

References

Barillot R, De Swaef T, Combes D, Durand J-L, Escobar-Gutiérrez AJ, Martre P, Perrot C, Roy E, Frak
E. 2021. Leaf elongation response to blue light is mediated by stomatal-induced variations in
transpiration in Festuca arundinacea. Journal of Experimental Botany. 72(7):2642-2656. https://doi.
org/10.1093/jxb/eraa585

Barrera WB, De Guzman VJD, Mergilla RMR. 2019. Functional adaptations of Begonia oxysperma A. DC.
and Begonia ramosii Merr. (Begoniaceae) revealed through morpho-anatomical analyses. Philippine
Journal of Systematic Biology. 13:13-27. https://doi.org/10.26757/pjsb2019a13003

Bryant DM, Johnson K, DiTommaso T, Tickle T, Couger MB, Payzin-Dogru D, Lee TJ, Leigh ND, Kuo T-H,
Davis FG, Bateman J, Bryant S, Guzikowski AR, Tsai SL, Coyne S, Ye WW, Freeman RM, Peshkin
L, Tabin CJ, Regev A, Haas BJ, Whited JL. 2017. A tissue-mapped axolotl de novo transcriptome
enables identification of limb regeneration factors. Cell Reports. 18(3):762-776. https://doi.
org/10.1016/j.celrep.2016.12.063

Burt-Utley K. 1985. A revision of Central American species of Begonia section Gireoudia (Begoniaceae).
Tulane Studies in Zoology and Botany. 25(1):1-131.

Buti S, Hayes S, Pierik R. 2020a. The bHLH network underlying plant shade-avoidance. Physiologia
Plantarum. 169(3):312-324. https://doi.org/10.1111/ppl.13074

Buti S, Pantazopoulou CK, van Gelderen K, Hoogers V, Reinen E, Pierik R. 2020b. A gas-and-brake
mechanism of bHLH proteins modulates shade avoidance. Plant Physiology. 184(4):2137-2153.
https://doi.org/10.1104/pp.20.00677

Casal JJ. 2013. Photoreceptor signaling networks in plant responses to shade. Annual Review of Plant
Biology. 64:403-427. https://doi.org/10.1146/annurev-arplant-050312-120221

Castillo RA, Caballero H, Boege K, Fornoni J, Dominguez CA. 2012. How to cheat when you cannot
lie? Deceit pollination in Begonia gracilis. Oecologia. 169:773-782. https://doi.org/10.1007/
s00442-012-2250-y

Conover DO, Clarke LM, Munch SB, Wagner GN. 2006. Spatial and temporal scales of adaptive
divergence in marine fishes and the implications for conservation. Journal of Fish Biology.
69(sc):21-47. https://doi.org/10.1111/j.1095-8649.2006.01274.x

Dalchau N, Baek SJ, Briggs HM, Robertson FC, Dodd AN, Gardner MJ, Stancombe MA, Haydon MJ, Stan
G-B, Gongalves JM, Webb AAR. 2011. The circadian oscillator gene GIGANTEA mediates a long-term


https://orcid.org/0000-0002-5981-4442
https://orcid.org/0000-0001-6426-3000
https://doi.org/10.1093/jxb/eraa585
https://doi.org/10.1093/jxb/eraa585
https://doi.org/10.26757/pjsb2019a13003
https://doi.org/10.1016/j.celrep.2016.12.063
https://doi.org/10.1016/j.celrep.2016.12.063
https://doi.org/10.1111/ppl.13074
https://doi.org/10.1104/pp.20.00677
https://doi.org/10.1146/annurev-arplant-050312-120221
https://doi.org/10.1007/s00442-012-2250-y
https://doi.org/10.1007/s00442-012-2250-y
https://doi.org/10.1111/j.1095-8649.2006.01274.x

K. Emelianova & C. A. Kidner 15

response of the Arabidopsis thaliana circadian clock to sucrose. Proceedings of the National
Academy of Sciences. 108(12):5104-5109. https://doi.org/10.1073/pnas.1015452108

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras TR. 2013.
STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 29:15-21. https://doi.org/10.1093/
bioinformatics/bts635

Dunning LT, Hipperson H, Baker WJ, Butlin RK, Devaux C, Hutton |, Igea J, Papadopulos AST, Quan X,
Smadja CM, Turnbull CGN, Savolainen V. 2016. Ecological speciation in sympatric palms: 1. Gene
expression, selection and pleiotropy. Journal of Evolutionary Biology. 29(8):1472-1487. https://doi.
org/10.1111/jeb.12895

Emelianova K, Martinez Martinez A, Campos-Dominguez L, Kidner C. 2021. Multi-tissue transcriptome
analysis of two Begonia species reveals dynamic patterns of evolution in the chalcone synthase
gene family. Scientific Reports. 11:17773. https://doi.org/10.1038/s41598-021-96854-y

Feder JL, Nosil P. 2010. The efficacy of divergence hitchhiking in generating genomic
islands during ecological speciation. Evolution. 64(6):1729-1747. https://doi.
org/10.1111/j.1558-5646.2009.00943.x

Fischer MC, Rellstab C, Tedder A, Zoller S, Gugerli F, Shimizu KK, Holderegger R, Widmer A. 2013.
Population genomic footprints of selection and associations with climate in natural populations of
Arabidopsis halleri from the Alps. Molecular Ecology. 22(22):5594-5607. https://doi.org/10.1111/
mec.12521

Fjeldsa J, Ohlson JI, Batalha-Filho H, Ericson PGP, Irestedt M. 2018. Rapid expansion and diversification
into new niche space by fluvicoline flycatchers. Journal of Avian Biology. 49:jav-01661. https://doi.
org/10.1111/jav.01661

Franklin KA. 2020. PRR proteins of the circadian clock call time on shade avoidance. Proceedings of
the National Academy of Sciences. 117(10):5095-5096. https://doi.org/10.1073/pnas.2000716117

Galvao VC, Fiorucci A-S, Trevisan M, Franco-Zorilla JM, Goyal A, Schmid-Siegert E, Solano R,
Fankhauser C. 2019. PIF transcription factors link a neighbor threat cue to accelerated reproduction
in Arabidopsis. Nature Communications. 10:4005. https://doi.org/10.1038/s41467-019-11882-7

Gommers CMM, Visser EJW, St Onge KR, Voesenek LACJ, Pierik R. 2013. Shade tolerance: when
growing tall is not an option. Trends in Plant Science. 18(2):65-71. https://doi.org/10.1016/j.
tplants.2012.09.008

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit |, Adiconis X, Fan L, Raychowdhury
R, Zeng Q, Chen Z, Mauceli E, Hacohen N, Gnirke A, Rhind N, di Palma F, Birren BW, Nusbaum C,
Lindblad-Toh K, Friedman N, Regev A. 2011. Full-length transcriptome assembly from RNA-Seq data
without a reference genome. Nature Biotechnology. 29:644-652. https://doi.org/10.1038/nbt.1883

Hancock AM, Brachi B, Faure N, Horton MW, Jarymowycz LB, Sperone FG, Toomajian C, Roux F,
Bergelson J. 2011. Adaptation to climate across the Arabidopsis thaliana genome. Science.
334(6052):83-86. https://doi.org/10.1126/science.1209244

Hornitschek P, Kohnen MV, Lorrain S, Rougemont J, Ljung K, Lépez-Vidriero |, Franco-Zorrilla JM, Solano
R, Trevisan M, Pradervand S, Xenarios |, Fankhauser C. 2012. Phytochrome interacting factors 4 and
5 control seedling growth in changing light conditions by directly controlling auxin signaling. Plant
Journal. 71(5):699-711. https://doi.org/10.1111/j.1365-313X.2012.05033.x


https://doi.org/10.1073/pnas.1015452108
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1111/jeb.12895
https://doi.org/10.1111/jeb.12895
https://doi.org/10.1038/s41598-021-96854-y
https://doi.org/10.1111/j.1558-5646.2009.00943.x
https://doi.org/10.1111/j.1558-5646.2009.00943.x
https://doi.org/10.1111/mec.12521
https://doi.org/10.1111/mec.12521
https://doi.org/10.1111/jav.01661
https://doi.org/10.1111/jav.01661
https://doi.org/10.1073/pnas.2000716117
https://doi.org/10.1038/s41467-019-11882-7
https://doi.org/10.1016/j.tplants.2012.09.008
https://doi.org/10.1016/j.tplants.2012.09.008
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1126/science.1209244
https://doi.org/10.1111/j.1365-313X.2012.05033.x

16 Comparative transcriptome analysis of Begonia species

Hughes M, Hollingsworth PM. 2008. Population genetic divergence corresponds with species-level
biodiversity patterns in the large genus Begonia. Molecular Ecology. 17(11):2643-2651. https://doi.
org/10.1111/j.1365-294X.2008.03788.x

Hughes M, Hollingsworth PM, Miller AG. 2003. Population genetic structure in the endemic Begonia
of the Socotra archipelago. Biological Conservation. 113(2):277-284. https://doi.org/10.1016/
S0006-3207(02)00375-0

Hughes M, Moonlight PW, Jara-Mufioz A, Tebbitt MC, Wilson HP, Pullan M. 2015-. Begonia Resource
Centre. Online database. http://padme.rbge.org.uk/begonia/

Johnson E, Bradley M, Harberd NP, Whitelam GC. 1994. Photoresponses of light-grown phyA mutants
of Arabidopsis (phytochrome A is required for the perception of daylength extensions). Plant
Physiology. 105(1):141-149. https://doi.org/10.1104/pp.105.1.141

Jones FC, Grabherr MG, Chan YF, Russell P, Mauceli E, Johnson J, Swofford R, Pirun M, Zody MC, White
S, Birney E, Searle S, Schmutz J, Grimwood J, Dickson MC, Myers RM, Miller CT, Summers BR,
Knecht AK, Brady SD, Zhang H, Pollen AA, Howes T, Amemiya C, Lander ES, Di Palma F, Lindblad-Toh
K, Kingsley DM. 2012. The genomic basis of adaptive evolution in threespine sticklebacks. Nature.
484:55-61. https://doi.org/10.1038/nature10944

Kagawa T, Sakai T, Suetsugu N, Oikawa K, Ishiguro S, Kato T, Tabata S, Okada K, Wada M. 2001.
Arabidopsis NPL1: a phototropin homolog controlling the chloroplast high-light avoidance response.
Science. 291(5511):2138-2141. https://doi.org/10.1126/science.291.5511.2138

Kidner C, Groover A, Thomas DC, Emelianova K, Soliz-Gamboa C, Lens F. 2016. First steps in studying
the origins of secondary woodiness in Begonia (Begoniaceae): combining anatomy, phylogenetics,
and stem transcriptomics. Biological Journal of the Linnean Society. 117(1):121-138. https://doi.
org/10.1111/bij.12492

Kwesiga F, Grace J. 1986. The role of the red/far-red ratio in the response of tropical tree seedlings to
shade. Annals of Botany. 57(3):283-290. https://doi.org/10.1093/oxfordjournals.aob.a087108

Laetsch DR, Blaxter ML. 2017. BlobTools: interrogation of genome assemblies. F1000Res. 6:1287.
https://doi.org/10.12688/f1000research.12232.1

Liao Y, Smyth GK, Shi W. 2014. featureCounts: an efficient general purpose program for assigning
sequence reads to genomic features. Bioinformatics. 30(7):923-930. https://doi.org/10.1093/
bioinformatics/btt656

Logemann J, Schell J, Willmitzer L. 1987. Improved method for the isolation of RNA from plant tissues.
Analytical Biochemistry. 163(1):16—20. https://doi.org/10.1016/0003-2697(87)90086-8

Matolweni LO, Balkwill K, McLellan T. 2000. Genetic diversity and gene flow in the morphologically
variable, rare endemics Begonia dregei and Begonia homonyma (Begoniaceae). American Journal of
Botany. 87(3):431-439. https://doi.org/10.2307/2656639

Morgan DC, Smith H. 1979. A systematic relationship between phytochrome-controlled development
and species habitat, for plants grown in simulated natural radiation. Planta. 145:253-258. https:/
doi.org/10.1007/BF00454449

Nakamura K, Huang C-J, Rubite RR, Leong W-C, Kono Y, Yang H-A, Peng C-l. 2012. Isolation of
compound microsatellite markers in Begonia fenicis (Begoniaceae) endemic to East and


https://doi.org/10.1111/j.1365-294X.2008.03788.x
https://doi.org/10.1111/j.1365-294X.2008.03788.x
https://doi.org/10.1016/S0006-3207(02)00375-0
https://doi.org/10.1016/S0006-3207(02)00375-0
http://padme.rbge.org.uk/begonia/
https://doi.org/10.1104/pp.105.1.141
https://doi.org/10.1038/nature10944
https://doi.org/10.1126/science.291.5511.2138
https://doi.org/10.1111/bij.12492
https://doi.org/10.1111/bij.12492
https://doi.org/10.1093/oxfordjournals.aob.a087108
https://doi.org/10.12688/f1000research.12232.1
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1016/0003-2697(87)90086-8
https://doi.org/10.2307/2656639
https://doi.org/10.1007/BF00454449
https://doi.org/10.1007/BF00454449

K. Emelianova & C. A. Kidner 17

Southeast Asian islands. American Journal of Botany. 99(1):e20—e23. https://doi.org/10.3732/
ajb.1100297

Nosil P, Funk DJ, Ortiz-Barrientos D. 2009. Divergent selection and heterogeneous genomic divergence.
Molecular Ecology. 18(3):375-402. https://doi.org/10.1111/j.1365-294X.2008.03946.x

Nozue K, Tat AV, Devisetty UK, Robinson M, Mumbach MR, Ichihashi Y, Lekkala S, Maloof JN. 2015.
Shade avoidance components and pathways in adult plants revealed by phenotypic profiling. PLOS
Genetics. 11:€1004953. https://doi.org/10.1371/journal.pgen.1004953

Parry JWL, Carleton KL, Spady T, Carboo A, Hunt DM, Bowmaker JK. 2005. Mix and match color vision:
tuning spectral sensitivity by differential opsin gene expression in Lake Malawi cichlids. Current
Biology. 15(19):1734-1739. https://doi.org/10.1016/j.cub.2005.08.010

Pierik R, Djakovic-Petrovic T, Keuskamp DH, de Wit M, Voesenek LACJ. 2009. Auxin and ethylene
regulate elongation responses to neighbor proximity signals independent of gibberellin and DELLA
proteins in Arabidopsis. Plant Physiology. 149(4):1701-1712. https://doi.org/10.1104/pp.108.133496

Piron-Prunier F, Persyn E, Legeai F, McClure M, Meslin C, Robin S, Alves-Carvalho S, Mohammad A,
Blugeon C, Jacquin-Joly E, Montagné N, Elias M, Gauthier J. 2021. Comparative transcriptome
analysis at the onset of speciation in a mimetic butterfly — the Ithomiini Melinaea marsaeus. Journal
of Evolutionary Biology. 34(11):1704-1721. https://doi.org/10.1111/jeb.13940

Robinson MD, McCarthy DJ, Smyth GK. 2010. edgeR: a bioconductor package for differential
expression analysis of digital gene expression data. Bioinformatics. 26(1):139-140. https://doi.
org/10.1093/bioinformatics/btp616

Sakai T, Kagawa T, Kasahara M, Swartz TE, Christie JM, Briggs WR, Wada M, Okada K. 2001.
Arabidopsis nph1 and npl1: blue light receptors that mediate both phototropism and chloroplast
relocation. Proceedings of the National Academy of Sciences. 98(12):6969-6974. https://doi.
org/10.1073/pnas.101137598

Seehausen 0. 2006. Conservation: losing biodiversity by reverse speciation. Current Biology.
16(9):R334-R337. https://doi.org/10.1016/j.cub.2006.03.080

Seehausen O, Takimoto G, Roy D, Jokela J. 2008. Speciation reversal and biodiversity dynamics
with hybridization in changing environments. Molecular Ecology. 17(1):30-44. https://doi.
org/10.1111/j.1365-294X.2007.03529.x

Somers DE, Schultz TF, Milnamow M, Kay SA. 2000. ZEITLUPE encodes a novel clock-associated PAS
protein from Arabidopsis. Cell. 101(3):319-329. https://doi.org/10.1016/S0092-8674(00)80841-7

Supek F, Bosnjak M, Skunca N, Smuc T. 2011. REVIGO summarizes and visualizes long lists of gene
ontology terms. PLoS ONE. 6(7):e21800. https://doi.org/10.1371/journal.pone.0021800

Thompson AC, Capellini TD, Guenther CA, Chan YF, Infante CR, Menke DB, Kingsley DM. 2018. A
novel enhancer near the Pitx71 gene influences development and evolution of pelvic appendages in
vertebrates. eLife. 7:€38555. https://doi.org/10.7554/eLife.38555

Tseng Y-H, Huang H-Y, Xu W-B, Yang H-A, Peng C-l, Liu Y, Chung K-F. 2019. Phylogeography of Begonia
luzhaiensis suggests both natural and anthropogenic causes for the marked population genetic
structure. Botanical Studies. 60:20. https://doi.org/10.1186/s40529-019-0267-9

Turner TL, Bourne EC, Von Wettberg EJ, Hu TT, Nuzhdin SV. 2010. Population resequencing reveals


https://doi.org/10.3732/ajb.1100297
https://doi.org/10.3732/ajb.1100297
https://doi.org/10.1111/j.1365-294X.2008.03946.x
https://doi.org/10.1371/journal.pgen.1004953
https://doi.org/10.1016/j.cub.2005.08.010
https://doi.org/10.1104/pp.108.133496
https://doi.org/10.1111/jeb.13940
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1073/pnas.101137598
https://doi.org/10.1073/pnas.101137598
https://doi.org/10.1016/j.cub.2006.03.080
https://doi.org/10.1111/j.1365-294X.2007.03529.x
https://doi.org/10.1111/j.1365-294X.2007.03529.x
https://doi.org/10.1016/S0092-8674(00)80841-7
https://doi.org/10.1371/journal.pone.0021800
https://doi.org/10.7554/eLife.38555
https://doi.org/10.1186/s40529-019-0267-9

18 Comparative transcriptome analysis of Begonia species

local adaptation of Arabidopsis Iyrata to serpentine soils. Nature Genetics. 42:260-263. https://doi.
org/10.1038/ng.515

Twyford AD, Kidner CA, Ennos RA. 2014. Genetic differentiation and species cohesion in two
widespread Central American Begonia species. Heredity. 112:382-390. https://doi.org/10.1038/
hdy.2013.116

Valladares F, Niinemets U. 2008. Shade tolerance, a key plant feature of complex nature and
consequences. Annual Review of Ecology, Evolution, and Systematics. 39:237-257. https://doi.
org/10.1146/annurev.ecolsys.39.110707.173506

Valladares F, Laanisto L, Niinemets U, Zavala MA. 2016. Shedding light on shade: ecological
perspectives of understorey plant life. Plant Ecology and Diversity. 9:237-251. https://doi.org/10.10
80/17550874.2016.1210262

Wilcox JJS, Boissinot S, Idaghdour Y. 2019. Falcon genomics in the context of conservation, speciation,
and human culture. Ecology and Evolution. 9(24):14523-14537. https://doi.org/10.1002/ece3.5864

Yeaman S, Hodgins KA, Lotterhos KE, Suren H, Nadeau S, Degner JC, Nurkowski KA, Smets P, Wang T,
Gray LK, Liepe KJ, Hamann A, Holliday JA, Whitlock MC, Rieseberg LH, Aitken SN. 2016. Convergent
local adaptation to climate in distantly related conifers. Science. 353(6306):1431-1433. https://doi.
org/10.1126/science.aaf7812

Yi R, Yan J, Xie D. 2020. Light promotes jasmonate biosynthesis to regulate photomorphogenesis in
Arabidopsis. Science China Life Sciences. 63:943-952. https://doi.org/10.1007/s11427-019-1584-4

Young MD, Wakefield MJ, Smyth GK, Oshlack A. 2010. Gene ontology analysis for RNA-seq: accounting
for selection bias. Genome Biology. 11:R14. https://doi.org/10.1186/gb-2010-11-2-r14

Zhiponova MK, Morohashi K, Vanhoutte I, Machemer-Noonan K, Revalska M, Van Montagu M,
Grotewold E, Russinova E. 2014. Helix—loop—helix/basic helix-loop—helix transcription factor
network represses cell elongation in Arabidopsis through an apparent incoherent feed-forward loop.
Proceedings of the National Academy of Sciences. 111(7):2824-2829. https://doi.org/10.1073/
pnas.1400203111


https://doi.org/10.1038/ng.515
https://doi.org/10.1038/ng.515
https://doi.org/10.1038/hdy.2013.116
https://doi.org/10.1038/hdy.2013.116
https://doi.org/10.1146/annurev.ecolsys.39.110707.173506
https://doi.org/10.1146/annurev.ecolsys.39.110707.173506
https://doi.org/10.1080/17550874.2016.1210262
https://doi.org/10.1080/17550874.2016.1210262
https://doi.org/10.1002/ece3.5864
https://doi.org/10.1126/science.aaf7812
https://doi.org/10.1126/science.aaf7812
https://doi.org/10.1007/s11427-019-1584-4
https://doi.org/10.1186/gb-2010-11-2-r14
https://doi.org/10.1073/pnas.1400203111
https://doi.org/10.1073/pnas.1400203111

	COMPARATIVE TRANSCRIPTOME ANALYSIS OF TWO CLOSELYRELATED BEGONIA SPECIES REVEALS DIVERGENT PATTERNS INKEY LIGHT-REGULATED PATHWAYS
	Introduction
	Materials and methods
	Transcriptome sequencing and annotation
	Read mapping
	Differential expression
	Gene ontology enrichment analysis

	Results
	Differential expression
	Gene ontology enrichment analysis

	Discussion
	ORCID iDs
	References



