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RESUMO

O cafeeiro ¢ a fonte de uma das commodities mais negociadas no mundo. Da colheita,
processamento e comercializagdo, o grao de café movimenta um mercado internacional do
qual depende a vida de milhdes de pessoas. O progressivo entendimento de como as plantas
funcionam vem promovendo sucessivas evolugdes tecnoldgicas que garantiram uma maior
oferta de alimentos. Estas sucessivas quebras de fronteiras no conhecimento agricola estdo
ocorrendo ao longo de séculos de civilizagao. Uma das fronteiras mais imediatas no momento
¢ molecular. Entender como as plantas organizam seus processos fisioldgicos ao nivel
molecular pode ser o caminho para finalmente conciliar a agricultura ao desenvolvimento
sustentavel. O avango da biologia molecular estd tornando possivel esse entendimento pela
investigacao de como complexas redes de elementos reguladores coordenam o funcionamento
dos das plantas e outros organismos. Este trabalho de tese teve por objetivo contribuir na
compreensdo do metabolismo de Coffea arabica por processamento de dados bioldgicos
integrados. A partir de dados de sequenciamento do genoma e transcriptomas de café foi
possivel identificar fendmenos evolucionarios de balanceamento do nimero de genes,
predizer e comprovar a ocorréncia de metabodlitos e revelar diferentes tipos de RNA
envolvidos no controle do florescimento de Coffea arabica. Estas descobertas relacionadas a
organizagdo e possiveis tendéncias evolutivas do genoma podem guiar futuros trabalhos com
0 objetivo de manter a continuidade do cultivo de café.

Palavras-chave: Genoma. Transcriptoma. Coffea arabica. Biologia Molecular



ABSTRACT

Coffee plants are the source of one of the most world-wide traded commodities. From
harvesting, though processing to commercializing the coffee bean moves an international
market that supports the livelihood of millions. The progressing understanding of how plants
function at a cellular, molecular, and physiological level has enabled successive technological
breakthroughs, this, in turn, has allowed a positive balance between the supply and demand
for food. These successive breakthroughs of frontiers in agricultural knowledge are taking
place along centuries of civilization. At this point, one of the most relevant frontiers of
biology is at the molecular level. The understanding of how plants organize their
physiological processes at the molecular level may be the way to finally balance agriculture
with sustainable development. Advances in molecular biology are making this understanding
possible by investigating how complex networks of regulatory elements coordinate the
functioning of plants and other organisms. This thesis has the objective of contributing to the
effort of revealing the functional dynamics of Coffea arabica metabolism using integrated
biological data. From genome and transcriptome sequencing data of coffee samples, I was
able to identify evolutionary phenomena such as gene balance, to predict and ascertain for the
presence of metabolites, and to reveal multiple types of RNAs involved in control and/or
developmental processes of flowering in Coffea arabica. Our discoveries regarding the
organization and possible evolutionary trends of this genome can guide future works with the
objective of maintaining the continuity of coffee.

Keywords: Genome. Transcriptome. Coffea arabica. Molecular Biology
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0. GENERAL INTRODUCTION

The beverages extracted from coffee beans are among the most consumed in the
world, approximately 2.2 billion cups a day (Denoeud et al., 2014) Supporting this market
requires the collective effort of millions of workers in over 60 countries (Waller et al., 2007).
That way, the continuing of the coffee culture is of special importance for the livelihood of
millions, in particular, small farmers of exporter countries such as Brazil.

Approximately 70% of world coffee production comes from Coffea arabica L., which
is the result of an interspecific cross of Coffea eugenioides Moore and Coffea canephora
Pierre (Lashermes et al., 1999). As a result, C. arabica has two sets of diploid genomes (sub-
genomes), one from each parental ancestor. It is believed that this cross was a once-in-history
event and thus is the basis of the extremely low genetic variation in wild and cultivated
germplasm (Scalabrin et al., 2020). In addition, the low genetic variation of C. arabica can
also be explained by its preferential autogamous fertilization and its recent origin, probably
less than a million years ago (Lashermes et al., 1999). Finally, cultivated coffee suffered from
an additional genetic bottleneck effect because seeds were first moved from Ethiopia and
South Sudan, which represents its primary center of diversity, to Yemen during the fourteenth
century (Meyer, 1968). In the following centuries, few seeds leaked from this secondary
dispersal center to constitute the basis of most modern-day varieties (Scalabrin et al., 2020).

A key feature that allowed human civilization to thrive is plant domestication (Childe
et al., 1940). For thousands of years, humans have invested substantial collective effort to
create specific conditions that benefit the survival and reproduction of some important food
sources. Technical knowledge limitations, such as how to change a river course to better
irrigate or how to use a plow to maximize energy needed to be solved. Some of these efforts
to overcome agricultural problems resulted in technological breakthroughs that allowed a
positive balance between the supply and demand of food. Nevertheless, low genetic diversity
in plants can reduce their ability to withstand changes, making our lives a bit harder. So, a
new frontier must be overcome. We need to understand how plants organize their
physiological processes, even better, at the molecular level. This way, potential productivity
losses due low genetic diversity can be avoided in an ever-changing world.

The adequate control of molecules within a plant cell is what ultimately allows its

survival and reproduction. Most of this control is performed from genomes - long stretches of
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nucleotides that encode the necessary instructions for life as we know it. To better understand
how C. arabica managed to become a successful and widespread species, amid its low genetic
diversity, molecular biology techniques can be used. By reading the genome, and its
immediate transcriptome product, it is possible to have a glimpse into how plants organize
their physiological processes at the molecular level.

The fine controlling of metabolites is achieved by the integration of layers of
biological data. For example, some transcripts - called messenger RNAs (mRNAs) - carries
necessary information of how to produce a protein whereas other transcripts - called small
RNAs (sRNAs) - are involved with the regulation of mRNA levels. Technologies for the
sequencing of genomes and transcriptomes are revolutionary molecular tools that allow us to
access those layers. Using computational power to understand this type of high-throughput
data is a way of reverse engineering nature, at least in the sense of learning how it is working.
In this thesis, I took advantage of sequencing data to better understand coffee physiology.

The first chapter of this thesis is an article prepared for submission to the journal
Genome Research. In this work, I show groups of genes that are expressed in synchrony to
regulate processes such photosynthesis, cell wall biogenesis, translation, transcription,
catabolism and biosynthesis. Some genes of homoeologous chromosomes were found to be
missing, in agreement with the gene balancing hypothesis. We also show that decision-
making and execution machinery - mostly in the form of RNA processing - seems to be
preferentially coordinated by the sub-genome inherited from the C. eugenioides ancestor. This
centralization of the gene expression program in one sub-genome may have been
advantageous to the establishment of Coffea arabica.

The second chapter is an article prepared for submission to the journal Plant
Physiology and Biochemistry. By reconstructing the metabolic pathways that are made of
transcripts in C. arabica leaves, we were able to predict several chemical compounds that
have the potential to be natural products that are yet unknown to be occurring in coffee. From
this inference we selected L-DOPA, an important metabolite that is widely used for treating
Parkinson disease. Using liquid chromatography approaches we were able to show that this is
a molecule naturally present in coffee. It is possible that other important compounds can be
extracted from coffee leaves that are mostly regarded as a by-product of coffee culture.

The third chapter is an article prepared for submission to the journal New Phytologist.
There we focus on the lengthy process of coffee flowering. This is an economically important

trait because it is directly involved with the coffee beans production. The extended floral
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induction window for coffee - that in Brazil can go from February to October - can explain
the asynchronous flower development that difficulties harvesting and potentially reduces the
coffee bean quality (Cardon et al., 2022). Our results show many regulatory elements - mostly
small RNAs - being orchestrated to control the flowering process. Among our findings is the
discovery that 24-nt phasiRNAs are abundant in the months-long S3 latent stage. Shortly after
the resumption of rains, the 24-PHAS levels are drastically reduced and the floral
development resumes with the development of male organs with their respective meiosis.

We hope that this thesis will fill some knowledge gaps about coffee physiology and, in
the long run, help the development of novel approaches to better manage coffee and increase
the portfolio of products derived from it. Additionally, long term investigations will be
required to turn these finds into practical strategies to benefit millions of families that depend

upon this crop.
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Differential ortholog composition of Coffea arabica L. sub-genomes and its contribution
to regulatory networks governing essential biological processes

Thales Henrique Cherubino Ribeiro, Raphael Ricon de Oliveira, Antonio Chalfun-Junior

Abstract

The polyploidy of Coffea arabica is an important trait affecting the evolution of this
species. Genetic variability is scarce due to its recent origin as a interspecific hybrid from a
single successful crossing event between Coffea canephora and Coffea eugenioides relatives.
To further investigate the genomic composition of an allotetraploid, we coupled high-
throughput methodologies of co-expression analysis and full-length protein coding genes
inference. Many of the expected orthologs were found to be missing from one of the two
homoeologous chromosomes. The gene expression machinery is mainly represented by
single-copy essential orthologs located in the Coffea eugenioides sub-genome. This result
suggests a preference of the transcriptional and RNA processing machinery to be regulated by
one parental sub-genome. To understand the operational modules of the sub-genome’s
transcription, we performed co-expression analysis that revealed 23 co-regulated modules.
This system-wide approach clarified how biological processes (i.e. photosynthesis, cell wall
biogenesis, translation, transcription, catabolism and biosynthesis) are running in synchrony
and reinforces that there is an ongoing selective pressure in C. arabica that constrains the
number of copies of some universal orthologues. Thus, this work contributes to our

understanding of genome evolution in recent polyploids and supports crop breeding programs.
1. Introduction

Coffea arabica L. (Rubiaceae) is considered the crop with the lowest level of genetic
diversity reported so far '. It is an autogamous species that arose after a single event of
interspecific hybridization, becoming the single polyploid species of the Coffea genus *~. The
few single nucleotide polymorphisms identified within C. arabica are not shared with any of
its potential parental species, Coffea canephora L. and Coffea eugenioides Moore . This
finding suggested a severe genetic bottleneck effect once the variation found in C. arabica
arose after its recent polyploidization event. In addition, no major introgressions could be

verified '. To understand how genetic diversity impacts the coffee economy several initiatives
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to investigate this allopolyploidy genome - and relative species genomes - are undergoing to
better understand its organization and underlying regulatory networks 9,

A central concept in studying allopolyploids is homoeology that is defined as “genes
or chromosomes in the same species that originated by speciation and were brought back
together in the same genome by allopolyploidization” '°. Cytogenetic studies in C. arabica
showed that large genomic duplications or deletions did not occur, confirming the low
structural divergence of homoeologous chromosomes between the sub-genomes inherited
from the two diploid progenitor species ''. The only major interchange between the sub
genomes seems to be a single instance of homoeologous replacement at the tip of
chromosome 7 '. One of the tips of the inherited homoeologue from C. canephora was
replaced with a 1.7 million bases stretch from its C. eugenioides counterpart in an apparent
homology-directed repair of double strand break .

To become a functional genome, with ability to both allow a coordinated metabolism
and reproductive success, C. arabica chromosomes needed to survive the original
hybridization event and overall genome organization until a stable version was achieved *.
Although the chromosomal structure is similar between the sub-genomes, bioinformatic
analyses using k-mers of 51 bp suggested high levels of sequence diversity between both
homoeologs ' and differential expression of homoeologous genes was verified 2. In the long
run, these sub-genome specific sequence divergences may be the reason why polyploid
genomes tend to turn into diploids .

The evolution of genomes after their duplication is, to some degree, governed by gene
interaction networks '*. Connected genes, such as those that form functional modules like
ribosomes and transcriptional complexes, have a tendency of not being lost following
tetraploidy because a co-expression imbalance may lead to reduced fitness . This Gene
Balance Hypothesis '° also predicts that homoeologs that are not tightly co-regulate with other
genes - they are not dosage sensitive - will eventually evolve to singletons due to purifying
selection °. These additional copies may become pseudogenes or evolve novel functions.

The functional modules underlying gene co-expression networks may be found in

7 This can happen because the selective

contiguous regions of reduction-resistant pairs
pressure to maintain the balance of dosage sensitivity loci constrains the loss of these
duplicated genes. So, there is a tendency to cluster co-expressed modules on chromosomes '°.
In this work, we took advantage of a publicly available chromosome level assembly of C.

arabica '* to (I) predict and annotate protein coding genes (PCG), (II) distinguish the PCG
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content between sub-genomes and (I1I) identify co-expression modules to provide insights on
leaf metabolism.

The C. arabica genome is probably in a phase between a recent whole genome
duplication event and the reestablishment of a diploid state. We verified contrasting results of
homoeolog gene loss and retention that may be explained within the realm of evolutionary
systems biology by linking the evolution of genes to their function within networks '*.
Although both sub-genomes are working in synchrony, we believe that the kernel of this

operating system - the code that controls the execution and memory allocation of other codes

- is running from the C. eugenioides sub-genome.

1.2 Material and methods

1.2.1 RNAseq library acquisition

[Mlumina® RNAseq (next-generation sequencing of complementary DNA - cDNA) samples
from C. arabica were retrieved from the Sequence Read Archive (SRA) using the fastq-dump
tool from the SRA toolkit (v. 2.9.6-1) or retrieved directly from the sequencing company
when sequenced by our group. Supplemental Table 1 shows details of each Bioproject, from
which approximately 174 billion nucleic bases in 81 RNAseq libraries are publicly available

21,24

though SRA. Multiple coffee tissues such as beans 19’20, leaves , seeds 22 and roots > were

used to find exons and predict genes in this study.

1.2.2 Library quality control

RNAseq libraries were inspected for adapters using the minion tool from the kraken
package ». Afterwards, adapters and low quality reads were processed with Trimmomatic v.
0.39 ° using the parameters ILLUMINACLIP:3:25:6, SLIDINGWINDOW:4:20 and
MINLEN:30. All the quality-controlled reads in each group from Supplemental Table 1 were

used for a de novo transcriptome assembly and genome mapping.

1.2.3 Generating training gene structures from Short Read RNAseq data

The steps described in this section are in accordance with the Basic Protocol 1 and
Support protocol 2 from “Predicting genes in single genomes with AUGUSTUS” ?7. All the

quality-controlled reads were mapped to the C. arabica Caturra genome available at NCBI
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(BioProject PRINA506972) '®. The fasta sequence of the complete genome was retrieved and
used as reference to map the reads of all libraries in Supplemental Table 1 using hisat2 v.
2.1.0 with default parameters **. After that, the samtools package v. 1.10 *° was used to
convert sam to bam files, remove all unmapped reads, remove all multi-mappers and filter out
paired-end reads with unmatching pairs. Then, picard tools *° was used to remove read
duplication. Finally, all the libraries were combined in a single bam file with the samtools
merge command.

Uniquely mapped paired-end RNAseq fragments were then subdivided according to
which sub-genome they mapped using samtools and were sorted based on their chromosome
coordinates, spamming a length of 989.98 million bases. All the subsequent steps of
AUGUSTUS training and prediction were run separately for each of the C. arabica sub-
genomes. The unplaced contigs, with 104.37 million nucleotides, were not evaluated mostly
because it consists of highly repetitive sequences with low PCG density. Based on the
annotation Cara 1.0 it is estimated that the unplaced contigs encode approximately 13 PCG
per million bases while the assembled chromosomes presented an average of 65 PCG per
million bases (Supplemental Table 2).

To reduce potential noise due to coincidental alignments a filtering step was applied
with “filterBam” from the AUGUSTUS package with parameters “unique”, “paired” and
“pairwiseAlignment”. Next, an additional sorting step was applied. Intron information was
retrieved with the program “bamZ2hints” with the parameter “intronsonly”. Once most of the
retrieved RNAseq data was unstranded — it is not known from which strand a fragment
originated — the script “filterIntronsFindStrand.pl” was applied to identify the correct strand
by using genomic splice site information. In this step all reads that did not have appropriate
splice site information were discarded.

Template genes for training AUGUSTUS were generated with unsupervised
GeneMark-ET ' training procedures using the script “gmes petap.pl” with the intron
information retrieved in the previous step. This ab initio prediction was then filtered with the
script “filterGenemark.pl” to select putative genes that have support in the RNA-seq
alignment. Because AUGUSTUS requires information of both the coding and non-coding
sequences, the flanking region of the ab initio predicted genes was evaluated. The script
“computeFlankingRegion.pl" was used to calculate the average length of genes and the
flanking region was set to 230 for both sub-genomes (approximately half of the average

mRNA size) in the script “gff2gbSmallDNA.pl”. The resulting file was processed in
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accordance with protocol 2 in HOFF and STANKE (2019) *’ to remove redundant gene
structures at the amino acid level. This step was performed to avoid overfitting the gene
prediction model. For that reason, no two ab initio predictions of PCG with more than 80% of
similarity in the primary structure were allowed in the training dataset. The resulting file was
used during the AUGUSTUS prediction as hints for the identification of exons, introns and
UTRs.

1.2.4 De novo transcriptome assembly and protein coding transcripts inference

All the quality-controlled reads retrieved from libraries that shared the same
description (Supplemental Table 1) were submitted to Trinity v. 2.8.5 32 to perform the de
novo assembly of the transcriptome in each evaluated condition. The used parameters for each
run  were “‘seqType fq”7, “CPU 247, “full cleanup”, “max memory 140G”,
“min_contig_length 50”, and “no normalize reads”. Statistics about each assembly were
retrieved using the “TrinityStats.pl” script and, to remove excessive isoforms and variants for
each transcripts sequences with 95% of similarity were collapsed using cd-hit-est v. 4.8.1 >
with parameters “c 0.95”, “n 107, “T 0” and “M 0.

For each of the remaining putative genes in all the assembled transcriptomes only the
largest isoform was selected with the script “get longest isoform seq per trinity gene.pl”.
This was performed to avoid the effect of multiple isoforms of long genes to influence the
average contig length and to speed up the further prediction steps. Additionally, all the
predicted transcriptomes from de novo assemblies were combined in a single file and
sequences with more than 80% of similarity were collapsed with cd-hit-est v. 4.8.1 ** with
parameters “c 0.80”, “n 57, “T 0” and “M 0.

Next, the longest Open Reading Frame (ORF) for each transcript was inferred with
Transdecoder.LongOrfs with parameter “m 16 which reflects nucleotide sequences of 48 bp.
This was performed to allow a lower limit able to include short proteins that are more likely
to be orphan genes. Then, the program TransDecoder.Predict v. 5.5.0 was run with the
parameter “single best only” to select the most probable protein coding transcripts of a given
genomic locus. Finally, the software Benchmarking Universal Single Copy Orthologs
(BUSCO) v. 4.1.4 ** with parameters “I eudicots 0db10”, “m transcriptome” and “c 24" was

used to evaluate the transcriptome-based protein coding inference **.
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1.2.5 Generating training gene structures from proteins.

The steps described in this section are in accordance with the Alternate protocol 1

from “Predicting genes in single genomes with AUGUSTUS” 7.

The pipeline was run
separately for each sub-genome. Firstly, the predicted protein sequences were mapped to the
sub-genomes using GenomeThreader v 1.7.1 * through the encapsulating script “startAlign.pl
" from the Braker software '. Then, the resulting alignments were converted to the Gene
Transfer Format (GTF) with “gth2gtf.pl” script. Next, the flaking region length was computed
with “computeFlankingRegion.pl” and was set to 978 and 1001 to C. canephora and C.
eugenioides sub-genomes respectively. Those values were then used to generate a GenBank

flat file with “gff2gbSmallDNA.pl" required in the subsequent training steps.

1.2.6 Generating training gene structures from mRNA.

The steps described in this section are in accordance with the Alternate protocol 2 and
support protocol 5 from “Predicting genes in single genomes with AUGUSTUS” *’. The
pipeline was run separately for each sub-genome. The putative nucleotide sequences (CDSs)
of protein coding loci identified by Transdecoder were used as a proxy for Expression
Sequence Tags (EST) to help improve the prediction of exons, introns and UTR regions. To
do so the Program to Assemble Spliced Alignments (PASA) v. 2.4.1 *° was used. Firstly, the
transcripts were cleaned using seqclean. Then a configuration file was created with the
parameters “MIN_PERCENT ALIGNED=0.8", “MIN_AVG _ PER ID=0.9” and “m=50".
The PASA pipeline was called with the parameters “C”, “R”, “CPU 8” and ‘ALIGNERS
blat”. The alignment was performed with the blat tool v. 35x9 *’. Next, the ORFs were
calculated with “pasa asmbls to training set.dbi” and incomplete ORFs were filtered out
with custom scripts to create a bonafide file. Next, the flanking region length was computed
with “computeFlankingRegion.pl” and was set to 1,323 and 1,343 to C. canephora and C.

eugenioides sub-genomes respectively.

1.2.7 Protein coding gene prediction using extrinsic evidence

The steps described in this section are in accordance with Basic protocol 3, alternate
protocol 7 and alternate protocol 8 from “Predicting genes in single genomes with
AUGUSTUS” ?’. The pipeline was run separately for each sub-genome. Firstly, we generated

hints using the paired-end RNAseq alignments produced in the section “Generating training
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Gene Structures From Short Read RNAseq Data”. That information were helpful because
they encoded the probable locations of introns and the coverage of transcribed exons and
UTRs loci. Complementary to the intron hints were generated in Basic protocol 1, the exon
hints where produced with “bam2wig” and them processed with the script “wig2hints.pl” with
parameters “width=10", “margin=10", “minthresh=2", “minscore=4", “prune=0.1", “src=W”,
“type=ep”’, “UCSC=unstranded.track”, “radius=4.5", “pri=4” and “strand="."".

Next, we generated hints from the protein data that can aid the prediction of CDS,
introns, the correct reading frame and the position of start and stop codons. The result of the
alignment with GenomeThreader (performed previously) was used as input in the script
“align2hints.pl” with default parameters. Next, Alternate Protocol 8 *' was adapted to
generate hints from de novo PCG predicted from Trinity and Transdecoder. Only complete
sequences (with 5> UTR, CDS and 3’ UTRs) were considered. The BLAT v. 36x9 *’ was used
to align those sequences to the sub-genomes with the parameters “noHead” and
“minldentity=92". Then, “pslCDnaFilter” was applied to filter the potentially most useful
alignments with parameters “minld=0.9”, “localNearBest=0.005, “ignoreNs” and
“bestOverlap”. The hints file was then produced with “blat2hints.pl” with parameters
"minintronlen=35" and “trunkSS”. Finally, all the hints from the different sources of evidence
(such as proteins, cdna and RNA-seq) were combined in a single file to guide AUGUSTUS
during PCG prediction.

1.2.8 Training Augustus for specie specific parameters

During all the steps of prediction of ab initio gene structures, the program “etraining”
was run to create and/or update species-specific parameters of gene models. Each of the
“etraining” runs were performed on a set of approximatively 80% of the putative gene
structures and then tested in a subset containing the remaining 20%. A final training step was
performed by running the script “optimize augustus.pl”. In addition, to increase the accuracy
of AUGUSTUS gene prediction and to identify potential regulatory loci in the optimization
procedure of C. arabica, PCG were performed with the UTR training steps described in the

support protocol 5.

1.2.9 Running AUGUSTUS with hints and PCG annotation
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After successive stages of model training and testing for both sub-genomes the
AUGUSTUS was finally run in accordance with the Basic Protocol 4 from “Predicting genes
in single genomes with AUGUSTUS” ?’. The extrinsic support from multiple sources were
combined and the parameters set to “UTR=on”, “allow hinted splicesites=atac”, and
“genemodel=complete”. Only one transcript was allowed per gene, i.e. no multiple isoforms
were allowed to be reported.

The annotation of PCG was performed using blast2GO ** by homology searches with
blastp * against the RefSeq protein database *°. In addition, functional analysis was also
performed with InterProScan by classifying the predicted proteins into families and
identification of domains and important functional sites *'. Then, Gene Ontology (GO) terms
were mapped and processed for each putative gene with the blast2GO annotation tool. That
way, an annotation rule was applied to the found ontology terms for each putative gene. This
rule was set to default parameters with the aim of finding the most specific annotations within
a certain level of reliability. Finally, the BUSCO software v. 4.1.4 ** was run with the
predicted protein sequences from each sub-genome and parameters set to “l eudicots_odb10”,

“m prot”, “--long” and ““c 24” to evaluate the completeness of the protein coding inference 3,

1.2.10 Co-expression network analysis of PCG on fully expanded leaves

To infer co-expression modules (clusters) of expressed PCG in fully expanded leaves
of C. arabica we applied procedures from the Weighted Gene Co-expression Network
Analysis (WGNA) R-package ** (Supplemental File “WGCNAsamllSeq.r”). The libraries
from the bioproject ID PRINA851465 were selected because they represent leaves under a
heterogeneous set of environmental conditions which are expected to trigger multiple
regulatory networks to cope with the field variability **. The BioSamples covered two cities
(Pirapora and Varginha) during two harvest times (April and October) and with two C.
arabica cultivars (Acaud and Catuai). After in house quality processing steps, the RNAseq
reads were mapped to the C. arabica reference genome (BioProject accession PRINA506972)
'8 using the STAR aligner v. 2.7.8 **. Then, fragments mapped to the gene exons of our
prediction were quantified with the HTseq-count script ** and processed with required
transformations that met the requirements for the WGNA.

First, PCG with mean expression below 25 counts per library were filtered out. Next,

we normalized the count data in Counts Per Million (CPM) and then we log2 transformed the

matrix of CPM values to fit the assumptions of the WGCNA package. After that, we
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calculated an adjacency matrix of Pearson correlations between all pairs of expressed loci and
raised it to a power B (soft threshold) of 6. The =6 parameter was based on the scale free
topology criterion **. After that, to minimize the effect of noise and spurious associations, we
transformed the adjacency matrix into a Topological Overlap Matrix (TOM). Next, a
dendrogram, with the co-expression modules as its branches, was inferred based on the
average dissimilarity of the TOM using the Dynamic Tree Cut method. Then, we analyzed the
individual co-expression modules with the R package igraph *. Finally, the GO terms for all
members of each module were analyzed with the web tool agrigo2 ¥ to investigate for
enriched terms that provided clues about the biological processes, localization and molecular
function of these co-expressed genes. The statistical analysis was performed using the
singular enrichment model and a significance cutoff was set using the Benjamini and

Hochberg false discovery rate ** of 0.05.

1.3 Results

The accurate prediction of protein coding loci in genomes requires species-specific
parameters for its underlying Hidden Markov Model (HMM) 27 To define those parameters
we gathered ab initio and extrinsic evidence in order to improve the accuracy and
completeness of the annotation. The extrinsic evidence was based on a set of 270 billion
nucleotides sequenced in 101 RNAseq libraries of multiple coffee tissues summarized in
Supplemental Table 1. Both single and paired end reads were mapped to a fasta file
containing the sub-genomes and excluding the unmapped contigs - regions of the genome that
are repetitive and difficult to define chromosome coordinates with accuracy. In addition, these
RNAseq fragments were also used for the de novo transcriptome assembly and transcriptome-
based inference to provide full-length transcript data as an additional extrinsic evidence
source for model training. This data provided hints for the coordinates of exons, introns and
UTRs in the assembled C. arabica chromosomes.

After training a supervised machine learning model AUGUSTUS predicted a total of
69,464 full-length putative PCG being 30,162 in the C. canephora sub-genome and 39,302 in
the C. eugenioides sub-genome (Supplemental Figure 1). Approximately 4.6 thousand full-
length genes are putative species-specific (orphans) and 16 thousand had their expression
verified in leaves (Figure 1). The putative PCG sequences, coordinates and annotation are

available at https://dbi.ufla.br/lfmp/ca_annotation/
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Figure 1 Genome-wide representation of Coffea arabica assembled homoeolog chromosomes.
Concentrical cycles, left side; the outermost cycle represents chromosomes from each parental
ancestor; from C. eugenioides (ceu) or C. canephora (ccp). First inner cycle; Inferred density
of putative protein coding genes within a window of 0.1 million bases. Second inner cycle; red
dots point out the chromosomal coordinates of potential Coffea arabica orphan genes (N =
~4.6K) . Third inner cycle; dark green dots point out the chromosomal coordinates of PCG
expressed in leaves of the Experimental Group G (Table 1) (N=~16K). Innermost cycle; bar
plots depicting the sum of expression of all RNAseq samples from leaves. Expression values
are reported in the logarithmic base two of counts per million (CPM).

1.3.1 De novo transcriptome assembly and protein coding transcripts inference was an
effective tool to retrieve BUSCO signatures

Because the short-read alignment-based evidence does not distinguish non-coding
from coding transcripts - the RNAseq methodology reads transcripts with poly-A tail - we

decided to de novo assemble the transcriptome of each of the seven groups of different sets of
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organs/experiments (Supplemental Table 1). Then, we filtered for the sequences with high
probability of being transcribed into full-length proteins with the Transdecoder software.

The combination of the transcriptome assembly from all RNAseq libraries yielded a
total of 2,518,967 transcripts. After redundancy filtering of sequences with more than 80% of
similarity at the amino acid level we produced a set of 518,787 non-redundant transcripts
with the average length of 491 bp, median length of 182 bp and a N50 value of 1,694. Then,
the transdecoder software identified 105,598 potential complete proteins in the combined C.
arabica transcriptome. BUSCO analyses showed that our transcriptome assembly presented
93.5% of the expected orthologs based on the expected composition of eudicots in the
database eudicots odbl10 (version from 09/10/2020), which is in accordance with previous
reports of gene predictions from a scaffold-level genome assembly that identified 92.4%
BUSCO signatures in the “Bourbon Vermelho” variety '. Once we found that both the
number of the full-length de novo predicted proteins and their BUSCO assessment were
adequate, we used both the amino acid and mRNA sequences as hint sources for the model

training and testing.

1.3.2 Part of the identified BUSCO signatures and the number of PCG are different
between the sub-genomes

To better understand the composition of the predicted PCG in the C. arabica sub-
genomes we performed Gene Ontology (GO), InterPro domain identification and BUSCO
analysis. Because our PCG prediction was performed to maximize the quantification of
RNAseq fragments mapped to exons we did not allow multiple gene isoforms that potentially
shared exons. In addition, our focus was to provide a reliable reference of protein coding
genes in a General Feature Format (gff) file to allow RNAseq expression analyses of full
length PCG. With that strategy we avoided quantifying other genic loci that are not translated.

We only allowed a single isoform of each PCG. In addition, only loci containing
identifiable transcription start site (tss), start codon, exon(s), stop codon and transcription
termination site (tts) were reported in the gff file. This approach allowed us to increase the
number of quantified RNAseq reads that were uniquely mapped to exons by a factor of 63%
when compared to running the htseq-count script with default parameters using the NCBI
Coffea arabica Annotation Release 100 *

Our procedure of inferring PCG separately for each sub-genome, instead of

performing training and predicting steps in a genome-wide approach, allowed us to better
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understand the differences between them. Approximately 43% of the PCG were found in the
C. canephora sub-genome with protein N50 of 987. Meanwhile, 57% of the PCG were
identified in the C. eugenioides sub-genome with protein N50 of 777. We found these
differences in the number of genes and their length intriguing, however the raw quantification
of predicted PCG and their sizes cannot provide extensive insights into the actual composition
and/or quality of genome wide inferences. Because of that, additional tools were applied to
measure quantitatively the completeness using evolutionarily informed expectations of gene
content **.

Essential genes are significantly enriched in lineage-specific universal orthologs
databases of model organisms *°. Because of that, we applied the BUSCO tool to quantify the
completeness of each sub-genome data set in terms of the expected PCG content. The
BUSCO result for the PCG in the C. canephora sub-genome reported 73.9 % of Complete (C)
signatures (being 68.6 % Single (S) copies and 5.3 % Duplicated (D)), 5% Fragmented (F)
and 21.1% Missing (M). In addition, the BUSCO result for the PCG in the C. eugenioides
sub-genome reported 77.6% C signatures (being 72.6% S and 5% D), 4.3% F and 18.1% M.
The high proportion of missing universal orthologs within sub-genomes made us wonder if
their PCG compositions are different. We found that missing terms of one sub-genome are
present in the other.

The union of complete BUSCO signatures of predicted PCG in both sub-genomes
sums up to 2,132 (approximately 92% of the signatures in the eudicots odbl0 reference
database - version from 09/10/2020). In addition, the union of fragmented signatures from the
sub-genomes summed up to 184. After filtering out overlaps between Fragmented and
Complete signatures across the sub-genomes, the proportion of non-missing terms increased
to 2,211 (95% of eudicots_odb10 database). Those fragmented signatures are from sequences
matches with lengths below two standard deviations from the BUSCO group mean sequence
length®*. In our annotation the fragmented signatures may have arisen because of our choice
of only reporting a single isoform per gene. We configured AUGUSTUS to select the most
likely isoform when multiple were presented. However, it is not guaranteed that the reported
transcript of a given gene is the longest or even the main isoform. In addition, our choice of
reporting only full-length PCG may have influenced the total number of genes evaluated
during the BUSCO analyses.

Surprisingly, 327 (15.3%) complete BUSCO signatures were exclusively derived from
the C. canephora sub-genome. Meanwhile, 413 (19.4%) BUSCO signatures were exclusively
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derived from the C. eugenioides sub-genome. When we accessed the PCG with those
complete BUSCO matches that are exclusive from the C. canephora sub-genome (365 genes;
Supplemental Supplemental Table 3) and the ones that are exclusive from the C. eugenioides
sub-genome (454 genes; Supplemental Supplemental Table 3). We verified that the total
number of signatures is lower compared to the total number of PCG with signatures. This
difference in the number of signatures and the universal orthologous proteins is explained by
the finding that some PCG was assigned to more than one BUSCO signatures and also
because of the potential presence of multiple copies of some universal orthologs in a sub-
genome.

Those sub-genome-specific BUSCO signatures - that are not shared with the other set
of homoeologs chromosomes - can occur in a single copy (S) or multiple copies (duplicated -
D) configuration. However, in some lineages, complete BUSCO signatures are more likely to
be found in singletons because they are evolving under single copy control *'. We propose
that there is an ongoing selective pressure in C. arabica that constrains the number of copies
of universal orthologues. Similar stronger selection constraints on the evolution of essential

genes were verified in other lineages such as fungi, arthropods and vertebrates °'.
1.3.3 A high proportion of universal orthologs are sub-genome-specific singletons

The recent-polyploid nature of C. arabica gives an interesting perspective of a
recently formed genome because there is a tendency of duplicated genes being silenced or
removed shortly after tetraploidy formation *>. We found that about 60% of the identified
universal ortholog signatures were found to be shared by both sub genomes - they were
homoeologous pairs. Homoeologous are genes in the same species that originated by
speciation and were later brought back together in the same genome by allopolyploidization
1. We initially hypothesized that each sub-genome would have roughly the same number of
exclusive BUSCO signatures because this gene loss would be a random process. But we
verified an imbalance towards the C. eugenioides sub-genome keeping more universal
orthologs than its C. canephora counterpart.

Fast and system-wide gene loss is a strategy to escape selective pressure in recently
formed allopolyploids '"**. After polyploidization, they must survive extensive genomic

15

reprogramming to get rid of transcriptional imbalances that cause reduced fitness It is

possible that the verified lack of about 40% of universal orthologs - that are potentially
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missing homoeologs - was caused by the purifying process that benefits the retention of a
single copy of some types of genes '°.

The tendency for the loss of duplicated genes also drives genomes towards a simpler
and more stable configuration, both structurally and in code base content '>'°. We presume
that if the sub-genomes are segregated from each other, they would not be able to survive due
the lack of fundamental molecular codebase that are better kept in single copy. It is possible
that the evolutionary tendency for the following Coffea arabica generations is to revert to a

diploid state.

1.3.4 Few GO terms of universal orthologs are exclusively enriched in the C. canephora
sub-genome

To further elucidate the functions of those sub-genome specific universal orthologues,
we analyzed their enriched GO terms. There are fourteen enriched GO terms for the C.
canephora sub-genome exclusive BUSCO signatures (Supplemental Table 4). They are
involved with biological processes (BP) such as cellular response to stress (GO:0033554, pval
= 5.7E”), DNA repair (GO:0006281, pval = 2.4E™) and DNA recombination (GO:0006310,
pval = 1.60E®). Their molecular function is primarily helicase activity (GO:0004386, pval =
2.7E*) and the cellular component term chromosome (GO:0005694, pval = 1.6E™). We
compared these fourteen enriched GO terms and we found out that ten are shared between
both sub-genomes specific BUSCO signatures.

Among the enriched GO terms of sub-genome specific BUSCO signatures, there are
few exclusively found in the C. canephora sub-genome. They are DNA repair (GO:0006281,
pval = 2.4E”), double-strand break repair (GO:0006302, pval = 2.5E™), serine-type
endopeptidase activity (GO:0004252, pval = 4.4E™) and helicase activity (GO:0004386, pval
= 2.7E™). It is important to note that despite being exclusively enriched for BUSCO
signatures within a sub-genome these BP terms are not necessarily lacking in one of the
homoeolog chromosomes because thousands of genes are not universal orthologs. So,
although the DNA repair and response to stress capabilities are shared between sub-genomes,
we suppose that some important component of the helicase activity is coordinated by the C.
canephora sub-genome. This sub-genome enrichment of a specific part of the universal
orthologs may be a way of keeping some relevant influence over the transcriptional and
genome duplication machinery. It is also possible to be a form of protection from double-

strand breaks promoted by the C. eugenioides counterpart.
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1.3.5 The C. eugenioides sub-genome seems to be the main coordinator of gene
expression in C. arabica

Following the trend of the total number of PCG, that is higher in the C. eugenioides
sub-genome, the number of enriched GO terms from its exclusive BUSCO signatures is also
higher compared to the C. canephora homoeolog. There are 167 GO terms enriched for the
BUSCO signatures found exclusively in the C. eugenioides sub-genome (Supplemental Table
4). Ten of these 167 enriched terms are shared with C. canephora suggesting that C.
eugenioides 1s the sub-genome with more ability of transcribing universal orthologs.

The most enriched PB term is RNA processing (GO:0006396, pval = 6.3E™)
followed by nuclear transport (GO:0051169, pval = 1.9E™). This transport is mainly
characterized as RNA export from nucleus (GO:0006405, pval = 6.0E”). In addition, we also
found other highly significant terms such as ncRNA processing (GO:0034470, pval = 5.9E)
with its child terms tRNA processing (GO:0008033, pval = 4.9E™) and rRNA processing
(GO:0006364, pval = 2.4E7). Also among the BP we could distinguish the terms mRNA
processing (GO:0006397, pval = 1.0E™), organelle organization (GO:0006996, pval = 1.0E™)
with its child terms chromosome organization (GO:0051276, pval = 2.1E™) and chloroplast
organization (GO:0009658,pval = 1.8E™). Finally, we found the molecular function terms of
RNA methyltransferase activity (GO:0008173, pval = 2.7E”) and protein binding
(GO:0005515, pval = 5.9E”) being highly enriched as well as the cellular component terms of
membrane-bounded organelle (GO:0043227, pval = 1.5E™) with its child terms nucleus
(GO:0005634, pval = 4.8E°) and chloroplast (GO:0009507, pval = 5.7E>*). Taken together,
these results show that an important proportion of C. arabica’s gene expression machinery

(GO:0010467, pval = 1.70E™) is controlled by the C. eugenioides sub-genome.

1.3.6 PCG in the C. canephora sub-genome tend to be longer and enzymes are
preferentially found in the C. eugenioides sub-genome

Besides the finding that there are fewer PCG encoded in the C. canephora sub-
genome we also found that they tend to be longer than PCG encoded in the C. eugenioides
counterpart (Supplemental Figure 2). In addition, we found that the contrasting number of
PCG between the sub-genomes is even more pronounced in enzymes characterized by the
InterPro scan analyses. The number of identified enzymes is always higher for the C.
eugenioides sub-genome for every evaluated enzymatic class (Supplemental Figure 3). For

example, there are 116 oxidoreductases encoded in the C. canephora sub-genome while 1,449
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in the C eugenioides sub-genome. The abundance of this class of enzymes in the C.
eugenioides sub-genome is 12.5 times higher than C. canephora sub-genome. A similar
pattern is verified for transferases (7 times), Hidrolases (8.9 times), Lyases (8 times),
isomerases (7.57 times), ligases (3 times) and Translocases (8.84 times).

It is possible that by controlling the RNA processing and transporting machinery and,
in practical terms, the gene expression (GO:0010467, pval = 1.70E™), the C. eugenioides sub-
genome are effectively causing the erosion of the gene content in C. canephora homoeolog
chromosomes. It is also possible that a more direct - and faster - interference may be archived
by TE insertions leading to pseudogenization **. This way, the C. eugenioides sub-genome -
with its advantage control of transcription and chromosome organization - may recruit
Transposable Elements (TE) to be inserted into C. canephora loci. Over the past few
millennia this process would render affected genes unrecognizable and explaining why there
are fewer enzymes in the C. canephora sub-genome. In addition, this can also explain why
many of the remaining genes in the C. canephora sub-genome are longer than their C.

eugenioides counterpart.

1.3.7 Most of the GO terms of BUSCO signatures in C. canephora sub-genome are
shared with its C. eugenioides counterpart, but the reciprogue is not true

The difference in the number of PCG, their length, BUSCO signatures and enzymatic
composition between the C. arabica sub-genomes made us wonder if the overall distribution
of GO terms is also different between the PCG of each sub-genome, and not only a specific
feature of the universal orthologs. To address this, we carefully examined the sub-genome
specific BLAST2GO functional annotation results.

We found that the number of GO terms for BP is 86% higher in C. eugenioides sub-
genome than for C. canephora (Figure 2A). From the 2,874 BP terms identified in C.
eugenioides sub-genome PCG 1,414 (49%) are exclusive. Meanwhile a small proportion, only
82 (5%) of the 1,542 BP terms, are exclusively found in the C. canephora sub-genome
(Figure 2A). Interestingly, among the exclusive BP terms from the C. eugenioides sub-
genome we could distinguish terms such as “chromatin assembly”, “chromatin maintenance”,
“chromatin organization involved in negative regulation of transcription” and “production of
siRNA involved in chromatin silencing by small RNA”. Taken together, these C. eugenioides

sub-genome specific BP terms reinforce the thesis that this sub-genome is controlling the

gene expression while also controlling the chromatin organization.
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Figure 2 Venn diagrams of identified GO terms for sub-genome specific genes with BUSCO
signatures for the three main categories of Biological Processes (A), Cellular Component (B)
and Molecular Function (C). Most of the GO terms were identified in the C. eugenioides
sub-genome while a high proportion of them are not shared with its homoeologous
counterpart. On the right, barplots showing a comparison of the content of PCG in each of
the most abundant terms by sub-genomes. The most abundant Biological Process is DNA
integration while the Molecular Function is particularly enriched for nucleic acid binding.
Following the trend of total number of PCG, the C. eugenioides is the main contributor for
all the Cellular Components, in particular the nucleus and membranes.

Regarding Cellular Component (CC) terms we found a similar pattern in which the
number of individual terms is 65% higher in the C. eugenioides sub-genome (Figure 2B).
From the 729 individual CC terms from the C. eugenioides sub-genome, 298 (41%) are
exclusive while only twelve of 443 (3%) terms are exclusively derived from the C. canephora

sub-genome (Figure 2B). Finally, regarding the Molecular Function (MF) terms the number
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of individual terms is 57% higher in the C. eugenioides sub-genome (Figure 2C). From the
1,903 individual MF terms from the C. eugenioides sub-genome, 762 (40%) are exclusive
while seventy four of 1,215 (6.1%) are exclusively occurring in the C. canephora sub-
genome (Figure 2B). We suggest that the C. arabica genome is still evolving towards

balanced gene composition, but the C. canephora sub-genome suffers most of this gene loss.

1.3.8 DNA integration and nucleic acid binding GO terms are dominated by
Transposable Elements

In addition to the composition of GO terms being different between the sub-genomes,
the number of PCG in each of the GO categories is also different. Not surprisingly, the C.
eugenioides sub-genome is often encoding more genes within each GO category, in particular
the top 10 larger categories in number of genes (bar plots at the right of 2). This outlying
proportion of genes with the terms DNA integration, nucleus and nucleic acid binding led us

to investigate the PCG composition of the top terms in each sub-genome (Figure 3).
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Figure 3 Proportion of the most abundant terms in each GO category of Biological Processes
(A), Cellular Component (B) and Molecular Function (C). Known and apparent novel
Transposable Elements are specially enriched in the top BP and top MF categories while the
top CC category has a diverse composition. The BP term with higher number of members in
both sub-genomes is “DNA integration” with 3,454 genes in the C. eugenioides sub-genome
and 2,847 in the C. canephora sub-genome. The top CC “integral component of membrane”
has 2,653 genes in the C. eugenioides sub-genome and 1,227 genes in the C. canephora sub-
genome. The top MF “nucleic acid binding” has 7,867 genes in the C. eugenioides sub-
genome and 4,447 in the C. canephora sub-genome.

This combination of abundant terms related to DNA binding made us wonder if those
transcripts would be TE. In the BP category, the term “DNA integration” is mainly composed
by genes identified as DDE-TYPE INTEGRASE/TRANSPOSASE/RECOMBINASE that
accounts for approximately 28% of the PCG in this category (Figure 3A) followed by KRAB-
A DOMAIN-CONTAINING PROTEIN 2 (~13%) and RETROVIRUS-RELATED POL
POLYPROTEIN FROM TRANSPOSON TNT (~11%). The other 52% of PCG in the “DNA
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integration” category are mostly identified as uncharacterized proteins. Many of these genes
are also reported under the most enriched MF of “nucleic acid binding” where the DDE-type
genes account for about 13%, KRAB-A 7% and the transposon TNT 5% (Figure 3C). Once
Kruppel associated box (KRAB-ZFPs) are domains only present in tetrapod vertebrates >> and
homology-based searches to the nr database in NCBI returned TE related matches, we believe
that these reported KARB-A domain containing proteins are, in fact, miss annotated TE.
Interestingly, the BP term “DNA integration” is more than 50% composed by PCG
that corresponds for only five genic families and the MF term “nucleic acid binding” is
following a similar pattern, with the five more abundant families accounting for about 33% of
its members. On the other hand, the CC most enriched term “integral component of
membrane” has a much more diverse composition (Figure 3C). The top five gene families
account for less than 5% of all genes belonging to the “integral component of membrane”
category while the other 789 families or individual genes are summing up the remaining 95%
of membrane components. Nevertheless, the high proportion of TE in the genome
composition can be verified in the second larger CC term “nucleus”. So, there is a wide-
spread dissemination of TEs that seems to be a strong force shaping the evolution of C.

arabica.

1.3.9 Part of the core diurnal leaf operating system was captured while transcribing
execution orders

After exploring the C. arabica sub-genome organization, we performed a regulatory
network analysis to understand its transcriptional activation and regulatory modules related to
leaf metabolism. To do so, we used 24 RNAseq libraries previously published from fully
expanded leaves collected during the morning and under a heterogeneous set of
environmental conditions *.

Our RNAseq based regulatory network inference was performed using 88,620,764 of
uniquely mapped paired-end reads that aligned to approximately 51,000 loci that potentially
encode PCG. These 88 million RNAseq reads were set apart from a group of 27 millions of
multi-mappers that could not provide locus-specific mapping resolution and potentially bias
the analysis by not meeting WGCNA microarray-based assumptions. An additional filtering
procedure of low expressed loci was important to exclude 34,000 loci that accounted for only
3.7% of the transcripts. Low expressed genes have the potential of biasing the analysis by

interfering with distribution assumptions and potentially incurring false-positive results due to
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their relatively low contribution to the transcriptome. Finally, a total of 16,610 constitutively
expressed and accurately mapped putative PCG loci were evaluated.

This counting data from RNA fragments was processed under the WGCNA guidelines
*2 to infer twenty three modules of co-expressed genes. Module names were assigned to
random colors. We then searched for enriched GO terms in each module and overall results
are reported in Supplemental Table 5. After that, the modules were grouped into eight clusters
- named from A to H - based on the correlation of their eigengenes (Figure 4, Supplemental
Dataset 1), that are individual transcripts that summarizes the overall trend in expression of
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Figure 4 Co-expression inference revealed 23 functional modules involved with important
processes of diurnal leaf metabolism. The heatmap on the left shows that the eigengenes of
some functional modules are also co-expressed forming functionally larger groups. The
hierarchical clustering on the top left provided delimitation for co-expression groups based on
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a height cut-off of 0.75. On the bottom, the schematic representation of the
interconnectedness of 16,610 expressed genes. Groups of co-expressed genes, represented as
engaged or disengaged gears, shows that processes such the light-reaction of photosynthesis
and the amino acid and cell wall metabolism are co-regulated. Meanwhile, defense,
translation, transcription and other biosynthetic processes are forming a yet larger custer of
functional modules. Some of the modules are formed by macro molecules such ribosome
subunits, RNA polymerase II, spliceosomes and chromosome components.

Statistical singular enrichment analyses of GO terms associated with each module and
groups of modules allowed us to unravel important biological processes coordinated by those
inferred regulatory networks. This hybrid group and module-wise approach of analyses
allowed us to reveal biological processes that are underlying the diurnal metabolism of C.
arabica leaves. For example, we found that the 266 genes in group A are primarily involved
in the light reactions of photosynthesis (GO:0019684, pvalpaksiatebiue = 7.30E'7) and
carbohydrate biosynthetic processes (GO:0016051, pvalpym = 3.4E™). The proteins encoded
by those genes are located in the chloroplasts (GO:0009507, pvalpm = 9.5E™). Interestingly,
a TREHALOSE-PHOSPHATE SYNTHASE is a key component of this group because it is the
most central node, in terms of total number of connections (degree), in the Plum module.

The trehalose-6-phosphate is an important signaling metabolite that regulates carbon
assimilation and sugar status in plants by balancing the synthesis and breakdown of starch *°.
Meanwhile, the closely related group B, with 448 PCG divided in two modules, Sienna and
Tan, is primarily involved with the cellular amino acid metabolic process (GO:0006520,
pvalta, = 2.70E° ). In addition, the term chloroplast (GO:0009507, pvalt,, = 9.7E'4) and others
chloroplast related terms are shared between groups A and B suggesting a co-regulation
between the PCG involved in light reactions of photosynthesis and cellular amino acid
metabolic process in C. arabica leaves.

Next, 3,583 putative PCG from group C are enriched for lipid (GO:0006629,
pvalparkred = 7.4OE'“), protein (GO:0019538, pvalpakred = 6.70E'8) and carbohydrate
(GO:0044723, pvalpared = 1.40E™) metabolic processes - more precisely catabolic processes
(GO:0009056, pvalparkea = 2.00E”) - in the cytoplasm (GO:0005737, pvalparred = 7.90E™).
The largest member of group C, the Turquoise module with 2,021 PCG components, was
mostly enriched for cell wall biogenesis (GO:0042546, pvalturquoise = 8.50E'21). In addition,
the small, but significantly enriched for photosynthesis (GO:0015979,pvalcor = 5.10E™?) and
thylakoid (GO:0009579, pvalcera = 2.20E" ), Coral module was found to be directly involved
with the generation of precursor metabolites and energy (GO:0006091, pvalcon = 1.80E™).

Cell walls are dynamic structures that are constantly being maintained for enhanced structural
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and defense capabilities’’. This group C is showing that part of the photosynthetic machinery,
specifically the photosystem I (GO:0009522, pvalcem = 6.80E™") are in transcriptional
coordination with cell wall biogenesis and catabolic processes.

Group D is the most distant in terms of their eigengenes correlation with other
modules. It is composed of three modules named Orange, Greenyellow and Honeydew
summing up to 695 putative PCG. Its largest module, Greenyellow, is specially enriched for
protein folding (GO:0006457, pvalGreenyeliow = 7.30E™), response to heat (GO:0009408,
pvalGreenyellow = 1.00E'19) and response to reactive oxygen species (GO:0000302, pvalgreenyeliow
= 8.20E"). The most central gene in terms of eigengene centrality is a (chloroplastic) SMALL
HEAT SHOCK PROTEIN. These findings allowed us to propose that this group provides
response mechanisms to perceived thermic variations in the environment. This mechanism
seems to be coordinated across membranes such as the ones that envelops the endoplasmic
reticulum (GO:0005783, pvalGreenyellow = 1.40E'7). Changes in the membrane fluidity are used
as sensors of the temperature variation >°. These signals can be transmitted to the cytoplasm
from the endomembrane system (GO:0012505, pvalgreenyelow = 5.10E'6) by proteic
transmembrane transporters (GO:0022857, pvalorange = 4.2E™). There, they can interact with
protein folding mechanisms to prevent heat related damage *°. It is possible that this group is
intrinsically more reliant on the environment - more specifically the heat - and this may be the
reason why these modules behave as an outgroup in the eigengene correlation cladogram
(Figure 4).

The next group was assigned to the letter E and aggregates a total of 1,660 putative
PCG that compose four modules; Cyan, Lightsteelblue, Antiquewhite and Violet. Here, we
found a correlation between modules involved with establishment of localization, transport,
defense and protein phosphorylation. Protein phosphorylation is an important post-
translational modification that regulates protein functions and controls cellular processes
during the diurnal cycle in different Arabidopsis organs and seedlings .

The enriched GO term establishment of localization (GO:0051234, pvalcyan = 1.80E™",
pvalLightsteelblue = 3.90E'9, pval antiquewhite = 7.2E* ) is shared between three module members of
group E. Permeating the other enriched BP of this group is the term phosphorus metabolic
process (GO:0006793, pvalcyan = 2.80E'2], pvaliighisteelblue = 6.3E'4). Another important
phosphorus-related term is cellular response to phosphate starvation (GO:0016036, pvalyiolet =
4.40E™") that is particularly enriched in the Violet module. These phosphate starvation

responses are a collective array of morphological and physiological adaptive changes that are
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critical for plant survival when phosphorus is limited ®'. The physiological responses for
phosphate starvation also play roles in the regulatory mechanism of phosphate usage ®'. In
addition, several inorganic phosphate (P;) transporters have been implicated to compose
defense response mechanisms .

Supporting the importance of phosphoric compounds to plant defense strategy is the
finding that a T-DNA insertions in a loci encoding for a member of PHOSPHATE
TRANSPORTER (PHT) family increases Arabidopsis thaliana susceptibility to virulent

.63
Pseudomonas strains

. Here we found two members of the PHT family being highly
connected members of the Cyan module and co-expressed with SALICYLIC ACID-BINDING
PROTEIN, known to be involved with salicylic acid-dependent immune responses ®*.

The two larger modules of group E, Cyan and Lightsteelblue with 890 and 579
members respectively, are especially enriched for membrane-related CC terms (GO:0016020,
pvalcyan = 1.20E" , Pvaliighisteclblue = 4.20E'7). In addition, the Cyan module is particularly
enriched for the BP response to salicylic acid (GO:0023051, pvalcyan = 3.30E™), exocytosis
(GO:0006887, pvalcyan = 7.70E”) and golgi vesicle transport (GO:0048193, pvalcyan = 1.20E
%). Meanwhile, Lightsteelblue module is enriched for terpenoid biosynthetic process
(GO:0006721, pvaliightsteelblue = 4.50E'6) and defense response (GO:0006952, pvaliighisteelblue =
1.10E”). These findings reinforce the importance of phosphorus for the immune system of
plants. The members of this group E, in particular the Cyan module, can be further
investigated to better elucidate how plants defend themselves from other organisms.

The next group was assigned to the letter F and is composed of two modules, one is
the largest of all modules in this analysis and is called Pink with 4,847 putative PCG. The
other component of this group has only sixty three PCG is called Lightpink. Not surprisingly,
Pink is also the module with more enriched GO terms, 899 of them. Meanwhile, all enriched
43 GO terms from Lightpink are shared with the larger module. The Pink module is
particularly enriched for the term organo-nitrogen compound metabolic process
(GO:1901564, pvalpiy = 1.5E™°*). In addition, it is also significantly enriched for many other
important BP terms such ncRNA metabolic process (GO:0034660, pvalpiy = 3.60E°), IRNA
processing (GO:0006364, pvalpiy = 3.30E??), RNA splicing, via transesterification reactions
(GO:0000375, pvalpinx = 1.20E™), ligase activity, forming aminoacyl-tRNA and related
compounds (GO:0016876, pvalpi,x = 7.40E-07) and cellular respiration (GO:0045333, pvalpink
=8.50E™%).
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The co-regulation of group F is so organized that their proteins are transported to
multiple intracellular components (GO:0005622, pvalpiyc = 1.75E7%).  Members of this
groups are a relevant part of the protein composition of the cytosol (GO:0005829, pvalpix =
1.9E°), mitochondrial electron transport, NADH to ubiquinone (GO:0006120, pvalpiy =
5.80E” ), the full ubiquinol to cytochrome ¢ (2.70E-09, pvalpix = 2.70E’9) and mitochondrial
respiratory chain complex III (GO:0005750, pvalpix = 3.20E'8). They are also enriched for
chloroplast thylakoid (GO:0009534, pvalpinc = 1.10E™), nucleus (GO:0005634, pvalpin =
1.10E™®) and apparently compose 44% of the ribosomal protein complex (GO:0005840,
pvalpic = 3.30E™""). Their components are so wide-spread within the cell that the few
remaining CC terms not enriched in the pink module are the ones related to the extracellular
part.

It is possible that the key for understanding this group - that spans most of the CC
volume - relies on genes closely related to the Pink module eigengene, a 60S ribosomal
protein L24-like. In fact 277 putative PCG of the Pink module were identified as ribosomal
proteins, mostly 60S ribosomal proteins. So, it is possible that the whole translational
machinery (GO:0006412, pvalpi = 1.20E'134) correlates directly to the rhythm of ribosome
assembly (GO:0042255, pvalpi = 9.80E™%) and biogenesis (GO:0042254, pvalpix = 9.90E"
3%). That way, others important processes that are directly involved with translation, such as
the transcriptional steps of the gene expression (GO:0006352, pvalpi = 2.40E7), RNA
splicing (GO:0008380, pvalpiy = 8.20E™'®) and organo-nitrogen compound metabolic process,
such amino acids (GO:0008652, pvalpinx = 1.8E™) and nucleotides (GO:0009117, pvalpink
1.10E"), are intrinsically interlinked.

The following cluster of modules is called group G and is composed of two modules
summing up a total of 945 putative PCG. The main component of this group, the
Lavenderblush module, is particularly enriched for GO terms relative to nucleus
(GO:0005634, pvali ayenderbiush = 1.60E™7) and gene expression (GO:0010467, pvali avenderblush =
3.10E™", pvalgewn = 2.30E™). Although the “gene expression” term is also enriched in the
previous group F here the descending terms differ. In this group, the influence on gene
expression (GO:0010468, pvaljayenderblush = 8.10E'9) is mainly performed by the regulation of
transcription from RNA polymerase II promoter (GO:0006357, pvalisenderiush = 2.70E™") and
chromosome organization (GO:0051276, pvaliayvenderbiush = 3.70E'6). This group shares with

group F important aspects of the gene expression process but they constitute different parts of
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the machinery. The importance of group G seems to be related to the transcription while
group F is mostly related to the translation.

Supporting the finding that group G is an fundamental part of transcription are the
enriched terms RNA helicase activity (GO:0003724, pvalpayvenderblush = 2.OOE'5), histone
modifications (GO:0016570, pvaliavenderblush = 3.70E'06) such as histone methylation
(GO:0016571, pvaliavenderblush = 2.90E'05) and histone acetyltransferase complex
(GO:0000123, pvalpayvenderblush = 5.50E'5) that are related to two constranting epigenetic
processes that modulates the access of RNA polymerases to PCG loci. That way, it is not
surprising that the eigengene of the Lavenderblush module is a ATP-dependent helicase, from
the C. canephora sub-genome, that seems to be encompassing the transcriptional regulation of
the whole group.

The final cluster of modules is group H. This group shows a coordination of
expression of 4,103 genes divided into four modules. This group is mainly involved with
macromolecule biosynthetic processes and is also enriched for hundreds of GO terms, 496 of
them. Two modules account for about 97% of this group PCG content, the Darkorange with
1,040 and Grey with 2,930. Traditionally in the WGCNA methodology, the grey module
corresponds to the set of genes which have not been clustered in any other module.
Nevertheless, this is not the case in our analyses and this cluster is a bonafide module. Both
Darkorange and Grey shares 121 enriched GO terms, including regulation of metabolic
process (GO:0019222, pvalparkorange = 3.40E'8, pvalGrey = 1.10E'9) and macromolecular
complex (GO:0032991, pvalparkorange = 4.99E'6, pvalgry = 1.20E 7 ). However, even sharing a
significant proportion of enriched GO terms, they are also individually enriched for module-
specific terms.

The Darkorange module is enriched for photosynthesis, light reaction (GO:0019684,
pvalparkorage = 1.10E'6), chlorophyll metabolic process (GO:0015994, pvalparkorange = 2.OOE'5),
generation of precursor metabolites and energy (GO:0006091, pvalparkorange = 3.10E’6). Other
photosynthesis related terms are also significantly enriched. Meanwhile, Grey is particularly
enriched for terms related with mRNA processing (GO:0006397, pvalpakorange = 2.90E™%)
such as mRNA splicing, via spliceosome (GO:0000398, pvalgry, = 7.40E™%) or covalent
chromatin modification (GO:0016569, pvalgrey, = 1.90E™'?).

We noted that even sharing the enriched GO term “macromolecular complex” there
are different complexes in each of the two larger modules of group H. The child terms of

“macromolecular complex” in the Darkorage module are divided into photosystems I
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(GO:0009522, pvalparkorage = 2.00E° ), photosystems II (GO:0009523, pvalparkorage = 6.0E'4)
and ubiquitin ligase complex (GO:0000151, pvalparkorage = 4.80E'6). Meanwhile,
“macromolecular complex” has diverse child terms in the Grey module, including the top
enriched “spliceosomal complex” (GO:0005681, pvalgey, = 6.00E%) followed by others
ribonucleoproteins such pre-ribosome (GO:0030684, pvalg.e, = 2.00E™), small nucleolar
ribonucleoprotein  complex (GO:0005732, pvalye, = 5.6E") and Mrell complex
(GO:0030870, pvalgrey = 1.80E®). Another complexes that are formed by PCG in the Grey
module include the transferase complex (GO:0061695, pval = 8.9E™) that binds phosphorus-
containing groups in the holoenzyme DNA-directed RNA polymerase II (GO:0016591,
pvalgrey = 1.6E™).

Members of the Grey module are include components of chromosomes in the form of
cohesin (GO:0008278, pvalgrey = 29E*) and H4 histone acetyltransferase complex
(GO:1902562, pval = 8.20E™). So, we conclude that the Grey module is majoritarily involved
in the transcription, partially because of its role in regulation of RNA biosynthetic process
(GO:2001141, pvalgrey = 1.10E”). Meanwhile, the Darkorange module is mainly involved
with photosynthesis, more precisely the chlorophyll biosynthetic process machinery
(GO:0015995, pvalparkorange = 1.6E'3). Underlying the whole group H, biosynthetic and
catabolic processes are enriched and engaged.

Finally, we also evaluated the proportion of PCG from each sub-genome in each
module, however, no clear pattern emerged. Some modules were preferentially composed by
PCG from a specific sub-genome but this data do not clearly correlate with total number of
genes in a module nor the interconnectedness measured as the module density. Nevertheless,
modules enriched for GO terms related to photosynthesis, transport and transcription are
preferentially composed by PCG expressed from the C. eugenioides sub-genome. Similar
results from EST of homoeolog data suggested that C. arabica may have specific
physiological contributions derived from specific ancestors '*>. This finding supports our
hypothesis that the C. eugenioides sub-genome is the main controller of gene expression
whereas the C. canephora sub-genome may function as an important source of alleles to cope

with the environment.

1.4 Discussion

This system-wide approach to investigate the transcriptome leaves of the allotetraploid

C. arabica, a tropical perennial plant, revealed that processes such photosynthesis, cell wall
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biogenesis, translation, transcription, catabolism and biosynthesis are running in synchrony.
Seemly contrasting rhythms and some clear noise are also perceived. To fully appreciate this
complex orchestra, one would need to visit this concert hall throughout the day and
throughout the year. Nevertheless, we had the opportunity to visit this spectacle while being
simultaneously performed by two assemblies of players (PCG in sub-genomes). It is yet not
clear if one sub-genome is louder than the other. Nevertheless, we suggest that the conductor
is on the C. eugenioides side.

Our evaluation of reads uniquely mapped to the sub-genomes showed that
homoeologous chromosomes are, in the majority of the cases, equally used for transcription
(Supplemental Figure 4). Nevertheless, we verified that in chromosomes 2 and 10 the mapped
reads derived from the C. eugenioides seem to be the majority when compared to the reads
from its C. canephora counterpart. On a lesser level of intensity and significance, it appears
that the Chromosome 6 from C. canephora ancestor is preferentially transcribed in
comparison to its homoeologous (Supplemental Figure 4).

Other authors, using EST analyses, found that 48% of the C. arabica was transcribed
from the C. canephora sub-genome and 52% were transcribed from the C. eugenioides sub-
genome 2. They also found that in 29% of 2,646 contigs had a higher contribution of one sub-
genome in comparison to the other: 13% of the contigs had more ESTs from C. eugenioides
sub-genome and 16% of contigs had more ESTs from C. canephora sub-genome '>. Our
results support the finding of differential sub-genome transcription. Here we show that
chromosome organization and RNA processing PCG are preferentially encoded in the C.
eugenioides sub-genome. Many of their homoeologs may have suffered processes of
pseudogenization or gene deletion.

We hypothesize that by regulating the transcription and RNA transport, the C.
eugenioides sub-genome has an edge in the decision making regulatory networks. However,
the differential contribution of homoeologous genes to the transcriptome does not necessarily
correlate with genome-wide transcription levels . That way, one specific allele from a sub-
genome may be preferentially expressed in a given condition, but it is unlikely, in the
allotetraploid state of the C. arabica genome, that one sub-genome can monopolize the whole
transcriptome.

Many universal orthologs - that represent the expected eudicot essential genes - are
missing from the sub-genomes - especially the one inherited from the C. canephora ancestral

parent (Figure 5). We assume that this lack of sub-genome-specific essential genes, reflected
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in the missing BUSCO signatures, is due to selective pressures that benefit gene expression
under single copy control >'. It is possible that after the origin of C. arabica processes of
genome reorganization occurred during its evolution, ultimately causing the loss of homoeotic
genes in the C. canephora sub-genome . It is common that after episodes of whole genome
duplications multiple genes are lost due to processes of epigenetic silencing, pseudogenization

. .. 1
and chromosome level deletions of segments containing genes '’

Complete Fragment
Sub C. eugeniodes Sub C. eugeniodes
* RNA processing

* Nucleic acid

+ Nuclear transport 345 < 15 phosphodiester
« ncRNA processing bond hydrolysis
» Chromosome » Cell cycle process

oraznization 34 - Isomerase activity
« Protein binding
+ Nucleus 290 30

,’//
Complete Fragment

Sub C. canephora 0 Sub C. canephora

« Celular response %

to stress - Cellular lipid
* DNA repair \3_7/ metabolic process
+ Helicase activity
* Chromossome

Figure 5 Venn diagram comparing the content of complete and fragmented BUSCO
signatures of each C. arabica sub-genomes. About 63% (1,393) of the found BUSCO
signatures are shared between both sub-genomes. A large proportion of expected universal
orthologues (~13%) were not found in the C. canephora sub-genome. The C. eugenioides sub-
genome is particularly enriched for complete signatures related to RNA processing,
chromosome organization and nucleus while the fewer complete signatures in the C.
canephora sub-genome are related to responses to stresses and DNA repair.

It is yet not clear if the interspecific hybridization that created C. arabica had occurred
in the scale of millions ° or tens of thousands of years ", but it is agreed that it is a recent

event in evolutionary time scale *'?

. Recently formed polyploid species have higher
extinction rates than their diploid relatives, rarely surviving over the long term and, in most
cases, are evolutionary dead-ends 67, Nevertheless, the few thriving individuals leave a
substantial legacy in plant genomes . Allopolyploidy can induce rapid genome evolution
that may have contributed to the successful establishment of newly formed species **”.

We address that the key for allowing the survival and reproduction of C. arabica is the

homoeologous gene loss through sequence deletion. Evidence for this hypothesis is that
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sequence elimination is a common and rapid phenomenon that can be verified as early as the
generation F1 of newly formed hybrids ®7. It is also possible that the missing genes in the C.
eugenioides sub-genome turned to pseudo-genes because of the finding that gene lengths in
this sub-genome are usually longer than its homoeolog counterpart. Alternatively, it is
possible that the abundant PCG with GO terms related to “DNA integration”- such hundreds
of DDE-TYPE INTEGRASE/TRANSPOSASE/RECOMBINASE in both sub genomes - are
promoting ongoing insertions to C. eugenioides sub-genome that may be causing this gene
enlargement and pseudogenization.

A previous report on a set of 9,047 genes in a C. arabica scaffold level genome found
homoeologous copies being retained in 98% of the analyzed dataset and suggested that
homoeolog losses are not a random event *. These authors stated that the majority of the 2%
of homoeologous losses were probably due to sequence homogenization instead of sequence
deletion because they verified a lack of homoeologous single nuclear polymorphisms *. Our
results are apparently contradicting these findings, mostly because of methodological
differences. We focused our analysis on the expected homoeologous with BUSCO signatures
in the C. arabica genome and not on a subset of genes selected by DNAseq depth - mapped to
the reference genome of the relative species C. canephora ° - and polymorphisms *.

Genetic and epigenetic changes are common consequences of polyploidization in

2
68’69, cotton7, rapeseed 3 and

many major agricultural crop plants ', including wheat
sugarcane . Among the genetic changes verified in recent polyploids is gene loss *>. A study
with resynthesized Brassica napus lines - independently derived by hybridizing double
haploids of Brassica oleracea and Brassica rapa - revealed the occurrence of a ‘genomic
shock’ leading to gene loss in early generations following the polyploid formation ». The
maintained copies tend to concentrate in one of the homoeologous chromosomes . A similar

rapid gene loss event may have happened early in C. arabica evolution and may be the reason

why essential universal orthologs are missing from the sub-genomes (Figure 5).

1.4.1 The gene loss in Coffea arabica is pronounced for homoeologous essential genes
controlling gene expression.

An important process in shaping genomes is purifying selection that tends to remove
duplicated genes after whole genome duplications’*. However, this same purifying selection
causes a tendency of preservation of balanced gene activity . The evolution towards balance

is favored by natural selection as evidenced by the finding that angiosperms are
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paleopolyploid and many of them are now in a diploid state as the tetraploid genome tends to
merge .

The latest whole genome duplication event (the o duplication) in Arabidopsis
thaliana happened between 83 to 86 million years ago . During this geologic time, only 30%
of Arabidopsis genes have retained syntenic copies, suggesting a large impact of gene loss on
angiosperm evolution ”°. Some duplicated genes have a tendency of escaping this selective
pressure whereas others are easy prey as predicted by the Gene Balance Hypothesis '°. This
resistance to genic duplication loss is a common evolutionary phenomenon if the duplication
affects dosage dependent genes '°. That way, genes which the number of its protein products
are stoichiometrically calibrated to other related proteins - as the components of ribosomes -
have an evolutionary tendency of keeping its duplicated copies once imbalance can cause
reduced fitness '°.

This balancing in the number of copies is often reflected in co-expression modules
1776 The group of genes that are connected due to serialized molecular function - such
enzymes in a pathway or transcriptional cascades - will be more resilient to gene loss while
other groups will be more advantageous existing in single copies in the haplotype. The
identified co-expression modules of C. arabica leaf transcriptome tended to have
transcriptome components preferentially derived from one sub-genome, instead of having
roughly the same number of components from each sub genome (Supplemental Table 5). It is
possible that this differential module composition is a consequence of a balancing process that
calibrates homoeologous copy numbers.

The regulation of transcription in C. arabica seems to be preferentially encoded by the
C. eugenioides sub-genome. Module Brown, which is significantly enriched for the GO term
“gene expression”, has a strong tendency of being composed by genes in the C. eugenioides
sub-genome (65%). We initially assumed that the RNA processing machinery - the hardware
component of gene expression - would mostly work as the product of dosage dependent
genes. Nevertheless, the lack of essential loci related to gene expression in C. canephora sub-
genome shows that pressures of single copy control were an important force shaping coffee
evolution.

The concentration of the transcriptional decision making machinery in the C.
eugenioides codebase may have also provided advantageous phenotypic homeostasis in

77,78

response to the environment . The maintenance of this genomic rearrangements may have

been facilitated by the preferential autogamy of Coffea arabica. Once it lost its self-
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incompatibility machinery ®, it was also possible that other pieces of its chromosomes were
rapidly lost due to inbreeding depression.

C. arabica is a young species ' that seems to be evolving towards a simpler genome
configuration. The stabilization of its genome left marked differences in homoeolog gene
composition which was made evident by the loss of universal orthologues. In the million
years to come, we expect a natural tendency of gene loss and chromosome merging. Finally,
this system-wide approach clarified how biological processes (i.e. photosynthesis, cell wall
biogenesis, translation, transcription, catabolism and biosynthesis) are running in synchrony.
Thus, this work contributes to comprehending genome evolution of recent polyploids and
supports crop breeding programs through future functional studies considering the

eigengenes, unknown and/or species-specific genes found in coffee.
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Metabolic pathway reconstruction indicates the presence of important medical
compounds in Coffea such as L-DOPA.
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Wilder Douglas Santiago, Bethania Leite Mansur, Adelir Aparecida Saczk, Mario Lucio

Vilela de Resende, Antonio Chalfun-Junior

Abstract

The use of transcriptomic data to make inferences about plant metabolomes is a useful
tool to help the discovery of important compounds in the available biodiversity. In this work
we applied in silico techniques to reveal possible metabolites in the leaves of Coffee arabica
L. By mapping RNAseq reads sequenced from fully expanded leaves to protein coding genes
we were able to access metabolic pathways responsible for the production of several
compounds of economic importance. L-DOPA, the precursor of dopamine, is a common
product of POLYPHENOL OXIDASES (PPOs). This compound is widely used as a treatment
of the human neurodegenerative condition called Parkinson’s disease. Here, we applied in
vitro studies to validate in silico results showing that L-DOPA is a naturally occurring

metabolite in coffee.

2.1 Introduction

Coffee (Rubiaceae) is an important crop in which beans are harvested and roasted
before being traded as a commodity '. It is produced mostly in tropical countries and is an
important source of livelihood for millions of smallholder farmers and workers involved in
the various steps of the coffee bean processing and trade *. Coffea arabica L. is the main
source of the coffee beans. This species is an interspecific hybrid of Coffea canephora Pierre
and Coffea eugenioides Moore ancestors >. Of those parental species, only C. canephora is
also cultivated for economic purposes. The polyploidy of C. arabica (2n = 44) may provide
physiological advantages to cope with abiotic stresses, improve phenotypic homeostasis * and
allow a broader diversification of metabolite compounds - when compared to progenitor
species - through the differential expression of homoeologous genes °.

Apart from its beans, the coffee leaves have the potential to also become a source of

metabolites of economic importance *'°. The tea produced from coffee leaves is rich in
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natural polyphenolic compounds such as chlorogenic acids and xanthones which are
important dietary antioxidants that significantly benefit human health ’. To further extend the
portfolio of known bioactive compounds in coffee leaves, we applied bioinformatic
methodologies with the aim of investigating metabolic pathways that may be constitutively
expressed in Coffea canephora and Coffea arabica leaves. Our in silico analyses showed that
POLYPHENOL OXIDASES (PPOs) and DOPA DESCARBOXILASES (DDCs) are expressed
in leaves of both the economically important coffee species.

PPOs are type-IIl copper containing metalloenzymes divided into three types;
tyrosinases (TYRs, EC 1.14.18.1 and EC 1.10.3.1), catechol oxidases (COs, EC 1.10.3.1) and
aurone synthases (AUSs). AUS is a type of PPOs that are responsible for the synthesis of

yellow pigments in petals of various Asteraceae species . PPOs is one of the oldest enzymes

13-19 16,20

known '? and are wide-spread across all life kingdoms with biological roles varying
PPOs catalyzes the oxidation of catechol to o-quinone in the presence of oxygen. The main
difference between TYRs and COs is that the latter can only catalyzes the oxidation of
catechol (i.e., o-diphenol) to the corresponding o-quinone whereas the former can catalyze
both the monooxygenation of monophenols and the oxidation of catechols 2'.

In animals and many microorganisms PPOs are directly involved in the production of
Melanin  pigments by oxidizing L-tyrosine (TYR) to L-DOPA  (L-3,4-
dihydroxyphenylalanine; levodopa), and others metabolites, ultimately producing dark color
pigments ***2. Similarly, plant PPO can produce dark-brownish compounds **. This browning
process is the result of the oxidation of phenolics to quinones that are highly reactive
intermediates involved in senescence, wounding and response to pathogens **. After fruit
harvest, the accumulation of those metabolites becomes evident. In many plant-derived
foodstuffs those reactions can reduce their nutritional quality and perceived commercial value
122425

It has been estimated that half of the world's fruits and vegetable crops are lost due to
postharvest deteriorative reactions 2°. This browning might be a side effect of fundamental
defense responses because when PPOs are transcriptionally repressed in tomatoes
(Lycopersicon esculentum L.) their susceptibility to the P. syringae is increased > whereas the
overexpression of PPOs reduces the susceptibility to the same pathogen %’

Apart from tyrosine, PPOs can accept diverse types of both monophenols and o-
diphenols as substrates in different species and tissues. The monophenol substrates include,

but are not limited to, 4-methylphenol **, 4-propylphenol *°, 4-tert-butylphenol *, 4-
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aminophenol *' and p-tyrosol *°. Similarly, o-diphenol substrates include 4-methylcatechol **,
L-3,4-dihydroxyphenylalanine (L-DOPA) 32 4-tert-butylcatechol 32 3.4-
dihydroxyphenethylamine (dopamine) *°, caffeic acid *, and 5-caffeoylquinic acid (5CQA;
Chlorogenic Acid) **. In Coffea arabica leaves and endosperm, the most efficient PPO
substrates was found to be 5CQA followed by 4-methilcatecol, caffeic acid and catechol **.
There is evidence that C. arabica cultivars in which leaves have higher concentration of
S5CQA are more resistant to Hemileia vastatrix, a pathogen fungus to coffee plants and the
causal agent of coffee leaf rust . In addition, the PPOs activity is higher in young coffee
leaves and decreases with increasing leaf length and age **~*.

In humans and other animals L-DOPA is an important precursor of the

. - 3536
neurotransmitter dopamine ~

. The depletion of dopamine in the human brain causes the
neurodegenerative condition called parkinson’s disease 37 In humans, dopamine cannot cross
the morphological barrier at the blood-brain interface while L-DOPA can **. Once L-DOPA
enters the central nervous system it is converted into dopamine by the enzyme DOPA
Descarboxilase (DDC; EC 4.1.1.28). Because of the ability of the L-DOPA compound to
cross the blood-brain barrier and then be metabolized by DDC into dopamine in the brain, it is
used as the standard treatment for Parkinson's disease *.

Plant DDCs are common enzymes that mediate numerous secondary reactions .
Nevertheless, the full extension of their biological function in plant growth and development
remains unknown. DDC over-expression in apple trees increased both the dopamine levels
and salt tolerance *°. This effect may be due to enhanced maintenance of ion homeostasis that
is verified after dopamine treatment *°. It has been reported that dopamine can promote
nutrient uptake, transport and distribution as well as promoting the down-regulation of
senescence related genes *'. In cucumber, it has been shown to meditate photosynthesis,
carbon and nitrogen metabolism and reduce damage under nitrate stress **. Because dopamine
can mediate important biological processes in plants, its production by DDC may be of
relevance in coffee.

The full phenolic composition of C. arabica remains unknown ***

. To investigate
potential metabolites we evaluate the transcriptome profile of multiple Coffea arabica
RNAseq samples that are publicly available at the Sequence Read Archive (SRA) from the
National Center for Biotechnology Information (NCBI). Then, we compared the expressed
genes with metabolic pathways available at the Kyoto Encyclopedia of Genes and Genomes

(KEGG) database *°.
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We focused our attention on genes coding for the enzymes PPOs and DDC that are
present in multiple copies in the genomes of C. arabica and C. canephora. We used High
Performance Liquid Chromatography with tandem Mass Spectrometry (HPLC-MS/MS)
techniques to show that L-DOPA is a phenolic metabolite that naturally occurs in Coffea
leaves and fruits. To our knowledge, L-DOPA has never been reported as a naturally
occurring phenolic compound in Coffea, though there is in vitro evidence that a PPO
extracted from coffee endosperm can accept L-DOPA as a substrate, however with an activity
25.6 times lower than its preferred substrate, 5SCQA **. The co-expression of PPO and DDC
suggests that dopamine is also present in leaves of those species.

Those results show that in silico analysis coupled with analytical chemistry techniques
is a powerful combination of toolsets to allow the identification of compounds of economic
and pharmacological importance in plants. In addition, these findings may provide additional
base to the use of coffee leaves as a source of phenolic metabolites with medicinal,

phototherapeutic and economic value.

2.2 Material and Methods

2.2.1 ldentification of enzyme coding genes in Coffee genome and inference of metabolic
pathways

A total of 25,605 predicted protein sequences in Coffea canephora were downloaded
from the Coffee genome hub *°. Then, they were analyzed with the blast2GO *’ suite to search
potential enzymes and their respective Enzyme Codes (EC). We used the resulting list of
1,141 non redundant EC in the online KEGG mapper tool * to find metabolic pathways that
were possibly active in Coffea. We included in our search the following reference KEGG
pathway map databases: Carbohydrate metabolism (1.1), Energy metabolism (1.2), Lipid
metabolism (1.3), Amino acid metabolism (1.5), Metabolism of cofactors and vitamins (1.8),
Metabolism of terpenoids and polyketides (1.9) and Biosynthesis of secondary metabolites
(1.10).

2.2.2 Characterization of PPOs and DDCs coding genes in Coffea

The genome sequence for the Coffea arabica Caturra-red cultivar was retrieved from
the NCBI under BioProject accession PRINA506972 *®. Then we predicted protein coding
genes using AUGUSTUS v. 3.3.3 ¥, The annotation of protein coding genes was performed
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using blast2GO *'. Sequences with the enzymatic code for PPOs (EC 1.14.18.1 and EC
1.10.3.1) and DDC (EC 4.1.1.28) where selected from both Coffea arabica and Coffea
canephora and conserved domain analyses were performed using hidden Markov models by
aligning the selected protein sequences against the Pfam domain database v35 *° with the
HMMER software v3.3.2 *°. Finally, the respective coding sequences for each putative PPO
and DDC were aligned to the NCBI non-redundant (nr) protein database using blastx v
2.12.0+ ",

We considered Coffee PPOs those protein sequences that (1) presented significant hits
to the three typical plant PPO domains in the following amino-carboxyl order: Tyrosinase
(PF00264), Polyphenol oxidase middle domain (PPO1_DWL; PF12142) and PPO1_KFDV
(PF12143); (2) sequences with at least 70% of coverage and 50% of identity to the 3D-
chistolograph verified PPO structure from Ipomoea batatas (UniProtKB/Swiss-Prot:
Q9MBI14.2) *%; (3) sequences with the five blastx top-hits of known plant PPOs. In addition,
we considered the coffee DDC homologs those protein sequences that (1) presented
significant hits to the Pyridoxal-dependent decarboxylase conserved domain (PF00282.22);
(2) sequences with at least 70% of coverage and 50% of identity to the curated DDC from
Papaver somniferum (UniProtKB/Swiss-Prot: P54768); (3) sequences with the five blastx
top-hits of known plants DDC - and not the highly similar proteins L-tryptophan
decarboxylase (TDC2-like). Then, their physicochemical properties (length of amino acid
sequence, molecular weight, and isoelectric point) were determined with the ExPASy

Proteomics tool (https://web.expasy.org/protparam/).
2.2.3 Phylogenetic Analysis

Representative protein sequences for PPOs and DDC were retrieved from NCBI’s nr
database for the following taxa: Amborellales, Arecales, Asparagales, Asterales, Brassicales,
Cannabaceae, Cucurbitales, Fabales, Gentianales, Ginkgoales, Lamiales, Liliales, Lycophytes,
Malpighiales, Malvaceae, Poales, Ranunculales, Rosales, Solanales, Vitales and Zingiberales.
A Tyrosinase from Homo sapiens (GenBank accession AAA61244.1) was used as an out-
group for plant PPOs and a human DDC (NCBI accession: NP_000781.2) was used as an out-
group for plant DDC. The selected plant species represents diverse phylogenetic groups of
higher plants. To this subset of PPOs or DDCs we added the respective homologs from
Colffea arabica and Coffea canephora.
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The multiple protein sequence alignment was performed with MAFFT v. 7.505 using
the iterative refinement method incorporating global pairwise alignment information (G-INS-
i) ****. For inferring phylogenetic relationships, coffee sequences with more than 98% of
identity at the protein level were collapsed into a single representative sequence. Phylogenetic
trees were inferred with PHYLIP > v.3.696 with 1000 bootstrap replicates, using the Jones-
Taylor-Thornton substitution model % and neighbour-joining clustering method °’. The
consensus tree was chosen by the majority rule and drawn using the Interactive Tree of Life
(iTOL v. 6.5.8) webtool *®. Transfer signal peptides were inferred with the online tool

LOCALIZER v. 1.0.4 %.

2.2.4 Expression evaluation of PPOs and DDCs

To identify expressed PPOs and DDCs in Coffea arabica leaves, we downloaded
paired-end RNAseq libraries available at the Sequence Read Archive (SRA) of the NCBI
under bioproject ID PRINAS851465 . In summary, the experiment was conducted in
Brazilian farms of two cities (Pirapora and Varginha) during two harvest times (April and
October) and with two C. arabica cultivars (Acaud and Catuai). After inhouse quality
processing steps, the RNAseq reads were mapped to the Coffea arabica reference genome
(BioProject accession PRINA506972 **) using the STAR aligner v. 2.7.8 ®'. Then, fragments
mapped to gene exons were quantified with the HTseq-count script ®% analyzed with the
edgeR ® and expression-based heatmap produced with the heatmap.2 function from gplot

package .
2.2.5 Extraction of L-DOPA from Coffea arabica leaves

The extraction procedure was based on a sustainable, simple and robust method for L-
DOPA extraction recently developed for Vicia faba . We collected Coffea arabica leaves
and immediately macerated them with liquid nitrogen until a fine and homogeneous powder
was produced. Samples of 200 mg were collected in 15 ml tubes with 5 ml of acetic acid
0.1%. Then, we homogenized samples for 20 minutes with a magnetic shaker and
subsequently centrifuged at 13,000 rpm for 10 minutes at environment temperature (£ 25 °C).
Next, we collected the supernatants and a second extraction step was performed with the
remaining biomass. Lastly, we mixed and filtered both supernatants in a membrane and

immediately submitted to chromatographic analysis.
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2.2.6 Liquid Chromatographic analysis and validation parameters

The analyses were performed at the Brazilian National Institute of Coffee Science and
Technology (Instituto Nacional de Ciéncia e Tecnologia do Café; INCT-Café) at the Federal
University of Lavras (Universidade Federal de Lavras; UFLA). The liquid chromatographic
runs were performed with a Shimadzu HPLC equipment composed of a high pressure
quaternary pump model LC-20AT, a degasser DGU-20AS5, an interface CBM-20A, an
automatic injector SIL-20A-HT and an UV-Vis detector SPD-20A. The used column was a
Zorbax Eclipse XDB-C18 (4.6 x 250 mm, 5 um) connected to an XDB-C18 pre-column (4.6
x 12.5 mm, 5 pm).

The L-DOPA analysis was performed with the methodology proposed by Elbarbry et
al. (2019) * with modifications. L-DOPA standard was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Mobile phase chemicals were all of HPLC analytical grade; metanol
(Merck), glacial acetic acid (J.T.Baker) and type I water from a Milli-Q system.

We used the external standardization method to apply quantification procedures. For
the analytical curves, we diluted a stock solution with the L-DOPA standard in perchloric acid
(1,000 ug mL™). From that stock solution we prepared the analytical curve by varying the
concentration from 0.1 to 200 pg mL™". The selected mobile phase for the compound elution
was acetic acid 1% in water (Solvent A) and methanol (Solvent B) at the 95:5 (v/v) and flow
rate of 1,0 mL min"'. We eluted samples and standards in isocratic mode at 30 °C in the
column oven. The used light wavelength was 282 nm and the injection volume was 20 pL.

We filtered the biological samples and standard solutions in 0.45 pm polyethylene
membrane (Millipore) and injected directly into the chromatographic system. The injections
of the standards and biological samples were performed in triplicate, with the analyte identity
confirmed by the retention time and the peak profile of the sample compared to that of the
standard solution.

To ensure the analytical quality of the results, we evaluated multiple parameters such
as selectivity, linearity, detection limit (DL), quantification limit (QL), precision (in terms of
coefficient of variation; CV) and accuracy (recovery). All the procedures required to evaluate
those parameters were performed to guarantee the standardization of the method . Firstly,
we evaluated the selectivity by adding to a pool of samples in different quantities of the L-

DOPA standard. Then, we evaluated the linearity by inferring the linear regression equation
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and its respective correlation coefficient (R?). A R? greater than 0.99 was considered as
evidence of an ideal fit of the data to the model.

To verify the ascertainment of detection (DL) and quantification (QL) limits we
considered the parameters related to the selectivity linear regression curve. To this end, we
applied the following equations: DL = 3 x (s/S) and QL =10 x (s/S), where s is the standard
deviation estimate of the linear regression model and S is its slope.

The precision was calculated by using the intermediate precision method. To do so,
we repeated the HPLC analysis for 5 days by evaluating the readings of standard solutions
with three known concentrations (1.0, 50.0 and 100.0 pg mL™). At the end, the Coefficient of
Variation (CV), expressed as a percentage, was calculated with the function CV = (s/DMC) x
100, where s is the estimated standard deviation and DMC is the Determined Mean
Concentration.

Finally, we evaluated the accuracy by running recovery assays using three random
samples fortified with standard solutions at three concentration levels (1.0, 50.0 and 100.0 pg
mL™). The recovery, expressed as a percentage of L-DOPA, was determined using the

equation: recovery = [(measured concentration)/(expected concentration)] x 100.
2.2.7 LC-MS/MS for qualitative analyses

To verify the occurrence of L-DOPA in Coffea, sample extracts in triplicate from
Coffea arabica and Coffea canephora leaves, flowers and fruits were analyzed by LC-
MS/MS. Those analyses were performed in an Agilent Technologies system consisting of a
binary pump, a degassing unit, a G4226A autosampler, a column oven and a triple quadrupole
mass spectrometer (QqQ G6420A). The system was controlled by MassHunter Workstation
Software (Version B.08.00). The separation was carried out on Zorbax Eclipse XDB-C18, 4.6
x 250 mm x 5 um, thermostated at 30 °C, using a mobile phase composed of acetic acid 1% in
water (Solvent A) and methanol (Solvent B) at the 95:5 (v/v), with a flow rate of 1.0 mL min”
', Full scan spectra were acquired from m/z 10 to 500. Identification of L-DOPA was
performed in Multiple Reaction Monitoring (MRM) mode detecting the transitions m/z 198
— m/z 152, m/z 198 — m/z 107 and m/z 198 — m/z 135 7* 7.
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2.3 Results

2.3.1 Exploratory analyses of metabolic pathways shows that PPOs and DDCs are
present in the genome of Coffea arabica and Coffea canephora

Our exploratory analyses of metabolic pathways in Coffea revealed important
enzymes central for the survival of plants, such as the ones involved in the carbon fixation in
photosynthetic organs (Supplemental Figure 1). Among the metabolites predicted to occur
along the investigated pathways (Supplemental Figure 2) we focused our attention on L-

DOPA that is a substrate of DDC and a product of PPO (Figure 1).
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Figure 1 Representation of part of the isoquinoline alkaloid biosynthesis pathway according
to the KEGG map00950. Here we show only the enzymes which gene could be identified in
the Coffee genome. POLYPHENOL OXIDASE (PPOs; EC:1.14.18.1 and EC:1.10.3.1) and
DOPA DESCARBOXILASE (DDC; EC:4.1.1.28) can both accept the amino acid L-tyrosine as
a substrate and produce L-DOPA (L-3,4-dihydroxyphenylalanine) and Tyramine, respectively.
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Then, L-DOPA becomes an intermediate metabolite that can be used as a substrate to DDC to
produce Dopamine. Alternatively, Dopamine can also be produced from a Tyramine substrate
in a PPO enzyme. Among other factors, the final concentration of L-DOPA and Dopamine
will depend on the downstream pathways such as the Tyrosine metabolism or the synthesis of
3,4-DHPAA 3.,4-Dihydroxyphenylacetaldehyde) by a Primary-amine oxidase (EC:1.4.3.21).

We found eight PPOs in the Coffea arabica genome of which seven are encoded by
the C. canephora sub-genome and one by the C. eugenioides sub-genome (Supplemental
Table 1). In addition, we found three PPOs in the genome of Coffea canephora
(Supplemental Table 1). All the PPOs identified in the Coffea arabica genome were named
PPO.CAR followed by a number from 1 to 8 whereas Coffea canephora PPOs were named
PPO.CCA followed by a number from 1 to 3. Coffea’s PPOs mean length is 566 amino acids
ranging from 423 (PPO.CCA1) to 584 (PPO.CARG6). Their mean molecular weight is 63,336
g mol™ ranging from 48,056 g mol to 65,183 g mol™” and mean isoelectric point (pI) of 6.28
ranging from 5.55 (PPO.CARG6) to 6.85 (PPO.CARS).

Regarding DDCs, we found six genomic loci in the Coffea arabica genome being four
encoded by the C. eugenioides sub-genome and two by the C. canephora sub-genome. In
addition, we found three DDCs in the genome of Coffea canephora (Supplemental Table 1).
All the DDCs identified in the Coffea arabica were named DDC.CAR followed by a number
from 1 to 6 whereas Coffea canephora DDCs were called DDC.CCA followed by a number
from 1 to 3. Coffea’s DDCs mean length is 508 amino acids ranging from 480 (DDC.CAR6
and DDC.CCA3) to 537 (DDC.CAR2 and DDC.CCA2). Their mean molecular weight is
56,463 g mol ranging from 53,376 g mol™ to 59,696 g mol™ and mean isoelectric point (pI)
of 6.08 ranging from 5.77 (DDC.CAR6 and DDC.CA3) to 6.28 (DDC.CAR4).

The phylogeny inference for PPOs recapitulates the evolutionary pattern of
angiosperms reported in the Angiosperm Phylogeny Website " as shown in Figure 2A. The
three main clusters are representing the groups Asterids (containing the orders Solanales,
Lamiales and Gentianales), Rosids (containing the orders Rosales, Fabales, Fagales,
Brassicales and Malvales) and Monocots (containing the orders Arecales, Asparagales, Poales
and Zingiberales). Mostly all Coffea PPOs were clustered within the Asterid group while a
single PPO from Coffea canephora (PPO.CCA3) and two PPOs from Coffea arabica
(PPO.CART7 and PPO.CRS) were placed together with the rosales Trema orientale and Morus
notabilis (Figure 2A).
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Figure 2 Consensus tree using the Neighbor-Joining clustering method depicting the
evolutionary relationships of Coffea arabica (CAR) and Coffea canephora (CCA) polyphenol
oxidases (PPOs) and DOPA decarboxylases (DDCs) as well as the Expression profile of their
respective genes in C. arabica leaves. (A) phylogenetic tree of PPOs, five PPOs in C. arabica
(PPO.CAR 1 to 5) with identity above 98% were collapsed during phylogeny inference.
PPO.CAR1/2/3/4/5 were clustered together with other PPOs from C. arabica, C. canephora
and other members of the Asterid group. One PPO from C. canephora (PPO.CCA3) and two
PPOs from C. arabica (PPO.CAR7 and PPO.CARS) were clustered into the Rosid group
suggesting that they are under functional diversification. (B) phylogenetic tree of DDCs, five
DDCs from C. arabica (DDC.CAR 1 to 5) clustered with two from C. canephora
(DDC.CCALI and 2) as well as other members of Asterids. However, two highly similar
DDCs, being one from C. canephora (DDC.CCA3) and other from C. arabica (DDC.CAR®6),
were clustered outside of any other flowering plant group suggesting a diversification of this
gene in Coffea. (C) Heatmap representation of the expressed PPOs and DDCs using RNAseq
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data from Coffea arabica fully expanded leaves in a field experiment with two cultivars
(Acaua or Catuai), two harvest times (April or October) grown in farms of two Brazilian cities
(Pirapora or Varginha). Expression values are normalized in Counts Per Million (CPM) and
represented in log,(CPM+1) scale. Each line in the heatmap represents a sequenced library
from eight biological samples; Varginha, Catuai, October (vco); Varginha, Catuai, April (vca);
Varginha, Acaud, October (vao); Varginha, Acaud, April (vaa); Pirapora, Catuai, October
(pco); Pirapora, Catuai, April (pca); Pirapora, Acaud, October (pao) and Pirapora, Acua, April
(paa). Each BioSample consists of three biological replicates. The PPO.CARI-5 (representing
five highly similar loci with identity above 98%) is constitutively expressed in all analyzed
samples while PPO.CAR6 and the divergent PPO.CAR7/8 are less expressed. Regarding
DDCs, only DDC.CARG6 was found to be expressed in C. arabica leaves. In both phylogenetic
trees (A and B) node numbers correspond to the sum of occurrences of pairs of groups or
individual sequences that clustered together in a total of 1,000 bootstraps; dashed lines
represent nodes in which group pairs are clustered together in less than 500 (50%) of the
bootstraps. The selected species and their respective codes are Ananas comosus (ACO),
Aegilops tauschii (ATA), Brachypodium distachyon (BDI), Coffea arabica (CAR), Coffea
canephora (CCA), Cocos nucifera (CNU), Carica papaya (CPA), Cannabis sativa (CSA),
Dendrobium  catenatum (DCA), Elaeis guineensis (EGU), Glycine max (GMA),
Handroanthus impetiginosus (HIM), Homo sapiens (HSA), Hordeum vulgare (HVU),
Ipomoea batatas (IBA), Juglans regia (JRE), Lilium regale (LRE), Malus domestica (MDO),
Manihot esculenta (MES), Morus notabilis (MNO), Mucuna pruriens (MPR), Medicago
truncatula (MTR), Nicotiana tabacum (NTA), Olea europaea (OEU), Oryza sativa (OSA),
Prunus armeniaca (PAR), Prunus avium (PAV), Phoenix dactylifera (PDA), Prunus persica
(PPE), Papaver somniferum (PSO), Quercus lobata (QLO), Rosa chinensis (RCH), Setaria
italica (SIT), Selaginella moellendorffii (SMO), Solanum pennellii (SPE), Solanum tuberosum
(STU), Triticum aestivum (TAE), Theobroma cacao (TCA), Trema orientale (TOR),
Trifolium pratense (TPR), Vicia faba (VFA), Vanilla planifolia (VPL), Zea mays (ZMA) and
Zingiber officinale (ZOF). GenBank or UniProtKB/Swiss-Prot IDs are available in
Supplemental Table 2 (PPOs) and Supplemental Table 3 (DDCs). Small phylogenetic tree at
the bottom is based on the Angiosperm Phylogeny Website >* and colors represents specific
phylogenetic groups, homologue Homo sapiens proteins were add as the out-group.

Seven DDC sequences were clustered within the Asterid group being five from Coffea
arabica and two from Coffea canephora (Figure 2B). A cluster of containing two DDCs, one
from Coffea canephora (DDC.CCA3) and other from Coffea arabica- subgenome C.
canephora - (DDC.CAR6) with more than 99% of identity were placed outside of any of the
main phylogenetic clusters suggesting that these sequences are under evolutionary divergence
after a gene duplication event that happened prior to the origin of the Coffea arabica.

Our expression analysis based on the identified PPOs and DDCs in the Coffea arabica
genome suggests that all PPOs described here are expressed in fully expanded leaves of adult
plants (Figure 2C). The PPO.CAR1/2/3/4/5 (represented as PPO.CAR1-5 in the heatmap) are
a group of highly similar PPOs with more than 98% of sequence identity at the protein level.
In addition, these PPO.CARI1-5 display higher expression levels in Coffea arabica leaves
when compared to the more distant CAR.PPO6 and the two PPOs clustered within the rosid
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group CAR.PPO7/8. Regarding DDCs, only DDC.CAR6 was found to be expressed in C.

arabica leaves.

2.3.2 Chromatographic analyses shows that L-DOPA is a naturally occurring metabolite
in Coffea leaves

The mean retention time for the L-DOPA standard solution was 3.51 + 0.41 minutes
(Supplemental Figure 3A). The selectivity was accessed by adding the standard solution to
samples without L-DOPA. The fortified solutions were prepared by adding L-DOPA in two
concentrations (50 and 100 pg mL™"). Then the fortified samples were compared to control
samples without L-DOPA in the HPLC runs. Doing so we were able to observe that the
separation had no interference from the matrix in the identification of L-DOPA (Supplemental
Figure 3B). The correlation coefficient (R?), detection limit (DL), quantification limit (QL),

precision (CV) and accuracy (recovery) are presented in Table 1.

Parameter L-DOPA

B 1694.5
A 177.4
R’ 0.99998

DL (ug mL™) 0.81

QL (ug mL™) 2.73

Recovery (%) 81 to 104

CV (%) 0.38to 1.11

Table 1 - Analytical parameter for the method standardization

The measured R-squared (R?) for L-DOPA in Coffee leaves was 0.99998 using the
HPLC. This is evidence for a strong linear correlation between L-DOPA concentration and

the peak area once R’ values above 0.99 are widely accepted as indicators of linear
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relationships between chemical compound concentration and its HPLC signal **. This can

be observed in the calibration curve for quantification of L-DOPA in human plasma using a

similar approach which presents an R*> 0.99 .

LC-MS/MS Multiple Reaction Monitoring for L-DOPA in C. arabica leaves

55— transitions (m/z)
B 198 ->135
54— B 198 —-> 107
E 198 > 152

53

52—

51—

Counts

50—

49—

48—

47—

T T T T T 11

0 05 1 156 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10 105 11 115

Acquisition Time (min)

Figure 3 Sequential Mass Spectrometry with Multiple Reaction Monitoring (MRM) profile.
In the expected retention time (tR = 3.7 min, highlighted circular section) the presence of the 3
specified transitions is verified, indicating that the L-DOPA molecule in the Coffea arabica
leaves sample. In addition, the presence of higher intensity interference in the transition 198 >
152 (Blue) is notable, this transition may suggest the decarboxylation of L-DOPA in the

carbon C9 resulting in the production of dopamine.

Using LC-MS/MS with Multiple Reaction Monitoring (MRM) we were able to

ascertain that the peak around the 3.7 min of acquisition time is indeed L-DOPA that is

naturally being synthesized by Coffea arabica fully expanded leaves and fruits (Table 2). This

is because at this specific time we could identify all the three reported transitions that are

characteristic of L-DOPA’® 2. In addition, L-DOPA was also found in Coffea canephora

fully expanded leaves ( Figure 3 and Supplemental Dataset 1). In both species L-DOPA could

not be verified in flowers because the LC-MS/MS signal was indistinguishable from the

background noise. For this same reason we could not certify for the occurrence of L-DOPA in

Colffea canephora fruits.

Species Tissue

SamplelD

Counts

Signal Above
Noise Level




Coffea Leaves 1 48 Yes
arabica
2 48 Yes
3 48 Yes
Flowers 4 47 No
5 47 No
6 47 No
Fruits 7 48.5 Yes
8 49 Yes
9 49.5 Yes
Coffea Leaves 10 48.5 Yes
canephora
11 48 Yes
12 49 Yes
Flowers 13 48 No
14 48 No
15 48 No
Fruits 16 47 No
17 48 No
18 48 No

68

Table 2 - LC-MS/MS analysis results from samples of leaves, flowers and fruits
extracted from Coffea arabica and Coffea canephora. Samples with readings above

background noise have the presence of L-DOPA certified.
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2.4 Discussion

Coffee leaves are by-products of the coffee culture that, in comparison to coffee
beans, are mostly disregarded in studies concerning their chemical constituents *"*'.
However, the studies available show that they are rich in echinoids, flavonoids, xanthones,
caffeine and its tea has the potential of being an excellent functional beverage '° traditionally
consumed for over 200 years by locals in the countries where coffee plants are grown '*. To
further investigate the potential compounds in fully expanded coffee leaves, we applied a
series of in silico analysis to infer metabolic pathways that may be active. Then, we select a
portion of the isoquinoline alkaloid biosynthesis pathway according to the KEGG *
representation (map00950) which involves the enzymes PPO (EC 1.14.18.1, EC 1.10.3.1) and
DDCs (EC 4.1.1.28 - Figure 1). Finally, we investigated the occurrence of the L-DOPA

compound using HPLC and LC-MS/MS techniques.

2.4.1 Multiple PPO copies are present in Coffea arabica and Coffea canephora genomes

Multiple sequence alignment of PPOs showed that all coffee PPOs identified in this
work are similar regarding their primary structure and presented the expected conserved
domains ( PF00264, PF12142 and PF12143) in the same order and positions in comparison to
other functional plant PPOs. In addition, 10 out 11 coffee PPOs possessed a chloroplast
transport signal peptide between amino acids 1 to 40 (Supplemental Figure 4A). It is well
documented that many plant PPOs have this N-terminal domain containing a thylakoid
transfer signal peptide to allow translocation through the chloroplast ’°.

Only a PPO from Coffea canephora, named PPO.CCA1, did not present this signal
peptide. It is not clear for us if this region is indeed absent in this /ocus - meaning that this
specific PPO occurs outside the chloroplast - or if the predicted transcription start site is, in
fact, upstream of the actual reported coordinates. Functional non chloroplastic plant PPOs
were verified for poplar 77, snapdragon ’® and are predicted to occur in monocots, such as rice
and maize, and eudicots such as columbine ’. The discovery of non-plastidic PPOs can help
in the discovery of additional roles for PPOs in plants .

The PPO C-terminal domain PF12143 (which PFAM description refers to as
“unknown function domain; DUF B2219”) is well conserved in all coffee PPOs. This domain
is sometimes regarded to be a blocking-device for the active site via a placeholder residue.

But this gatekeeping system is not functional in many plants, being Malus domestica and S.
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Iycopersicum® exceptions. On the other hand, the C-terminal domain is lacking in other
species such as Vitis vinifera” in which it is believed that the C-terminal domain is a
functional copper transporter system that works prior to a proteolytic cleavage *°.

The number of PPO in plant genomes vary due to lineage-specific duplications,
expansion or loss . Arabidopsis, a Malvidae, does not code PPOs whereas Carica papaya -
also a Malvidae - encodes four PPOs '". Meanwhile, Glycine max and Populus trichocarpa
genomes encode eleven PPO. We found three PPOs in the Coffea canephora genome that
may have originally arisen due to the ancestral whole genome triplication event of eudicots
481 Interestingly, we found eight PPOs in the Coffea arabica genome being seven of them
located in the sub genome derived from the ancestral parent Coffea canephora and one from
the ancestral parent Coffea eugenioides.

It is not clear why there is this difference in the number of PPO in the Coffea arabica
sub-genomes and also in the genome of now living Coffea canephora plants. It may be due to
events that occurred before the origin of C. arabica such as the ones that may have occurred
in the respective lineages of its parent progenitors. This way it is possible that C. canephora
ancestors retained duplicated PPOs loci due to dosage sensitivity gene balancing **. Later on,

this trait was kept in Coffea arabica.
2.4.2 PPO copies are expressed in Coffea arabica leaves

RNAseq expression analysis showed that fully expanded Coffea arabica leaves are
constitutively transcribing PPOs (Figure 2C). However, due to the high similarity of PPOs at
the coding sequence level, the determination of which PPO loci are producing transcripts is
not possible with current similarity-based bioinformatic approaches. For example, PPO.CAR1
and PPO.CAR2 are 100% identical throughout their length of 1,734 nucleotides. In addition,
PPO.CAR3, 4 and 5, all having the same length of 1,734 nucleotides, are more than 98%
similar to PPO.CARI1/2. For that reason, when transcript fragments from NGS are mapped to
them, the algorithms cannot discern if all loci are being expressed or it is just a subset of
them.

These five highly similar PPOs are independent loci in the chromosome 5 originated
from the parent ancestral C. canephora (Supplemental Dataset 2). They are all single exon
genes occurring near to each other suggesting that they emerged recently from a local gene
duplication event. The PPO.CARG is also located in the chromosome 5 originated from the

parent ancestral C. canephora, its protein has a similarity of 96.75 % to a PPO in
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chromosome 5 of the of now living C. canephora plants and is also expressed in fully
expanded leaves (Figure 2C). Finally, CAR.PPO7 and CAR.PPOS are 98.79 % similar to
each other but only ~50% similar to any other PPO in C. arabica. That may be the reason
why they are clustered outside the rosid group in figure 2A. The PPO.CAR?7 locus is in the
chromosome 2 originated from the parent ancestral C. canephora whereas PPO.CARS is the
only loci that is encoded in the sub-genome originated from the ancestral parent C.

eugenioides and it is also in the chromosome 2 of its sub-genome.

2.4.3 Multiple DDC copies are present in Coffea arabica and Coffea canephora genomes
but only one copy is expressed in Coffea arabica fully expanded leaves

Multiple sequence alignment of DDCs showed that all coffee DDCs are similar
regarding their primary structure and presented the expected Pyridoxal-dependent
decarboxylase conserved domain (Pyridoxal deC - PF00282) in the middle section of these
sequences (Supplemental Figure 4B). This domain occupies approximately 60% to 70% of
the length of all DDCs evaluated and it's the only conserved domain characteristic of DDCs.

In Coffea arabica we found four DDCs encoded by the C. eugenioides sub-genome
(two in chromosome 11e, one in chromosome le and another in chromosome 9¢) and two
encoded by the C. canephora sub-genome (both close to each other in chromosome 9c).
Similarly, the genome of now living C. canephora preset three DDCs being one in
chromosome 1 and two organized in tandem in chromosome 9. Interestingly, all but two
coffee DDCs, one from C.arabica DDC.CARG6 and other from C. canephora DDC.CCA3, are
single exon genes. These multi exon DDCs are located in chromosome 1 of their respective
genomes and were the most divergent coffee DDCs in our phylogenetic analysis (Figure 2B
and Supplemental Dataset 2).

The identity of the multi-exonic DCCs, DDC.CCA3 and DDC.CAR6, are 99%
throughout their protein length of 480 amino acids. The DDC.CARG6 from Coffea arabica is
in the sense (+) strand on its genome whereas the DDC.CCA3 from Coffea canephora
genome is in the antisense (-) strand. In addition, these multi-exon DDCs are shorter and
present only ~55% of identity to other DDCs in coffee. The expression of DDC in Coffea
arabica leaves was only verified for DDC.CAR6 (Figure 2C). It is not clear if this coffee
DDC is preferentially catalyzing the conversion of L-tyrosine to Tyramine or L-DOPA to
Dopamine and it is also possible that these enzymes are catalyzing different reactions. Some

DDCs seem to be sequences exclusively found in coffee because our phylogenetic inferences
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clustered the DDC CAR6 and CCA3 outside of any higher plant group evaluated in this study
(Figure 2B). Finally, the apparently silenced DDC -5 in leaves may be active in other leaves

under a different set of environmental conditions.

2.4.4 Chromatography analyses confirmed the presence of L-DOPA in Coffea leaves and
fruits.

The technical DL and QL for our chromatography analysis were 0.81 and 2.73 pg mL"
! respectively for L-DOPA in coffee extracts. Both values were above the reports for human
plasma, DL 0f 0.025 and QL of 0.1 pg/mL % On the other hand, Pavon-Pérez et al. (2019) *
reported a DL of 0.01 mg L and a QL of 0.05 mg L using LC-MS/MS on Vicia faba
extracts. Meanwhile, the reported QL for L-DOPA in rat plasma is 25.0 ng/mL 7' which is
higher than our findings. The differences found in these parameters may arise from
differences in the studied matrices and in the chromatographic conditions, such as in the
equipment and/or methodologies used for the detection and quantification.

Our recovery assays to determine the accuracy of the technique returned average
values ranging from 81 to 104% (with CV ranging from 0.38 to 1.11 %). Those values are
between the analytical acceptance range of 70 to 120% with + 20% of precision (CV) 68,
Thus, by the results found in this study regarding the recovery values for the L-DOPA
compound, we propose that the applied method showed a satisfactory good recovery. Our
findings are in accordance with other works that reported recovery yields of 94 to 117%
(relative standard deviation of < 5.66) ¥, 98 to 106% (CV < 15%) °. In addition, our
recovery was higher than the values reported for the quantitation of L-DOPA in rat plasma by
HPLC-UV-Vis in which values ranged from 46.5 to 50.1% (CV < 10.3%) ’'. Our
methodology presented a CV ranging from 0.38 to 1.11%. In this work, the CV value is
below 5%, which is the precision lower limit for compounds found in low concentrations in
biological extracts °%.

Although the samples of fully expanded leaves from C. arabica and C. canephora and
fruits from Coffea arabica presented analytical signals below 50 ua it is possible to confirm
the L-DOPA presence in those organs (Figure 3). In addition, the presence of higher intensity
interference in the MRM transition 198 > 152 is notable, since the choice of mass transitions
in MRM mode allows analysis in qualitative (confirmatory) mode. Finally, this specific
transition may suggest the decarboxylation of L-DOPA in C9 resulting in the production of

dopamine.
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2.5 Conclusion

Our in silico analysis showed that PPOs and DDCs are present in multiple copies in
the Coffea arabica genome and that some of these genes are expressed in fully expanded
leaves. L-DOPA, one of the products of the PPO enzyme, was found to be present in both C.
arabica and C. canephora leaves. This presence of L-DOPA in fully expanded leaves may
suggest that this metabolite is a component of a pathway to promote defensive mechanisms
against pathogens, which may involve its conversion to dopamine by DDCs. If dopamine is
also a naturally occurring metabolite in coffee leaves it may be part of a mechanism to
alleviate nutrient deficiency-induced stresses **.

Future works will be required to fully reveal the importance of L-DOPA, PPOs and
DCCs in coffee. Younger leaves may present enhanced L-DOPA concentrations once PPO
activity was verified to be higher there **~*. Additionally, different coffee varieties or wild
Coffea species may be an enhanced source of L-DOPA. This work advances towards the
purpose of using coffee leaves as a source of compounds with nutraceutical importance.
Finally, we demonstrate that in silico analysis is an effective tool to predict metabolic
pathways which intermediate compounds can be verified using in vitro approaches such
HPLC and related techniques. Using the same in silico approach we found other potential

pathways that may also guide in vitro studies to reveal important metabolites in coffee.
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The floral development of the allotetraploid Coffea arabica L is correlated with a
dynamic reprogramming of small RNAs

Thales Henrique Cherubino Ribeiro, Patricia Baldrich, Raphael Ricon de Oliveira, Christiane
Noronha Fernandes-Brum, Sandra Mathioni, Thais Cunha de Sousa Cardoso, Matheus de
Souza Gomes, Laurence Rodrigues do Amaral, Kellen Kauanne Pimenta de Oliveira, Gabriel

Lasmar dos Reis, Blake C. Meyers, Antonio Chalfun-Junior
Abstract

Non-coding and coding RNAs are key regulators of plant growth, development, and
stress responses. To investigate the types of transcripts accumulated during the vegetative to
reproductive transition in the Coffea arabica L., we sequenced small RNA libraries from
eight developmental stages up to anthesis. This data was combined with messenger RNA and
degradome sequencing of two important development stages that marks the transition of an
apparent latent to a rapid growth stage. In addition, we took advantage of multiple in silico
tools to characterize genomic loci producing small RNAs such as phasiRNAs, miRNAs and
tRFs. Our differential and co-expression analysis showed that some types of small RNAs such
as tRNAs, snoRNAs, snRNAs and phasiRNAs preferentially accumulate in a stage-specific
manner whereas miRNAs accumulate in a family-stage specific manner, related to modulated
hormonal responses and transcription factor expression. The accumulation of 24-nt
phasiRNAs in a latent stage suggests a stabilizing functionality to synchronize flowering

and/or an epigenetic imprint mechanism.
3.1 Introduction

Ribonucleic acids (RNA) are involved in all stages of a plant life cycle. They can be
compared to computer-code subroutines loaded to the Random Access Memory (RAM) in
every smart-phone or similar device that runs on an software-based operating system. Our
analogy of RNAs and computer codes can only go thus far because the plant transcriptome is
not only software, but it is also hardware. Although it is human nature to try to categorize
things in different classes, RNAs often blur definition borders. While a computer code is
immaterial, the RNAs are code, matter and (enzymatic)action. For example, a transfer RNA
(tRNA) can fulfill its classical role as an amino acid carrier ', can work as an interference

signal to quantitatively counteract other molecular program 2, regulate genome stability by
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targeting Transposable Elements (TE) transcripts * and be transported to other life kingdom to
negotiate the establishment of a symbiotic relationship ‘,

Biological codes expressed in the form of RNAs are not like human-made computer
codes. There is also an additional level of complexity. While computer codes often come from
a hard-disc (even when they are running from the “cloud”) a plant RNAs script/hardware can
rise from multiple versions of a genome co-existing inside a cell. For example, Coffea arabica
L., the source of most of the coffee beverages consumed world-wide, has two copies of a
diploid genome °. Each version of its genome comes from one ancestral progenitor from an
intraspecific cross between two ancient specimens, Coffea eugenioides Moore and Coffea
canephora Pierre °. The C. arabica allopolyploidy (2 n = 4 x = 44) can benefit an organism
by improving transcriptional homeostasis over its diploid parents 7. Nevertheless,
allopolyploidy can also add more complexity during important processes such as the meiotic
cell division ®.

Like any other plants, Coffea arabica has a complex operational system that runs in its
cells. This system is based upon chemical reactions between diverse molecules such as
chromosomes (DNA), enzymes (proteins or RNAs), chemical gradients (osmotic potentials
separated by membranes), hormones and many others. This interaction among diverse
endogenous players underlies complex regulatory networks that will respond to a chaotic
environment producing a seemingly predictable phenotype °. For example, healthy Coffea
arabica plants will mostly unquestionably produce flowers and then seeds that will have a
chance to start a new cycle in the near future. However, more detailed outcomes such as the
number of flowers, fruits and the ratio of green and red fruits is yet impossible to predict in
any given moment 10

This non-uniformity in Coffea arabica flowering and ripening process is a serious
economic problem that affects its production, even more so in the actual climate change

: 11,12
progression

. This lack of uniformity is in part due to the long phenological cycle of
coffee that is biennial °. In other words, it takes two years from the transition of vegetative
buds to flowers, fruits, and the latter senescence of fruitful branches 4 In addition, as a
perennial plant, it must keep the shoot apical meristem in a vegetative state to allow
simultaneous - but spatially separated - growth and reproductive development . Although
some endogenous and environmental factors are known to be involved in the vegetative to

1

reproductive transition of coffee 3, the role of small RNAs - in special non-coding RNAs

(ncRNAs) - is a topic often overlooked. To address this lack of knowledge we performed a
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broad overview of what RNA programs (transcripts) are being loaded across stages of the
flower differentiation process in Coffea arabica.

Here we evaluated messenger RNAs (mRNAs), micro interfering RNAs (miRNAs),
phased small interfering RNAs (phasiRNAs), small nuclear RNAs (snRNAs), small nucleolar
RNAs (snoRNAs) and transfer RNAs (tRNAs). Doing so, we found that different types of
small RNAs are preferentially accumulated in a stage-specific manner. In addition, our
analysis also rendered important insights on how these RNAs interact with other pieces of the
molecular machinery and regulatory networks such as hormone crosstalk and defense
response systems.

Finally, we identified changes in the accumulation of sSRNAs during two contrasting
development stages that are usually classified into a single stage by anatomical characteristics
', Buds between 3 mm and 6 mm are typically referred to as G4 and considered dormant or
latent. Although this stage may, anatomically, look latent for months, our transcription data
shows that 21 and 24 nt phasiRNAs are being accumulated. After environmental stimuli, such
as a long period of drought followed by rain, the levels of phasiRNAs are sharply reduced
whereas other SRNAs such snoRNAs and tRNAs are drastically, but briefly, increased. This
finding leaded us to propose novel transcriptomic-based classification that adapts the Morais
et al. " phenology classification to discriminate buds > 3 mm and < 6 mm into two new
stages: an early stage now called S3 -transcriptionally characterized by the accumulation of
24-nt phasiRNAs - and a late stage called S4 (characterized by the fast accumulation of
tRNAs, snoRNAs and the resuming of developmental programs.

3.2 Material and methods

3.2.1 Plant material

To obtain data for RNAseq, small RNAseq (sSRNAseq) and Parallel Analysis of RNA
Ends (PARE), we selected 5-year-old Coffea arabica plants of two cultivars; "Siriema VC4"
and "Catuai Vermelho IAC 144". Each biological replicate had material pooled from two
individuals. These plants were grown at the experimental field in the Federal University of
Lavras (UFLA), Brazil (21°13' S, 44°58' W) and were maintained with standard cultivation
practices. After harvesting, all samples were immediately frozen in liquid nitrogen and stored

at -80 °C until total RNA extraction. Sample descriptions are available in the Supplemental
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Table 1 and the sampled contrasting developmental stages were collected and categorized

based on an adaptation of the phenological characterization proposed by Morais et al. .
3.2.2 Library preparation and Illumina sequencing

Total RNA was isolated with PureLink® Plant RNA Reagent (Invitrogen). Then, for
the SRNAseq libraries, we performed the size selection using denaturing Urea-PAGE gels and
library construction using the TruSeq Small RNA Library Preparation kit following the
protocol described by Mathioni ez al., 2017 '°.

For the RNAseq of two development stages (S4 and S5) the libraries were prepared
with Illumina TruSeq stranded RNAseq preparation kit. The sampling for the RNAseq
libraries was the following; 2 biological replicates x 2 development stages (S4 and S5) x 2
cultivars, rendering 8 strand-specific single-end sequenced libraries with a total of about 376
million reads. Finally, PARE libraries for S4, S5, pre-meiotic, meiotic and pos-meiotic
samples were constructed using the protocol described by German ez al., 2009 '7. Sequencing
was performed at the University of Delaware Sequencing and Genotyping Center in the

Delaware Biotechnology Institute using an Illumina HiSeq 2500 sequencer.
3.2.3 Genome-wide identification of miRNAs

We identified conserved mature and precursor miRNAs in the Coffea arabica genome
using the procedure described by de Souza Gomes ef al '®. This pipeline includes steps such
as filtering for GC content from 20 to 65%, Minimum Free Energy below -20 kcal/mol and
selection of candidate mature sequence with identity greater than 85% to mature sequences of
plant miRNAs registered in the miRbase Release 22.1 . Then, we enriched this set of
conserved miRNAs with additional novel, and conserved, miRNAs predicted using the
miRador tool ?°. miRador utilizes the most up-to-date criteria to accurately identify plant
miRNAs taking advantage of sSRNA-seq data *'. Finally, we developed custom Python scripts
to merge miRNAs with identical mature sequences predicted by both methodologies to reduce

mapping biases due to multi-mapped reads in different genome loci.

3.2.4 Genome-wide identification of PHAS loci
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We mapped ~1.2 billion quality-controlled SRNAseq reads from 8 stages ranging from
nodes containing undetermined vegetative cells to flowers in addition to pre-meiotic, meiotic
and post-meiotic anthers to the Coffea arabica L. (var Caturra) genome *> with Bowtie
version 1.3.0. No gaps or mismatches were allowed. Next, we sorted the alignments files and
merged them with samtools **. The resulting bam file was processed with ShortStack *° to
predict pashing locus. The parameters were --mmap u, --nohp and --mismatches O.
Subsequently, we manually evaluated the predicted loci based on their score, length,
overlapping with proteins or TEs, what proteins and TEs, the ratio of alignments between
strands, overall phasing pattern and complexity (measured as the number of distinct aligned
reads divided by the total abundance of a given locus). Lower complexity values - close to 0 -
indicated loci covered by a few dominant small RNAs while higher values - close to 1 -
indicate loci with a diverse set of small RNAs . The alignments were manually inspected with
the Integrated Genome Viewer (IGV) *® version 2.12.2. Doing so, we classified the 803
candidate PHAS loci as True PHAS Locus, Long 24-PHAS-like locus (L24P-like) or, if the

characteristics of the locus was ambiguous, unknown type (UNK).

3.2.5 Differential accumulation analysis of phasiRNA, tRNAs, snoRNA, and snRNAs

To evaluate the accumulation profile of different types of small RNAs we manually
curated a reference fasta file containing the sequences of non redundant mature miRNAs, all
803 PHAS/PHAS-like predicted loci and 307 representative sequences of non-redundant
tRNAs, 157 snRNAs and 1,203 snoRNAs. Next, we mapped the ~1.2 billion quality
controlled sRNAseq reads from nodes containing undetermined vegetative cells (S0) to
flower using Bowtie ** 1.3.0 with parameters -k 1 and -v 0 (no mismatches allowed). We
carried out differential analysis with edgeR %’ and a given small RNA producing locus was
deemed differentially accumulated between two contrasting development stages if its false

discovery rate (FDR) was below 0.05 and fold change > 2.

3.2.6 Co-expression network analysis of small RNAs

To infer co-expression modules (clusters) of SRNAs, we applied procedures from the
Weighted Gene Co-expression Network Analysis (WGCNA) R-package **. The input for the
correlation analysis was the same count data we used in the differential accumulation analysis

with some required transformations. First, we normalized the count data in Counts Per
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Million (CPM) and then we log2 transformed the data to better fit the assumptions of the
WGCNA package. Next, we calculated an adjacency matrix of Pearson correlations between
all pairs of transcribed small RNAs and raised it to a power B (soft threshold) of 6. The B =6
parameter was based on the scale free topology criterion ». After that, to minimize the effect
of noise and spurious associations, we transformed the adjacency matrix into a Topological
Overlap Matrix (TOM). Next, a dendrogram, with the co-expression modules as its branches,
was inferred based on the average dissimilarity of the TOM using the Dynamic Tree Cut

method. Finally, we analyzed the individual co-expression modules with the R package igraph
30

3.2.7 Genome-wide target prediction

To validate the siRNA targets profiled by degradome sequencing (PARE) we used
sPARTA *' with parameters --map2DD, --validate, -minTagLen 18 and -tarScore N. These
degradome analyses were performed to identify genic and intergenic cleavage sites of mature
miRNAs and genic cleavage sites of tRNAs-Derived Fragments (tRFs). The target cutoff
score was set to <5 for miRNA targets and, more restrictively, <3 for tRFs. In the miRNA
target prediction we considered the non-redundant mature sequences described previously.

The tRFs used for this degradome analysis were processed as follows; First, all quality
controlled smallSEQ reads were mapped to the tRNA reference available at the NCBI
annotation accession GCF_003713225.1 **. All fragments mapped without mismatches were
then selected based on their length (minimum of 18 and maximum of 24 nt) and expression in
CPM (minimum of 1CPM). Doing so, we selected 7,458 unique tRFs that were used by
SPARTA to identify putative cleavage sites. We set the SPARTA minTaglLen to 18 because
about 16% of tRFs had this length and most of them are sub-sequences from longer tRFs.

3.2.8 Differential Expression analysis of protein coding genes

Approximately 376 million single-end RNAseq reads from the stages S4 and S5 were
sequenced in eight libraries: four biological replicates for each stage of "Siriema VC4" and
"Catuai Vermelho TAC 144" cultivars. After quality control with trimmomatic ** v.0.33
(parameters ILLUMINACLIP:./adapters:3:25:6 SLIDINGWINDOW:4:28 MINLEN:30) 272
million reads were mapped to the genome with STAR ** aligner v.2.7.1. Then, we quantified

the reads uniquely mapped to exons in the genome using the htseq-count script >*. We carried
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out differential expression analysis with edgeR *’

and a given protein coding gene was
deemed differentially expressed (DE) between S4 and S5 stages if its false discovery rate
(FDR) was less than 0.05 and fold change > 2. Then, we searched for enriched gene ontology

(GO) terms using the online tool agrigo v.2 *.

3.3. Results

3.3.1 The higher number of miRNAs precursor loci in Coffea arabica compared to
Arabidopsis may reflect a 100 million years of divergence

A total of 557 candidate miRNA precursor loci from 296 miRNA families were found
in the C. arabica genome (Figure 1 - First inner cycle). Those precursors produce 447
nonredundant mature miRNAs. We discovered that 45 of those precursors are generating
mature miRNAs representing putative novel family members (Figure 1 - First inner cycle,
violet points). A total of 205 miRNA precursors were found to be encoded in the C.
eugenioides sub-genome and 263 from the C. canephora sub-genome (Figure 1 - First inner
cycle, black dots). Additionally, 89 miRNA precursors were found in the unplaced contigs.

Among the conserved miRNA families in the Asterids, miR160 was only identified in
the Coffea canephora sub-genome whereas the miR828 family is only found in the Coffea
eugenioides sub-genome. Both families were also not identified in the unplaced contigs. The
miR827 family, that is conserved in angiosperms °, seems to be absent in Coffea arabica. In
addition, the miRI173 family, which in Arabidopsis thaliana is known for triggering the
biogenesis of both trans-acting small interfering RNAs (tasiRNAs) TAS1 and TAS2 *’, is not
present in the Coffea arabica genome. The families having the greatest numbers of loci were
miR482 (20 loci), miR395 (19), miR169 (16), miR167 (14) and miR171 (13) (Table S2)
whereas the most accumulated families were, in decreasing order, miR166, miR396, miR482,
miR319 and miR8155 (Supplemental Figure 1).

The genome of extant Coffea canephora plants, possibly from the same species of one
of the ancestral progenitors of Coffea arabica °, is also enriched with multiple copies of some
MIR families; miR482 (7 loci), miR395 (9), miR169 (10), miR167 (7) and miR171 (16) *.
Arabidopsis thaliana has no miR482 *°, which is the most abundant in terms of the number of
loci in Coffea arabica. However, Arabidopsis thaliana still encodes other abundant loci in
Coffea arabica such as miR395 (5 loci), miR169 (14), miR167 (4) and miR171 (3) *.

Arabidopsis lyrata, a Rosid believed to have diverged from Arabidopsis thaliana about ten
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million years ago 41, has the same number of loci for families miR169, miR167 and miR171,
but contains two additional members of miR395 family (7 loci) when compared to 4. thalina
40

The expansion of the number of miRNA loci in Coffea arabica can be explained by
the MIR net rate of flux (birth-death). In the Arabidopsis lineage, this rate was estimated to be
a net gain of 1.2 to 3.3 MIR genes per million years 40, According to miRbase v. 22 ' there
are 326 miRNA precursors in Arabidopsis thaliana genome . It is estimated that Coffea
canephora diverged from Vitis vinifera, a basal rosid, about 114 to 125 million years ago ***.
This allows us to infer that Coffea arabica and Arabidopsis shared a common ancestor at
roughly the same time that Coffea canephora and Vitis vinifera did. Therefore, in more than
100 million years of evolution and the emergence of the allopolyploid Coffea arabica, it is

possible that hundreds of microRNA genes were born and lost causing this difference of 231

MIR precursors between Coffea arabica and Arabidopsis thaliana.

3.3.2 The majority of 21-PHAS loci correspond to disease resistance proteins triggered
by miR482 superfamily

Plant phasiRNAs can be processed from long noncoding RNAs (IncRNAs) or protein
coding transcripts that, after a precise cleavage guided by a miRNA, generate secondary
siRNAs by the activity of DICER-like enzymes. We used small RNA libraries from
vegetative and reproductive organs to identify loci producing phasiRNAs in Coffea arabica.
We identified 173 21-PHAS loci, most of them from disease resistance (R) genes (Figure 1 -
second internal cycle, green dots; Supplemental Table 2). We found miRNA triggering at
least 51 21-PHAS, including 23 triggered by miR482 family members. In addition, 15 21-
PHAS loci were found to be triggered by a putative novel MIR family, the candidate
miR245889. Similarity based analysis suggests that this candidate diverged from the miR4S82
superfamily (Supplemental Figure 2).
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Figure 1 Genome-wide distribution of MIRs, PHAS and PHAS-like loci in the allopolyploid
Coffea arabica. The outermost cycle represents chromosomes from each parental ancestor;
from C. eugenioides (ceu) or C. canephora (ccp). First inner cycle; Chromosomal coordinates
of miRNA precursors, black dots are conserved families while violet dots are putative novel.
Second inner cycle; green dots point out the chromosomal coordinates of 21-PHAS loci. Third
inner cycle; point out the chromosomal coordinates of 24-PHAS loci. Innermost cycle; red
dots point out the chromosomal coordinates of 24-PHAS-like loci

Our prediction of loci with phasing patterns allowed us to identify two candidate
tasiRNA loci. Their miRNA target sites were similar to miR390 and miR828. Further manual
analysis of those loci revealed that they are the respective orthologs of TAS3 and TAS4
(Supplemental figure 3). We did not find any orthologs for 74S1 or TAS2 in accordance with
the lack of its conserved trigger, miR173. We also identified two DICER-like 2 (DCL?2), one
in chromosome 6e and another in 9c, as loci generating phasiRNAs. This phasing of DCL2

has been described before in Fabaceae **, and Solanaceae **. We were not able to identify a



90

specific trigger of DCL2 phasing. It is possible that another small RNA is performing this
task.

3.3.4 24-PHAS loci are not triggered by any expressed miRNA

The presence of 24-nt phasiRNAs was recently reported in many eudicots, and in
those reports, these small RNAsare highly enriched in reproductive organs, specifically
anthers ***. Because several phased siRNA annotation methods can frequently mistake
heterochromatic siRNAs with 24-PHAS loci * we manually evaluated all putative PHAS loci
with the IGV genome browser. Doing so, we were able to identify 189 24-PHAS (Figure 1 -
third internal cycle with yellow dots; Supplemental Table 3). Of those loci, 56 overlap with
annotated protein coding genes (PCG) that were mostly identified as “uncharacterized
proteins” by the similarity based local alignment tool BLASTP *°. That way, these putative
protein-coding loci could be IncRNAs that were misannotated. Meanwhile, other loci seem to
be bonafide PCGs that, due to their proximity to the 24-PHAS loci, may be transcribed and
processed as such. In addition, 58 of those phasiRNAs overlapped with transposable elements
(TEs) such as Gypsy (34%) and hAT (22%).

Unexpectedly, we were unable to find any apparent miRNA triggers of the loci with
the 24-nt phasing pattern. miR2275, broadly present in eudicots, is the usual trigger of 24-nt
phasiRNA biogenesis *’. However, it is known to be absent in some lineages such Brassicales,
Caryophyllales, Cucurbitaceas and Lamiales. In Coffea arabica, we found four putative
miR2275 precursor loci in the genome, but without evidence of expression in the analyzed
organs. Something similar was previously reported for the Solanales tomato and petunia in
which 24-nt reproductive phasiRNAs were found to be abundant in meiotic anthers,
nevertheless, no apparent miRNA target site was present *’. MEME analysis of the 189 Cofea
arabica 24-PHAS loci showed that 181 of those loci contain 24-nt rich-A motifs, with
statistical significance ' (exemplified in the Supplemental Figure 4). However, no expressed
miRNA (or any of the evaluated small RNA) has complementarity to those putative target
sites once miRNAs tend to be poor in A-U stretches. It is also possible that due to the
relatively weak pairing of adenine and thymine, with two hydrogen bonds instead of three
from the guanine and cytosine, the double strand of DNA can be easily separated allowing
transcription and further processed into double-stranded RNA. Then, further degradation in

the precise 24-nt pattern by a yet unknown mechanism can take place.
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3.3.5 Hundreds of loci present a 24 nt phasing pattern but could not be included in the
24-PHAS category

There were 175 Long 24-PHAS-like loci (L24P-like; Figure 1 - Fourth internal cycle
with red dots; Supplemental Table 4). We gave these loci this new name for several reasons.
Those loci passed our filtering criteria for a phasiRNA locus, and they were mostly derived
from non-repetitive regions of the genome. Similar to the 24-PHAS loci, they also did not
seem to have any obvious triggers. However, during the manual examination at the IGV
genome browser, they appeared too long to be considered typical phasiRNA generating loci.
Their median length of L24P-like is 10.3 kb whereas the median length of precursors of
Coffea arabica 24-PHAS loci is around 1.8 kb.

Those L24P-like resemble sirenRNAs (small-interfering RNA in endosperm) in terms
of their length and stage specificity (Figure 2A, Cluster V in Figure 4C and Supplemental
Figure 5). sirenRNAs are 24-nt siRNAs firstly identified and abundant in endosperm >
They map predominantly to genic and intergenic regions rather than transposable elements -
except for edges of AT and Helitron TE families >*. They are derived from approximately
200 loci in Brassica rapa but are also present in diverse other angiosperms *>°. sirenRNAs
are transcribed in maternal organs and are believed to trigger DNA methylation in filial
tissues, establishing epigenetic marks in the next generation >>. The siren loci are usually
larger than other types of siRNA producing loci and their derived siRNAs are more likely to
map uniquely in the genome when compared to other categories of siRNAs . In addition,
they tend to represent more than 90% of the accumulated siRNAs in developing seeds . In
accordance with the siRNAs tendency, the number of mapped reads of Coffea arabica 1.24P-
like are substantially higher than the 24-PHAS (two-tailed t-test unequal variance p = 2.5E™%)

and are predominantly multi-mapers (Figure 2B).
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Figure 2 Overall features of phasing loci types in Coffea arabica during SO (node) to flower
development. (A) Length of different types of phasing loci displayed in kilobases. The L24P-
like type contains the larger loci producing sRNAs. (B) The fraction of uniquely mapping
reads aggregated across phased small RNA loci types. The 2/-PHAS sRNAs tend to,
proportionally, map less uniquely than the other types. (C) Complexity of different types of
phasing loci. The complexity parameter is calculated between 0 to 1 where 0 represents a less
diverse set of SRNA fragments and 1 a more diverse set of fragments mapped to a loci. The
L24P-like type has enhanced complexity compared to other types meaning that this type
produces more diverse sSRNAs. (D) Aggregated abundance across different types of phasing
loci displayed as logarithmic base 10 of Counts Per Million (CPM) plus one. The 27/-PHAS is
the type with most sSRNAs fragments mapped to them while the UNK is the less abundant. (E)
Abundance histogram (with 100 bins) of the different types of expressed SRNA producing loci
displayed as logarithmic base 10 of Counts Per Million (CPM) plus one. Leftmost histogram
shows the combined histogram of all expressed sSRNAs loci (n = 1462). Histograms marked
with an asterix (*) shows loci with phasing patterns. (A,B,D) Boxes in the violin plots
represent the interquartile range (Q1 to Q3) while the white circles represent the median and
whiskers are set to 1.5 times the interquartile range. Maximum and minimum values are
delimited at the extremities of the kernel density plots
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A total of 266 loci identified as phasiRNA producers by the ShortStack software did
not pass our manual evaluation step (Supplemental Table 5). Many reasons can be given for
not considering these loci as true phasiRNAs, including a low phasing score (less than 15),
their presence in long repetitive regions, strand biases, the number of produced siRNA or a
combination of factors. Those sequences were classified in the unknown (UNK) category
although they demonstrate phasing patterns (Supplemental Figure 6).

Finally, to standardize the L24P-like designation, we proposed that long 24-PHAS-like
loci must have a phasing score above 15 (calculated using the predictive algorithm described
by Chen et al.>®), more than 1,800 nt in length and be phasing at a 24-nt interval. We found
that the L24P-like tended to be more complex than the other phasing loci (Figure 2C)
meaning they produce a more diverse set of SRNA fragments and their phasing pattern is less
clear. Although longer than the other types of phasing loci, they accumulated to a lower level
than 21-PHAS loci, but accumulated to a higher level than 24-PHAS and UNK (Figure 2D and
E). In addition, 132 of these loci overlap with TE domains, mainly Gypsy (22%), Copia
(14%), Helitrons (8%) and hAT (8%).

3.3.6 The flower transition is accompanied by an extensive reprogramming of small
RNAs

The transition from vegetative to reproductive stage of coffee meristems - and the
following branch senescence - is a biannual process '*. During these two years, multiple
regulatory networks must interpret endogenous and environmental cues to control the change
of meristems in the node from a vegetative stage to become flowers and fruits. This program
allows multiple floral meristems - induced at different times - to reach anthesis at roughly the
same moment °°. Thus, to better understand the roles of sSRNAs in this molecular orchestra,
we sequenced and analyzed a total of 250 million sSRNAseq reads extracted from eight
developmental stages from node with buds undetermined vegetative growth (SO) until
anthesis (described in Supplemental Table 1). All the evaluated reads were successfully
mapped to a manually curated reference genome and transcriptome.

The class of sSRNAs with most mapped reads was the mature miRNAs - accounting for
78% of mapped reads - followed by tRNAs (7.8%) and 2/-PHAS loci (6%) (Supplemental
Figure 7). Both Spearman correlation and Multidimensional Scaling analysis showed that
libraries grouped into four main clusters, mostly formed by the same or sequential

developmental stages (Supplemental Figure 8). Moreover, libraries at the same stage clustered
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together independently of the coffee genotypes (Siriema or Catuai) suggesting few differences
between different cultivars. Thus, the libraries of the same development stage from both
genotypes were analyzed without distinction.

When contrasting sSRNA abundance in SO (nodes with buds under undetermined
vegetative growth) with the S1 stage, only 18 small RNA loci were found to be Differentially
Accumulated (DA). This finding suggests that S1 (node containing swollen buds) is still in a
vegetative stage. However, when we compared sRNAs in SO samples to more advanced
stages (S2 to Flower; reproductive) some clear patterns emerged (Figure 3, Supplemental

Dataset 1).
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Figure 3 Number of differentially accumulated transcripts based on the small RNA
sequencing quantification. Colors represent RNA types, bar represents the number of up
accumulated transcripts in a given pairwise contrast between development stages. Left side
summarizes the contrast of all stages against SO. Right side summarizes the contrast of a given
stage against its subsequent stage. SO; node (with buds) undetermined vegetative growth. S1;
Node containing swollen buds. S2; buds <3 mm. S3; Buds >3 mm and <6 mm - early stage.
S4; Buds >3 mm and <6 mm - late stage. S5; buds from 6 to 10 mm, light green color. S6;
buds >10 mm, white color. Flower; flowers after anthesis

Firstly, we found that tRNAs are preferentially accumulated in the vegetative SO stage,
and the same pattern is followed by the 2/-PHAS loci (Figure 3, left side). On the other hand,
24-PHAS, 1.24P-like, and UNK are preferentially accumulated in the reproductive organs (S2,
S3, S4, S5, S6 and Flower). As described above, some of the PHAS-like loci (L24P-like and
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UNK) may be siren RNAs **** or paternal epigenetically activated small interfering RNAs
(easiRNAs) *’ because of their accumulation in reproductive tissues.

Although always more accumulated in reproductive samples, those 24-PHAS and 24-
PHAS-like loci show a progressive reduction in accumulation after their peak in the S3
(Figure 3, right side; supplemental figure 9). Following a contrasting trend, during the
transition from S3 to S4 we observed a tendency of increased accumulation of snRNAs,
snoRNAs and tRNAs (Supplemental Figure 10). During S4 there is a peak of accumulation of
these small RNAs (Figure 3, right side). Subsequently, in S5, they are sharply reduced. After
that stage, sSnRNA and snoRNA levels were constant. tRNAs, on the other hand, were
preferentially accumulated in SO and, by S3, they are strongly reduced. Subsequently, some of
the tRNA levels increased after S4. Taken together, our analysis shows that there is a
contrasting tendency in the accumulation of tRNAs, snRNAs and snoRNAs compared to the
24-PHAS, 1.24P-like, and UNK. A pontual turning information is the transition of S3 to S4,

stages that are traditionally regarded as a single stage called G4 *°.

3.3.7 The balance of miR156 and miR172 suggests juvenility restoration in S4

Identical mature paralogs and homoeologs MIR sequences were collapsed in a dataset
of 447 nonredundant mature miRNAs (Supplemental Dataset 2). Two distinctive groups of
miRNAs were found to be preferentially accumulated in vegetative or reproductive stages.
The first group was more abundant in the non-reproductive SO and S1, and are composed by
18 candidate miRNA families, including miR164, miR169, miR171, miR172, miR319,
miR394, miR396, miR399, in addition to two candidate novel MIR families (Supplemental
Figure 11). The second group was composed of four candidate miRNA families — miR156,
miR171, and two novel miR families - their accumulation was higher in latter stages such S5
or S6 (Supplemental Figure 12).

We noted that the miR156 family abundance was reduced in the stages S0, S1, and S2,
while some miR 156 tamily members were preferentially accumulated from S3 to flower, with
a peak of accumulation verified in S4. The members of the miR/72 family followed a
contrasting pattern, more abundant in SO, S1 and S2 (Supplemental Figure 13).

In gametophytes of Arabidopsis thaliana, it was verified that members of miR156
family are de novo reactivated to restore the juvenile phase in each generation °°. The
activation of members of miR156 family in S3, and its subsequent peak at S4 suggest that

during these stages the processes of pollen or ovule sporogenesis and gametogenesis are
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taking place. The decreased accumulation of miR/72 family members in S3 and S4 is in
agreement with the finding that the floral induction takes place early in individual buds *® -
probably short before S2 stage. Once an inflorescence meristem is established in a bud and
gets at a S3, it will stay latent while other buds are also being formed. However, the

development will coordinately continue until anthesis .

3.3.8 Co-expression analysis shows that apart from miRNAs, small RNA loci of the same
type are preferentially co-regulated

To investigate how the different types of SRNAs accumulate during SO to anthesis, the
a weighted gene co-expression network analysis was performed with the WGCNA package.
This analysis yielded five co-expression modules, each assigned a Roman numeral from I to
V (Figure 4A, Supplemental Table 6). Each module is predominantly composed of a specific
type of sSRNA: tRNAs, snoRNA, 21-PHAS or 24-PHAS/L24P-like/UNK. We identified, in
each module, their eigengene (also known as eigenvector), that is a single transcribed element
(edge) that summarizes the Euclidean mean of a module’s regulatory trend *°. In addition, a
filtering step selected the most co-regulated members in each module by setting an adjacency

threshold above the 95th quantile (Supplemental Dataset 3).
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Figure 4 Co-expression analysis shows different types of sRNA producing loci are
accumulated in a stage-specific way. (A) Gene dendrogram obtained by average linkage
hierarchical clustering. The color row underneath the dendrogram shows the module
assignment determined by the Dynamic Tree Cut. Different types of small RNA producing
loci are clustered based on their accumulation profiles. (B) Example of a L24P-like locus
among the top connected nodes of Cluster V module showing its characteristic low
accumulation level in SO and S1, an increase in S2 and its peak in the S3 followed by a
reduction onward. (C) Co-expression module composition (pie charts) and barplot
representation of its eigengene in the stages, from left to right, SO, S1, S2, S3, S4, S5, S6 and
Flower. Cluster I; composed mostly by tRNAs with expression peak in SO. Cluster II;
composed mostly by snoRNAs with expression peak in S4. Cluster III; composed
preferentially by 24-PHAS and a significant proportion of L24P-like loci and UNK. This
module is characterized by an expression peak in S3. Cluster IV; composed mostly by 21-
PHAS loci with the majority of members preferentially accumulated in SO and S1, although
many members are also constitutively present in all evaluated stages and some are
accumulated in S6 and Flower. Cluster V; Similar but larger than Cluster III. This module is
composed mostly by 24-PHAS, L24P-like and UNK loci with expression peak in S3.
However, contrary to Cluster III, this module displays an enhanced proportion of L24P-like
loci
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The largest co-expressed module is designated Cluster V, containing 578 members.
The major types of sSRNA-producing loci are 24-PHAS and 24-nt phasing loci, in particular
the unknown type (UNK). Its eigengene is a L24P.like with peak accumulation in the S3
stage. To report the most co-accumulated vertices we applied the adjacency cutoff, expressed
in the form of a Topological Overlap Matrix - TOM). Doing so, we found highly co-regulated
nodes representing members of the miRNA families miR171, miR396, miR156, miR319,
miR399 and three candidate novel MIR families. The majority of elements of this module are
weakly accumulated in SO, S1 and S2, but in S3 they present a sharp increase (Figure 4C).

The Cluster III follows a similar trend to Cluster V, its main components are also 24-
PHAS and 24-nt phasing loci but it has fewer members: 165. Its eigengene is from the UNK
type with peak accumulation in S3. It had a negligible contribution in SO, S1 and S2. The top
connected loci are all from 24-PHAS and 24-nt phasing like loci (Figure 4C).

The Cluster IV is primarily composed of 21-PHAS loci (~60% of its 216 members).
After filtering for the top connected nodes, the proportion of 27-PHAS loci increased to 82%.
Additionally, miRNAs from families miR156 and miR482 were among the top connected
vertices of this regulatory module. We identified four valine tRNAs (with anticodons CAC
and AAC) among those highly connected nodes. No clear accumulation peak was observed as
members of this module are stable along the stages, although a reduction in the S3 is
perceived (Figure 4C).

Regarding the Cluster I, the majority of its members are tRNAs (60% of 336 vertices)
but it also has a significant proportion of snRNAs and snoRNAs (19% of and 10%
respectively). Nevertheless, after the filtering for the top connected vertices, the proportion of
tRNAs increases to 92%. This module eigengene is a tryptophan tRNA (anti-codon CCA) that
is predominantly accumulated in SO and Flower (Figure 4C). The overall accumulation profile
of members of the Cluster I seems to follow a similar trend of Cluster IV and, likewise,
following a contrary trend to Cluster V and Cluster II1.

The Cluster II is predominantly composed of snoRNAs (89% of its 154 members).
This proportion rises to 93% when we only consider the top connected vertices. Members of
this module, specially the snoRNAs, are preferentially accumulated at the S4 (Figure 4C,
Supplemental Figure 10). This pattern is contrasting to the other modules and - because of its
exclusive peak in S4 - we hypothesize that RNA metabolic processes and ribosome synthesis

are active pathways in the resumption of development in response to water after its deficit.
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3.3.9 Cluster 1V is enriched for 21-PHAS loci that are composed of SRNAs produced
from resistance genes

Cluster IV was found to be the module with higher adjacency between its members,
showing that their accumulation profile is fine tuned. It is possible that the verified co-
regulation of Cluster IV is relatively constant from SO to Flower (Figure 4C). We supposed
this long term regulatory control is achieved by the large proportion of disease resistance gene
transcripts that are being processed into 21-nt phasiRNAs by the targeting of the most
abundant miRNA family miR482 in terms of total number of loci. The transcriptional
investment on defense systems seems to be of constant importance in the plant budget and a
tightly-controlled decision making system must be always available to cut costs and/or call

for a cease fire.
3.3.10 miRNAs are central members of all modules, except the snoRNA rich cluster 11

No module was predominantly composed of miRNAs (Figure 4C). Instead, miRNAs
are distributed across all modules and are among the top connected nodes in Clusters I, III, IV
and V. Those modules displayed contrasting compositions, i.e Cluster IV is dominated by 2/-
PHAS loci and has members of miRNA candidate families miR482, miR403, miR162 and
miR167 among its top connected vertices. Cluster V, a module enriched by 24-PHAS and 24-
nt phasing-like loci, has among its top nodes members of miRNA candidate families miR171,
miR319, miR396, miR399. Both clusters IV and V present different members from family
miR156 (Supplemental Table 6). The cluster I has the miR candidate families miR8155
miR5139 being co-regulated with t-RNAs. Cluster II, enriched for snoRNAs, is the exception
once none of top connected vertices are miRNAs candidates. Its accumulation profile is the
most distinct being characterized by a peak accumulation of snoRNAs in S4, a brief stage that

is followed by fast morphological differentiation.

3.3.11 S4 to S5 marks an important transition accompanied by changes in the
accumulation levels of mMiRNAs and their target genes

The transition of S4 to S5 is a key step of Coffea arabica flowering development
because it marks the transition from the seemingly latent buds S4 (Buds > 3 mm and < 6 mm)
to an active and fast stage of development in S5 (buds from 6 to 10mm with light green color)

3% This transition occurs in response to environmental stimuli, such as rains or irrigation
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while plants are still at S3. It is possible that S4 marks the preparation of the molecular
machinery to allow the resuming of the reproductive development and the triggering of
anthesis . The differential accumulation analysis of small RNAs showed that during S4 the
24-PHAS and similar 24-nt phasing loci accumulation levels are abruptly reduced (Figure 3,
Supplemental Figure 9). Meanwhile, snRNAs and snoRNAs levels are rapidly increased
(Figure 3, Supplemental Figure 10).

To better investigate the transition, we produced RNAseq libraries from S4 and S5
stages as well as PARE libraries of samples from S4, S5 and anthers in pre-meiotic, meiotic
and post-meiotic stages. The miRNA target prediction rendered a total of 3,213 miRNA-genic
target pairs (Supplemental Table 7). We also identified 2,003 inter-genic miR-target pairs in
the Coffea arabica whole genome (Supplemental Table 8). Figure 5 summarizes the main

findings regarding the accumulation levels of miRNAs and their target genes.

aaa

3.3.12 The miR families miR396, miR156 and miR172 are master modulators of PCG in
S4 and S5

The most up accumulated microRNA in S4 compared to S5 is a member of family
miR396 (ccp-miR396e-3p) which we found to be targeting ten GROWTH-REGULATING
FACTOR (GRF) loci (Supplemental Table 9). In grapevine, mutations in the miR396 binding
site of GRF4 caused changes in the inflorescence bunch architecture °'. Our RNAseq
differential expression analysis of PCG found that all of these miR396 targeted GRF are
significantly more abundant in S4 than S5 (Supplemental table 10). As shown in Vitis
vinifera, the modulation of GRF by miR396 can be engineered to promote elongated pedicels
due to an enhanced cell division rate or an extended window of cell proliferation °'. In Coffea
arabica this modulation of GFR by miR396 might loosen the architecture of fruit bunches,
that is usually compact. This loosening would be achieved by an elongation of the peduncle
and that could be beneficial to facilitate the harvesting without causing too much damage to
the plant, once large-scale mechanical harvesting techniques are known for its detrimental
effects to branches and leaves.

Although the most accumulated MIR gene in S4 is a member of miR396 family it is

important to note that there are also some family members that are up-accumulated in SS5.
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Whereas the up-S4 ccp-miR396e-3p targets GFRs, the group of loci encoding for three mature
miRNAs up-accumulated in S5 are targeting genes such as TICI10-chloroplastic,
THREONINE-TRNA LIGASE, and AGAMOUS-LIKE MADS-BOX AGLG62. Of these target
genes, only AGL62 was found to be Differentially Expressed (DE), being up-regulated in S5.
In Arabidopsis thaliana the AGLG62 is only expressed in seed endosperm, regulating
cellularization and acting as an upstream activator of /nvINHI, an endosperm-specific
invertase inhibitor “*®. The InvINHI in Arabidopsis ultimately regulates embryo growth rate
during the early stage of seed development ®*®. In Coffea arabica we identified the gene
SubC.e 6694 - characterized as a putative invertase inhibitor - beeing up-regulated in S5. It is
possible that this regulatory network of miR396-AGL62-InvINH]I is important to control the
growth rate of coffee floral buds by regulating the supplying energy (sucrose) when needed.

Five members of family miR156 were more accumulated in S4 than S5 and we found
them to be targeting seventeen SQUAMOSA PROMOTER-BINDING-like (SPL),
preferentially at the pre meiotic stage. Only one SPL was up-regulated in the stages S4
compared to S5 (Supplemental Tables 9 and 10). The occurrence of both miRNAs and their
targets expressed in the same stage without strong evidence of reduction in the target
transcript levels is in agreement with the function that miRNAs can work as a fine tuning
regulatory mechanism ®, instead of an on/off switch (Supplemental Figure 14).

In the leaves of Arabidopsis thaliana, the interaction between the miR156-SPL3
module and FLOWERING LOCUS T (FT) is part of the regulatory mechanism controlling
flowering time in response to ambient temperature ®. The overexpression of miR156 in leaves
at low temperature (16 °C) was associated with down-regulation of FT7 whereas
overexpression of miRI56-resistant SPL3 was associated with higher levels of F7 and an
early flowering phenotype ®. Here, a FT-like gene was found to be up-regulated in S5
compared to S4. Meanwhile, most miR/56 family members are less accumulated in S5 and a
SPL was also down in S5.

We identified a floral homeotic AGAMOUS-like being targeted by the group of up-
regulated miR156 family members in S4. The targeting evidence was verified during the post-
meiotic stage. We were unable to find evidence of differential expression of this specific
AGAMOUS-like in the S4 to S5 transition. However, four other AGAMOUS-like AGLS0,
AGLG62 and two copies of AGLI1S5 are upregulated in S5. In Arabidopsis thaliana, the floral
repressor miR156 is positively regulated by the AGL15 * which overexpression causes the

delaying of the floral transition ¢’. It is possible that this up-regulation of AGL15 is activating
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some miR156 in S5 to counteract the SPL inducing FT effect in an attempt to precisely
balance flower development.

The miR156-SPL interaction is a conserved endogenous cue for the transition from
vegetative to reproductive phase ®. In Arabidopsis thaliana, this transition is controlled by a
regulatory network that processes long-day cues through the interaction of gibberellins (GA),
DELLA, SPL and the balance of miR156/miR172 ®. The DELLA proteins repress flowering.
On the other hand, GA promotes the degradation of DELLA and, in turn, promotes flowering.
DELLA directly binds to miRI56-targeted SPL transcription factors, which promote
flowering by activating miR172 and some MADS-box genes .

No GO terms were enriched for GA biosynthesis or response during S4 to S5
transition. However, we found five gene encoding GIBBERELLIN-BETA-
DIOXYGENASES and one GIBBERELLIN-REGULATED proteins being up-regulated in
S4. Meanwhile, three GIBBERELLIN-BETA-DIOXYGENASES, two GIBBERELLIN 20
OXIDASES (GA200X) and two GIBBERELLIN-REGULATED genes were up-regulated in
S5 (Supplemental Table 10). In Arabidopsis thaliana, GA200X contributes to the induction
of flowering by long days ® . In addition, DELLA transcripts were also found to be up-
regulated in both S4 and S5. The roles of DELLA, MADS-box and GA biosynthesis and
response genes in coffee flower development are still unclear and require further
investigation.

Among the mature miRNAs more abundant in S5 than S4, we found a single member
of miR156 family. Like the group of mature miR/56 that accumulate in S4, this S5-enriched
copy also targets SPL transcripts (Supplemental Figure 15, Supplemental Table 11). This
targeting of SPLs might function to reduce the activity of F7 during S5 to slow floral
development The up-regulation of AGL15 in S5 may explain why this miR156 member is
more accumulated in libraries of later developmental stages such as S5, S6 and Flower. In
addition, it shows a regulatory motif of AGLs and miR156 family members where some AGL
are targeted by miR156 and, in turn, AGL15 can promote the expression of some miR156 ° in
a negative feedback loop. This co-regulatory network motif may be an interesting mechanism

by which coffee plants synchronize the flowering process.

3.3.14 Ethylene responsive genes, such AP2, are DE during the transition of S4 to S5 and
are target by miR172 family members
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Degradome analyses showed two mature miR/72 family members, identified as
miR172.2.ab, targeting four ETHYLENE-RESPONSIVE TRANSCRIPTION FACTOR
RELATED TO APETALA2-7-like (ERF-RAP2-like) mainly in S4 but, to a lesser extent, also in
S5 (Supplemental Figure 16, Supplemental Table 7). It is important to note that miR172.2.ab
was not found to be differentially accumulated between S4 and S5 but we found one of its
targets, the APETALA2/ETHYLENE RESPONSIVE FACTOR (AP2/ERF), and another 41
genes identified as ERF being more expressed in S4 than S5 (Supplemental Table 10).
Although the AP2/ERF superfamily name refers to ethylene, the responsiveness to this growth
regulator is not a universal feature of this superfamily ’'. The AP2/ERF superfamily are
known to be involved in transcriptional regulation of a variety of biological processes related
to growth and development 72 as well as various responses to environmental stimuli > such as
responses to biotic and abiotic stresses .

This mature miR172.2.ab also targets two genes identified as “floral homeotic protein
APETALA 27 (AP2) of which one was found to be upregulated in S4. The Arabidopsis
thaliana AP2 may promote early flowering identity . It also has a subsequent function on the
transition of the inflorescence meristem to a floral meristem '° and plays a central role in the
specification of sepals and petals ''. 4P2 has dual molecular roles working as both a
transcriptional activator and repressor by modulating gene expression in logical, reinforcing
circuits "°. For example, AP2 can repress miR172 and, simultaneously, be repressed by it .
AP2 can also induce the expression of AGL15, a floral repressor, and directly down-regulate
the transcription of floral activators like SUPPRESSOR OF OVEREXPRESSION OF
CONSTANSI (SOCI) ™ and FT 7. Here we found a contrasting expression profile of the
MADS-box SOCI that is up-regulated in S4 while FT is up-regulated in S5 (Figure 5).
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Figure 5 Schematic overview of the SO to flower development and the core regulatory
network of miRNA/t-RNAs and Protein Coding Genes governing the S4 to S5 transition. The
combination of sSRNAseq, RNAseq and PARE analysis reveals conserved motifs of gene
regulation. The divided rectangle depicts the contrasting transcription profile between S4 and
S5. Blue boxes represent MIR genes while Darker blue represents tRNA fragments (tRFs),
yellow boxes represent Protein Coding Genes (PCGs). Single boxes show that a specific gene
is being transcribed while two stacked boxes show that two homologs of that gene are
transcribed and three stacked boxes show that three, or more, homologs of are transcribed.
Green arrows pointed upwards represent genes being statistically more expressed in the S4 or
S5 stage - according to the side which a gene is. Green and red arrows in opposite directions
show that different homologs - or family members - of a gene present a contrasting
transcription trend. Continuous black arrows with blunt ends between a interferingRNA and a
PCG shows that the targeting was verified using PARE data. Dotted lines without arrows
show that there is literature support of protein-protein interaction. Dotted lines with arrows
between two genes shows that there is literature support that one gene is a direct activator of
the other gene in other plant species. Refer to main text for references and complete gene
names
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3.3.15 The enzyme responsible for the final step in ethylene biosynthesis is present in
both S4 and S5 but the precursor step is missing

Among a myriad of biological processes, ethylene is also an important anthesis
regulator in Coffea arabica . Ethylene biosynthesis involves two dedicated steps which a S-
adenosyl-L-methionine (SAM) precursor is converted to 1-aminocyclopropane-1-carboxylic
acid (ACC) by ACC-synthase (ACS) and then it is transformed into ethylene by 1-
AMINOCYCLOPROPANE-1-CARBOXYLATE OXIDASE (ACO) ™. Nevertheless, the
regulation of its biosynthesis is far more complex and occurs at multiple regulatory layers in
specific tissues °'.

Here, in addition to the 42 ERF’ genes that are more expressed in S4 than S5, we found
12 ACO genes up-regulated in S4. The second and third most DE genes in S4 are ACOs. In
contrast, we found ten other ERF and eight ACO being up-regulated in S5, but to a
significantly lower level of fold change (Supplemental Table 10). In addition, no ACS were
found to be DE between S4 and S5. These results are in agreement with the thesis that the
step of the conversion of SAM to ACC occurs in other tissues and are transported to the
inflorescence meristem instead of being synthesized there **.

In this work, we show similar components of ethylene biosynthesis and response
being up or down-regulated across contrasting developmental stages. Similar results were

previously reported by Almeida-Lima et al.

. We show that the ethylene biosynthesis from
its ACC precursor in buds is regulated by a complex multilevel control circuit, of which we

could reveal a small fraction.

3.3.16 Transcription factors related to the Circadian regulation of FT are targets of
miR169 in S4

Other relevant genic miRNA-target pairs of abundant miRNAs in S5 are miR169
targeting eleven NUCLEAR TRANSCRIPTION FACTOR Y (NF-Y) subunits, one of which is
up-regulated in S4. Other seven NF-Y genes that were not found to be targets in the PARE
analysis, were found to be DE. Three were down-regulated in S4 whereas four up-regulated
in S5. Some members of NF-Y play important roles in the control of photoperiod-dependent
flowering time as protein-protein integrators to allow DNA target specificity of transcriptional
regulators. NF-Y are known to allow the binding of CONSTANS (CO) to the CCAAT-box

83-85

containing region of FT . Here we found nine CO-like transcripts being up-regulated in

S4 whereas four were up-regulated in S5. This finding of DE CO-like genes in S4 and S5 may
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suggest that the circadian clock within buds is an important feature for the decision making
regulatory circuit of floral development in Coffea and that this circuit is linked with the

regulatory mechanism based on miR169.

3.3.17 tRNAs are among the most up accumulated SRNA genes in S5 and are putatively
targeting protein coding genes and TE

miRNAs are important elements involved in the transition from S4 to S5 and the most
abundant type of SRNA in the samples from nodes containing undetermined vegetative cells
(SO) to flower. Nevertheless, we noticed that the most differentially accumulated sRNAs, in
terms of fold change, in S5 are four tRNAs. They are, at least, one hundred times more
abundant in S5 than S4 (Supplemental Figure 17). The most abundant sSRNAs S5 were two
tRNA lysine (anticodon CUU) followed by a tRNA asparagine (anticodon AUU) and tRNA
threonine (anticodon UGU). The asparagine and threonine tRNAs have relatively low
abundance but the differences in their fold change are remarkable. Because of this sudden
increase, we examined if they had some regulatory role during flower development or were
just a by-product of the enhanced transcriptomic activity that underlies the development. We
found 1,373 tRNFs potentially targeting 1,131 PCGs (Supplemental Table 12).

Three of the four most differentially accumulated tRNAs in S5 compared to S4
represented tRFs with protein coding gene targets. These tRNAs are a transfer-RNA
asparagine (anticodon AUU) and two tRNA lysine (anticodon CUU). Degradome analysis
shows a asparagine tRF with 24 nt in length “UCCUCAGUAGCUCAGUGGUAGAGC”
potentially targeting a gene coding for a carbohydrate esterase enzyme during the pre-meiotic
stage. Meanwhile the two most differentially accumulated tRNA, both of them lysine
(anticodon CUU), were found producing a 24 nt tRFs
"CUCAGUCGGUAGAGCGCAAGGCUC” potentially targeting two genes encoding for
“intracellular protein transport protein USO1-like”. Finally, one of these highly differentially
accumulated lysine tRNAs was found to be producing a 22 nt tRF
“CGAACCCACGACCACAAGGUUA” potentially targeting a gene encoding for a
chloroplastic protein identified as “PEP-RELATED DEVELOPMENT ARRESTED 1” in
post-meiotic anthers.

One of the most abundant tRFs, specially in SO, has a length of 21 nt
“AUCAGAGUGGCGCAGCGGAAG" and is a fragment derived from two methionine tRNA

(anticodon CAU) loci in chromosomes 4 and 8, both inherited from the C. eugenioides parent
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ancestor. This tRNF is the most abundant with validated genic targets from PARE
(Supplemental Table 13, Supplemental Figure 18). In post-meiotic anther stages, it was
shown by PARE analysis to match to 24 cleaved genic loci including KRAB-A domain
containing proteins and three DDE-type integrase/transposase/recombinase transcripts
(Supplemental Data 12). Elsewhere, we reported that loci identified as DDE and KRAB-A are
widespread across the C. arabica genome. Because KRAB are domains only present in

tetrapod vertebrates ¢

and homology based searches to the nr database in NCBI returned TE
related matches; therefore, we believe that these reported KRAB-A domains containing
proteins are, in fact, mis annotated TEs.

Interestingly, we found six ethylene-responsive transcription factors predicted to be
targeted by tRFs. Two of them were target by the tRF ‘GUUGCUGUGGUGUAGUGG’ that
are 18 nt reverse complement sequences derived from the 3° end of valine tRNA loci
(anticodon UAC) with PARE signals in S4, S5 and post-meiotic samples. In addition, two 14-
3-3-like  protein-A  transcripts were found to be targeted by the tRF
‘CCACAAGGUCGAAGGUUC’ from 5 asparagine tRNA loci (anticodon GUU) in meiotic
and post-meiotic PARE libraries. Three other /4-3-3-like genes were found to be up-regulated
in S5 and are known to be intracellular receptors for the FT florigen in rice shoot apical cells
87

Whether these, and about a thousand other tRF-target pairs are true is a discussion
still open to debate (or at least validated with additional experiments). Although we used
stringent cutoffs both for selecting the accumulated tRFs and the sSPARTA-identified targets,
about 60% of the tRF-target pairs were of length below 20 nt and the shortest small RNA with
a verified ability of being loaded into an ARGONAUTE protein is 20 nt. On the other hand,
173 (15%) of the predicted tRFs genic targets were found to be DE between S4 and S5
(Supplemental Figure 19). Additionally, it is also possible that many smaller than 20 nt tRFs
are sub-sequences of longer tRFs that can be loaded in ARGONAUTE or that the tertiary

structure of the tRNA can guide some endonuclease to a target transcript.

3.3.18 The transcriptome of S4 is responsive to hormones and involved in biosynthesis of
RNAs whereas S5’s is focused on the production of cell walls

Small nucleolar RNAs (snoRNAs) and their associated proteins are ancient devices
that mediate maturation of ribosomal RNA (rRNA) **. The S4 and S5 stages mark an evident

change in the accumulation of snoRNAs that are abundant in S4. In S5, there is a relative
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reduction in the levels of not only snoRNAs but also other sSRNA types (Supplemental Table
14, Figure 3). In addition, a total of 39 ribosomal-related PCG were found to be DE between
S4 and S5. The up-regulated ribosomal-related genes in S4 are predominantly coding for 60S
ribosomal proteins and ribosome biogenesis proteins, whereas the up-regulated in S5 are 50S
and 30S ribosomal protein components. Different components of ribosome subunits are
transcribed in distinct phases.

Because ribosomes are central to the protein translation pathways, we performed an
overall analysis of GO terms of the 7,283 PCGs that were DE between S4 and S5 stages
(Supplemental Table 10). We classified those DE genes into 684 GO terms in the categories
Biological Process (BP) Molecular Function (MF) and Cellular Component (CC) -
Supplemental Tables 15 and 16.

In S4, 3,502 PCG were up-regulated in comparison to S5. The most enriched GO term
was RNA biosynthetic process (GO:0032774, pval = 2.5E7%) with its child term rRNA
metabolic process (GO:0016072, pval = 4.4E?) in addition to response to hormone
(GO:0009725, pval = 2.25E'*), response to auxin (GO:0009733, pval= 7.42E"°), response to
ethylene (GO:0009723, pval = 1.4E?), meiosisl (GO:0007127, pval = 8.14E°) and stamen
development (GO:0048433, 4.2E). The most enriched CC term was nucleus (GO:0005634,
pval = 3.8E™), followed by the child terms DNA repair complex (GO:1990391, pval = 5.9E"
') and nuclear replication fork (GO:0043596, pval = 2E”).

In S5, 3,781 PCG were up-regulated in comparison to S4. GO terms were particularly
enriched for BP such as carbohydrate metabolic process (GO:0005975, pval = 5.3E™),
transmembrane transport (GO:0055085,pval = 2.4E™??), localization (GO:0051179, pval =
9.8E") and plant-type cell wall organization or biogenesis (GO:0071669, pval = 6.20E®)
with its child terms xyloglucan metabolic process (GO:0010411, pval = 1.6E™) and xylan
metabolic process (GO:0045492, pval = 2.42E®). In addition, the enriched CC terms were
mostly related to cell wall (GO:0005618, pval = 6.54E™'"), photosystem (GO:0009521, pval =
3.98E®) and plasmodesma (GO:0009506, pval = 4.2E™).

The S4 is marked by important processes. The development of male organs with their
respective meiosis processes, integration of hormonal signals, and intense metabolism of
RNAs, in particular snoRNAs, are characteristic events of buds in S4. Next, during S5, the
expressed genes are mainly involved in metabolic processes to develop cell wall structures.

The metabolism of carbohydrates for building compounds, such as xyloglucan and xylan, is
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anatomically evident once in a matter of days the buds can grow from 6 mm to 10 mm, an

increase of more than 60% in their length.

3.3.19 Resistance genes related to 21-PHAS are differentially expressed between S4 and
S5

Finally, 2/-PHAS loci, which were processed mainly from R genes, were
constitutively present during all the evaluated stages. Their relative stability in accumulation
during S4 and S5 led us to inquire if R genes were DE between those stages. We found 209 R
genes DE between both conditions, with 152 up-regulated in S4 and 57 up-regulated in SS5.
About a third of these DE R genes were identified as “late blight resistance”. In addition, we
found 79 DE genes identified as “Leucine Rich Repeaters repector like” (LRR) that are known
for recognizing effectors in a direct or indirect fashion and promote R-gene-mediated
immunity *. It is not clear why different R genes are DE between both stages while the
proportion of late blight resistance genes is constant. It is possible that different pathogenic
fungi are trying to infest the buds during different stages of bud development *. It is also
possible that the regulatory networks governing defense strategy promote the transcription of
different combinations of pathogen recognition and R genes at different stages in a trial and

error fashion to find optimum responses to pathogens.

3.4 Discussion

We conducted a genome-wide annotation of miRNAs and phasiRNA in the
allotetraploid Coffea arabica. This data was then integrated with publicly available
annotations of tRNAs, snRNAs and snoRNAs 22, allowing us to investigate the abundance
profiles of different RNAs during reproductive organ development. Finally, we coupled these
datasets with RNAseq differential expression data from two key stages (S4 and S5) and
degradome analysis.

We show that tRNAs are preferentially accumulated in SO whereas 24-PHAS and 24-
PHAS-like loci are preferentially accumulated in S3 (Figure 3 - left side, Figure 4 - Clusters I,
III, IV and V). The 24-PHAS accumulation coincides with an extended period of anatomical
latency in which buds are apparently dormant - S3. This stage-specific accumulation also
resembles the spatio-temporal dependent expression of many 24-nt phasiRNAs in species

such as barley *', wheat *', maize **, tomato *’, petunia *’ and soybean °. It is possible that
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some of those SRNAs producing loci that are phasing with a 24-nt signature are responsible
for guiding the machinery of epigenetic imprint, some of them may be siren or easi RNAs
49525357 Meanwhile, snRNAs and snoRNAs are preferentially accumulated in S4, in
accordance with the most enriched GO term RNA biosynthetic process that are characteristic
of its DE genes (Supplemental Figure 10). It is possible that the re-activation of the

transcription is an important feature for resuming flower development.

3.4.1 The miR482 family are expanding and evolving rapidly in Coffea arabica possibly
to allow proper response control to pathogens

The miRNAs, in accordance with their fine tuning regulatory role **, were found to
have families preferentially accumulated in vegetative or reproductive organs (Figure 3 - left
side; Supplemental Figures 11 and 12). miR482 is the family with more precursor loci - at
least 20 - which is a similar number to spruce with at least 24 loci **. In addition, miR482 is
the third most accumulated family in terms of total number of fragments mapped to their
mature sequences. This higher number of miR482 loci, and the emergence of a putative novel
mature miR482 in Coffea (Novel-245889.2.ab), suggests a fast evolutionary rate of these
family members. We hypothesize that this reflects an army race between evolving
components of plant resistance systems and evolutionary strategies of potential and known
pathogens *°.

The miR482 family is mainly targeting disease resistance genes that were found to be
phased in a 21-nt pattern. miR482 members are central nodes of the co-expression cluster 1V,
dominated by 21-PHAS (Figure 4). During the S4 stage, we identified 26 R genes up-
regulated that were also found to be 21-PHAS loci. The ability of mRNAs from R genes to be
processed and used for post-transcriptional silencing can strengthen the regulatory network by
targeting the original and other similar LRRs ***°. In fact, the Cluster IV was verified to have
the highest mean co-expression (adjacency) value of all modules (Supplemental Dataset 3).

The accumulation of members of Cluster IV tends to be relatively constant along SO to
anthesis (Figure 3C) suggesting that the 2/-PHAS loci, which corresponds to the majority of
its members, are not directly involved in reproductive tasks. They are fine-tuned defense
systems to provide proper control of responses to pathogens. Misregulation of R genes can
lead to severe fitness costs to plants *°. If the translation of a given R is too high, it can lead to

deleterious auto-immune responses °'. On the other hand, too slow responses due to lack of R
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gene transcription will allow pathogens to take over the plant cell *®. An inappropriate

response timing and strength may ultimately lead to programmed cell death ***°.

3.4.2 The S3 to S4 and S4 to S5 transitions marks changes in SRNA abundance

The transition from S3 to S4 is marked by an evident change in the accumulation of
not only 24-PHAS/24P-like/UNK loci but also snoRNAs, snRNAs and tRNAs (Figure 3).
This transition occurs in response to water after a long period of drought and is followed by
rapid development. In S4, there is a clear decrease in the accumulation of 24-nt phasiRNAs
while structural RNA levels such as snRNAs, tRNAs and especially snoRNAs are sharply
increased. This accumulation of the snoRNAs in S4 is what defines the Cluster II (Figure 3 -
right side, Figure 4 and Supplemental Data 3). This accumulation of snoRNAs was correlated
with 60S ribosomal protein components which may control expression of PCG via enhanced
translation efficiency *°. It is also possible that some snoRNAs fragments can be loaded into
ARGONAUTE to promote post-transcriptional gene silencing in a similar way to miRNAs'®.

The next transition, S4 to S5, is marked by a slow decrease in the accumulation of 24-
PHAS that will continue until anthesis (Figure 3). Nevertheless, miRNAs levels increase in S5
suggesting tight regulation of developmental processes. Eighteen mature miRNAs from the
families miR156, miR162, miR164, miR169, miR172, miR1919, miR396, miR398 and 5 novel
families candidates were up-regulated in S5 when compared to S4 (Supplemental Table 14).
Our degradome analysis showed that many of these miRNAs are targeting important genes
related to flower development and response to ethylene (Figure 5). Our results reinforce the

thesis that in Coffea arabica the ethylene is a key hormone governing the flower development
13,82

3.5 Conclusion

Although extremely conserved in angiosperms, the core regulatory circuit of floral
induction and development varies in terms of what cues it will follow to promote flowering in
a given species. This directly correlates with the widespread evolutionary strategy of
maximizing the reproductive success of a set of genes in an organism. Coffea arabica plants
are tropical perennial plants with a sustained floral induction window that, in Brazil, occurs

5

from February to October °°. This long induction window coupled with environmental

variability and different rates of branch growth leads to asynchronous flowering.
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Nevertheless, we suggest that,as far as the transcriptome is concerned, the floral development
is an event controlled at multiple levels that evolved to promote a synchronized anthesis in the
face of endogenous and exogenous variability. This is possible because of complex
interactions of PCG and diverse types of RNAs programs trying to decide the best timing for
anthesis.

Because of the long floral induction window, different branch nodes are producing
floral buds at different months. There must be a delaying program to stall the development of
early formed buds. This “wait until the signal comes” takes place in S3 together with the
accumulation of 24-PHAS and similar sSRNAs. We suggest that the accumulation of these
phasiRNAs may be part of some important stabilizing mechanism to keep cells waiting. It is
also possible that some of these 24-PHAS loci may comprise a system for long-term

epigenetic imprinting in response to the environment.
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4. General Conclusions

The coffee genome and its multiple transcriptome facets can be abstracted as a
complex maze of interactions. Even then, we know that this perception is an
oversimplification. During the writing of bioinformatic scripts and this thesis manuscript we
could not dispel the urge of comparing the genome, and its transcriptome counterpart, to a
computer operating system calling programs along its runtime.

In chapter one, I describe a story about an ancestral merging of two genomes. This
was a rare event, probably a once in history incident. It is known that many crops are
allopolyploids and hybrid polyploid species of economic importance can be artificially
produced. Nevertheless, the low genetic diversity of the C. arabica genome suggests that
there are complications for allopolyploid establishment in this genus. One of the
complications we suppose had to be overcome was the duplication of the gene expression
machinery.

Most computers require a kernel as a fundamental part of its operating system. This
kernel is a system to allocate Random Access Memory (RAM) and execute code in an
organized way. In other words, the kernel is a code to organize the running of multiple other
codes simultaneously. In our plant/computer analogy the kernel is analog to transcription and
its regulation. Well, when we found out that most of the RNA processing machinery codebase
was missing from C. eugenioides sub genome - in the form of missing universal orthologs -
we could not help but to think that the plant operating system’s kernel had to be deduplicated
to avoid corrupted memory faulting. So, we believe that one of the initial steps that allowed
the establishment of C. arabica was the simplification of the kernel - one of the inherited
copies had to go away as it was the C. canephora version. It seems that the choice of the
name “‘eugenioides" was somewhat prophetic.

In the long run, polyploids tend to simplify back to diploidy. If C. arabica will follow
this tendency it is yet unknown. Nevertheless, along hundreds of million years of evolution all
flowering plants were, at some point, a polyploid. In chapters two and three, I showed that
some genes were lost or duplicated in the sub-genomes. POLYPHENOL OXIDASES (PPOs)
are important enzymes involved in defense responses and other processes (Thipyapong et al.,
2004). In C. arabica, we found copies of this enzyme being encoded by five loci in
chromosome 5 that was inherited from C. canephora and two additional copies in the

respective chromosome 2 of both sub-genomes. The expansion of this gene may be
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advantageous. Meanwhile, members of miRNA families are mostly equally distributed
between the sub-genomes suggesting that they are dosage-sensitive genes.

If we can’t precisely understand what is going on, the future is yet more opaque. So,
why not try to speed up change? What would happen if we try to “debug” the Coffea arabica
genomic code-base? Simplify to the point where it becomes a diploid? Try to recreate the
allopolyploid, but this time giving the RNA processing machinery to C. canephora? If we

know that genetic diversity is scarce, the creation of novelty may be our way forward.
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