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ABSTRACT: Ribosome biogenesis involves a large inventory of proteinaceous and RNA cofactors. More than 250 ribosome biogenesis factors (RBFs)
have been described in yeast. These factors are involved in multiple aspects like rRNA processing, folding, and modification as well as in ribosomal protein
(RP) assembly. Considering the importance of RBFs for particular developmental processes, we examined the complexity of RBF and RP (co-)orthologs
by bioinformatic assignment in 14 different plant species and expression profiling in the model crop Solanum lycopersicum. Assigning (co-)orthologs to
each RBF revealed that at least 25% of all predicted RBFs are encoded by more than one gene. At first we realized that the occurrence of multiple RBF
co-orthologs is not globally correlated to the existence of multiple RP co-orthologs. The transcript abundance of genes coding for predicted RBFs and RPs
in leaves and anthers of . Jycopersicum was determined by next generation sequencing (NGS). In combination with existing expression profiles, we can con-
clude that co-orthologs of RBF's by large account for a preferential function in different tissue or at distinct developmental stages. This notion is supported
by the differential expression of selected RBFs during male gametophyte development. In addition, co-regulated clusters of RBF and RP coding genes have

been observed. The relevance of these results is discussed.
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Introduction

Ribosome biogenesis is a complex biological process during
which pre-ribosome particles are processed to mature func-
tional ribosome subunits. The process is best described for Sac-
charomyces cerevisiae.” Initially, the ribosomal RNA transcript
(pre-rRNA) containing three of the four mature rRNAs is
transcribed in the nucleolus priming the assembly of 90S pre-
ribosomes. Subsequent cleavage of the 35S pre-rRNA leads

to the separation of the small and the large ribosomal subunit
maturation. This maturation of the ribosomal subunits occurs
largely in the nucleus, and only the final rRNA processing steps
take place in the cytoplasm.>* Here, both ribosomal subunits
undergo further modifications and quality control events before
final assembly to translational active ribosomes.’

The maturation of the ribosomal particles requires a

large number of RNA and proteinaceous molecules. Small
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nucleolar RNAs (snoRNAs) base pairing with the pre-
rRNA are required for ribosome biogenesis. Seventy-five
snoRNAs have been identified in yeast as part of box C/D
or box H/ACA snoRNPs,® which catalyze the methylation
and pseudouridylation of the rRNA, respectively.” Besides
snoRNAs, more than 250 proteins have been identified and
assigned as ribosome biogenesis factors (RBFs) in yeast.

These factors belong to protein families like RNA-helicases,
GTPases, ATPases, RNA-binding proteins, endo- and
exonucleases.?3

However, information on plant ribosome biogenesis in
general as well as on plant snoRNAs is rather sparse. More
than 100 binding sites of snoRNAs on plant pre-rRNA have
been predicted (http://bioinf.scri.ac.uk/cgi-bin/plant_snorna/
home),®? but their functional relevance has not been experi-
mentally approached yet. Similarly, not much is known about
plant RBFs. Recently, two bioinformatic studies have provided
the first insights into the putative inventory of plant RBFS,
one focusing on the family of RNA helicases in Zea mays,
Glycine max, Arabidopsis thaliana, and Oryza sativa™ and the
other describing the evolutionary development of the RBF set
known in yeast.!! The latter used 255 yeast RBFs to predict
orthologs in plants including A. thaliana and Solanum lyco-
persicum.M This study realized a significant, but not complete
overlap of about 75% between the RBF inventory in yeast and
plants. However, the work focused on the discovery of the
RBF family,"! but did not evaluate the complexity caused by
existence of co-orthologous genes in single species. The latter
is important to explore whether plants have tissue- or devel-
opmental stage-specific RBFs or whether RBFs of a certain
protein family might have taken on the function of factors
not found in the plant genomes. For example, one of the two
predicted A. thaliana orthologs of yeast nucleolin Nsrl gene
is abundantly expressed in all plant organs, while the second
exhibits higher expression in flower buds.!?!3 Similarly, the
two A. thaliana orthologs of yeast Lsgl show a differential
functional activity.™

We analyzed the complexity of RBF families and ribo-
somal proteins (RPs) in 14 plants. We further examined the
expression of the predicted RBFs and RPs in tomato, using
available RNA-seq data in combination with quantitative
next generation sequencing (NGS) by Massive Analysis of
3’-cDNA Ends (MACE)® on leaves and anthers, consid-

ering the importance of RBFs for sexual reproduction.1¢8

Additionally, the transcript profile of selected RBFs and RPs
was investigated and compared by co-expression analysis.
This allowed us to examine whether different (co-)orthologs
exhibit a tissue- or developmental stage-specific expression,
considering that several genetic studies have shown that
mutations in specific genes involved in ribosome biogenesis
are associated with developmental defects.!? We realized
that most of the RBFs are expressed in different tissues,
while for a subset of RBFs a tissue-specific expression can
be concluded.

Materials and Methods

Ortholog search and clustering. The set of 255 yeast
RBFs! and of 129 ribosomal proteins of the large subunit
(RPL) and 89 ribosomal proteins of the small subunit (RPS)
sequences from A. thaliana (http://ribosome.med.miyazaki-
u.ac.jp)*’ were used for co-ortholog assignment followed by
inspection of the domain architecture as described.?! For the
ortholog search via OrthoMCL and InParanoid, we used 14
plant species including eudicots (4. thaliana, G. max, Lotus
Japonicus, Medicago truncatula, Populus trichocarpa, Solanum
tuberosum, §. lycopersicum, Vitis vinifera), monocots (Brachy-
podium distachyon, O. sativa, Sorghum bicolor, Z. mays), the
Bryopsida Physcomitrella patens, the Chlorophyceae Chlamy-
domonas reinhardtii, and the fungi S. cerevisiae as outgroup and
bait. We searched for RBFs in the orthologous groups for all
plants (Supplementary Table 1) and additional information
restricted to tomato and A. thaliana is provided (Supplemen-
tary Tables 2 and 3). The number of RPL and RPS orthologs
is deposited in Supplementary Table 4.

Plant material, RNA extraction, cDNA synthesis,
and MACE. Total RNA was extracted from young leaves
and anthers of eight-week-old tomato plants (cv Money-
maker) grown in a 16/8 hours day/night cycle (24-20 °C) in
the greenhouse. Anthers were collected from flower buds of
all developmental stages and pooled. Pollen cells from dif-
ferent developmental stages, namely tetrads, post-meiotic
microspores, and mature pollen grains from open flowers,
were isolated according to existing protocols.?? Total RNA was
extracted using the NucleoSpin® RNA isolation kit (Macherey
and Nagel) following manufacturer’s instructions. One micro-
gram of RNA was reverse-transcribed using Revert AidTM
RvIranscriptase (Fermentas) and cDNA synthesis was per-
formed using Oligo dT12-18 primer. The MACE libraries
were prepared and sequenced by GenXPro GmbH.1>23

NGS analysis pipeline. The analysis of the NGS data
was performed with the flexible pipeline CRACPipe (Supple-
mentary Method; Supplementary Figs. 1-3), which allows
application to any species with available sequence information
(genome or transcriptome) by screening NGS data with the
BLAST-like Alignment Tool BLAT?* for adapter sequence
removal, quality score determination by Fast Quality Control
FastQC,? and mapping with Sequence Search and Align-
ment by Hashing Algorithm 2 SSAHA2.2¢ The pipeline
parses genomic data provided in GenBank format to inter-
nally construct an annotated genome divided in Watson and
Crick strand?” containing information of the position, name
and type of each feature. Supported feature types are mRNAs
and non-protein coding RNAs, like tRNAs, rRNAs, snoR-
NAs, snRNAs, miRNAs and other ncRNAs.2® As output,
mochi files are created for visualizing the results in the genome
browser MochiView.?” The pipeline can be used via web page
front end (https://www.uni-frankfurt.de/fb/fbl5/institute/
inst-3-mol-biowiss/AK-Schleiff/cracpipe/). For details see
Supplementary Method.

2 l BIOINFORMATICS AND BIOLOGY INSIGHTS 2015:9


http://www.la-press.com
http://www.la-press.com/bioinformatics-and-biology-insights-journal-j39
http://bioinf.scri.ac.uk/cgi-bin/plant_snorna/home
http://bioinf.scri.ac.uk/cgi-bin/plant_snorna/home
http://ribosome.med.miyazaki-u.ac.jp
http://ribosome.med.miyazaki-u.ac.jp
https://www.uni-frankfurt.de/fb/fb15/institute/inst-3-mol-biowiss/AK-Schleiff/cracpipe/
https://www.uni-frankfurt.de/fb/fb15/institute/inst-3-mol-biowiss/AK-Schleiff/cracpipe/

/ Ribosome biogenesis factor co-orthologs expression in Solanum lycopersicum

NGS results. The MACE results are available at the
Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.
gov/geo/; series: GSE56610). Twelve million reads (100 bp)
with more than 14 nucleotides after linker removal have been
obtained for both samples (Table 1). The cut-off resulted in the
unique assignment of >97% of all reads. Assignment of reads
to >22,000 genes and ~30,000 regions (non-feature) without
current annotation has been achieved.

MACE is a digital gene expression method in which each
read represents a cDNA molecule.’% By this, transcripts per
million (TPM) is equivalent to reads per million, which is
calculated by dividing the number of all reads mapped to an
individual gene by all mapped reads normalized to a million
reads. Furthermore, the cut-off for detection of a gene is the
detection of a unique read for that gene.>% In turn, a gene is
annotated as not expressed if no unique read was mapped. The
latter was justified by the estimation of the coverage obtained
(Supplementary Fig. 4).3132 The analysis revealed that the call
of “not expressed” has a reliability of 95% for the leaf dataset
and of 99% for the dataset for anthers.

We used NoiSeq®! to simulate five replicates by a multi-
nomial distribution and mapping probabilities were approxi-
mated from the available MACE library, where each feature
had the chance to appear assigning a value bigger than 0. The
five simulated replicates were used for differential expression
analysis by the assumption that a high probability in NoiSeq
correlates with a high probability that an observed difference
in expression is significant.

Existing RNA-seq libraries containing expression val-
ues for the majority of tomato genes as well as Affymetrix
microarray data were used to verify the quality of our MACE
data. First, genes with low expression variance irrespective of
developmental stages or experimental conditions were identi-
fied. We postulate that such genes are equally expressed under
most experimental conditions and thus are best suited to judge
the comparability of the two datasets generated. The variance
of expression values for individual genes identified in Affy-
metrix studies of different tissues and developmental stages
(91 samples; GEO, ArrayExpress) and after stress applica-
tion (11 samples; GEO, TFGD; Supplementary Table 5)

Table 1. Experimental overview for MACE analysis.

LEAF ANTHER

Total read number 11.762.204 12.687.296
Total mapped reads 11.534.512 12.411.606
Percentage of unique mapped reads  98% 97%

Hits on watson strand 6.235.294 6.386.089
Hits on crick strand 5.299.286 6.043.673
Genes? 22.894 24.539
Non-feature 29.666 30.540

Notes: Analysis of properties of MACE libraries (column 1) in leaf (column 2)
or anther (column 3) sample. 2In total, 29.345 genes have been assigned.

was determined. The 20 genes with the lowest variance were
selected (Supplementary Table 6). The expression of these
genes in our MACE datasets for leaves and anthers shows a
linear relation of 0.97 (Supplementary Fig. 5). This confirms
that the extracted TPM values for the two datasets are com-
parable. The R? value for linear regression shown in Supple-
mentary Figure 5 is 0.91.

Secondly, the RNA-seq data for leaves and flowers were
directly compared to our MACE results. While we detected
expression of a higher number of genes in leaves compared
to the published NGS dataset,3 the comparison between our
MACE data and NGS data (GEO: GSE33507) revealed a
high correlation (r, = 0.74, P=2 x 107) confirming the valid-
ity of the data used (Fig. 1).

Cluster analysis of expression profiles of genes encod-
ing RPs and RBFs. The expression values of the RPs and
RBFs from NGS experiments of tomato plants cv. Money-
maker (Supplementary Tables 7 and 8)33 were used for clus-
ter analysis. RPs and RBFs were independently clustered
according to their expression profiles in different tomato
tissues. For k-means clustering, Multi Experiment Viewer
(MeV; http://www.tm4.org/mev.html)** was used to deter-
mine six different clusters of each set of RPs and RBFs. The
number of clusters required was determined as previously
described (Supplementary Fig. 6).3° For k-means clustering,
1000 iterations have been performed and the Pearson corre-
lation was used as distance.3® The accession numbers of the
co-orthologs in the individual clusters are listed in Supple-

mentary Table 9.
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Figure 1. NGS and MACE comparison. Comparison of MACE and NGS
data for leaf tissue. The line indicates the Spearman correlation for both
leaf expression datasets using RNA-seq and MACE. The inset gives
the number of genes assigned in the genome, detected by MACE and
detected by NGS, and depicts the higher coverage achieved by MACE.
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Quantitative real-time PCR.
selected genes was determined using two biological replicas
by real-time PCR on a Stratagene Mx3000P cycler (Agilent
Technologies). The gPCR reaction (10 uL) consisted of gene-
specific primers (Supplementary Table 10), PerfeCTa” SYBR”
Green FastMix Low ROX™ (Quanta Biosciences), and the
template. The cycling conditions were 95 °C/3 minutes fol-
lowed by 95 °C/15 seconds, 60 °C/30 seconds, and 72 °C/
30 seconds for 40 cycles. Primers were designed using PRIMER3

(www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi/).

Gene expression of

Data were analyzed using the 272%Ct method®” and pre-
sented as relative levels of gene expression, using ubiquitin
(Solyc07g064130) and EFla (Solyc06 g005060) genes as
internal standards. Expression values are the mean of two bio-
logical replicates.

Results

The global assignment of co-orthologs to RBFs and RPs
in plant genomes. We selected 14 plant genomes including the
green algae C. reinbardtii, the moss P, patens, four monocots and
eight dicots including the agriculturally relevant S. Acopersicum
(tomato), and the model plant 4. thaliana (Fig. 2A\). Previously,
orthologs to about 170 of 255 RBFs in yeast have been assigned
in these 14 plant species and the highest number was found in the
genomes of . Jycopersicum and 4. thaliana with 173 and 174 genes,
respectively (Supplementary Tables 1-3).1! Remarkably, only 116
RBFs have been found in all 14 plant genomes. The discovery
rate of RBFs associated with different complexes is comparable.
However, orthologs to RBFs of the exosome, the mitochondrial
RNA processing (MRP) complex, and Trf4/Air2/Mtrdp poly-
adenylation (TRAMP) complex are under-represented in all
plants compared to yeast (Fig. 2B). At least two co-orthologs are
present in most of the species for approximately 20-40% of RBFs
(Fig. 2C), while the same holds true for more than 50% of the
RBFs in 8. bicolor, G. max, and B. distachyon (Fig. 2C).

In parallel to the analysis of RBFs, we inspected the
diversity of RP-coding genes based on the sequences assigned
in A. thaliana.?® In most of the 14 plant species, the majority
of the RPs are encoded by two or three co-orthologs (Fig. 3;
Supplementary Table 4). Only in the algae C. reinbardtii they
are encoded by one gene, while in P. patens, P. trichocarpa,
Z. mays, and G. max, the majority is encoded by three or more
genes. Comparing the number of co-orthologs found for RBFs
(Fig. 2) and RPs (Fig. 3), we did not observe a correlation
between the occurrence of co-orthologs of RBFs and RPs.

Sequence analysis of identified RBF co-orthologs in
tomato. In 8. Jycopersicum and A. thaliana, more than one co-
ortholog exists for about 24% and 27% of all RBFs, respectively.
'The total number of sequences assigned to the complexes is by
large the same or even larger compared to yeast (Fig. 4A). In
total, 249/260 sequences have been assigned as (co)-orthologs
to RBFs in 8. Jycopersicum/A. thaliana, respectively. The extent
of the occurrence of multiple orthologs varied among different
complexes (Fig. 4B). With the exception of MRP and TRAMP
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Figure 2. Prediction of RBF coding genes. (A) Phylogenetic relation

of the 14 plant species used for the analysis. (B) Discovery rate of
RBFs based on 255 yeast RBFs'" in the genomes of 14 plant species in
percentage of the number found in yeast given for the different families.
The different colors indicate the phylogenetic relation (green: green
algae; black: moss; light green: monocots; dark green: eudicots). (C)
The percentage of plant RBFs encoded by the indicated number of
co-orthologs. Atha: A. thaliana; Bdis: B. distachyon; Crei: C. reinhardltii;
Gmax: G. max; Ljap: L. japonicus; Mtru: M. truncatula; Osat: O.
sativa; Ppat: P. patens; Ptri: P. trichocarpa; Sbic: S. bicolor; Slyc: S.
lycopersicum; Stub: S. tuberosum; \Vvin: V. vinifera; Zmay: Z. mays.

in both species, and the exosome in §. Jycopersicum, co-orthologs

are found for RBF's of all complexes in all plants (Fig. 4B).
However, ortholog assignment is not necessarily proof

for a function of the encoded proteins in the same process
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Figure 3. Prediction of RP coding genes. The distribution of the number
of co-orthologs identified for RPSs (A) and RPLs (B) in the 14 analyzed
plants as shown in Figure 1.
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A. thaliana (red bar), and tomato (green bar). (B) The percentage of
RBFs assigned to the specific complexes encoded by the number of
co-orthologs shown on the right.

as the ancestral protein.3® To provide additional evidence for
comparable functions between yeast RBFs and the proteins
encoded by the §. /ycopersicum genes, we categorized the pre-
dicted tomato RBF sequences based on (i) euKaryotic Orthol-
ogous Groups (KOG), (ii) their functional description, as
well as (iii) Pfam domain presence and order (Supplementary
Table 2). For six RBFs (DBP2, DRS2, FAP7, MDNI1, YAR1,
and YVH1), the co-orthologous sequences differ in at least
one of the analyzed categories. Manual inspection of the cor-
responding alignments (Fig. 5; Supplementary Alignment S1
Supplementary Table 3) showed that one co-ortholog of DRS2
(Solyc01g011100) has a shorter N-terminal domain; one FAP7
co-ortholog (Solyc06g075310) lacks the C-terminal region;
and the co-orthologs of MDN1 (Solyc04¢072270) and YAR1
(Solyc042008580) represent only a short fragment. The latter
holds true for two of the co-orthologs assigned to Y VH1 as well
(Solyc12g021180, Solyc12¢021190; Fig. 5). Solyc12g021180
encodes for a protein with a partial dual specificity phosphatase
catalytic domain (DSPc) and a shorter C-terminal domain
compared to the full-length protein, Solyc00g185750. How-
ever, Solyc12¢g021180 and Solyc12g021190 together match
the unigene SGN-U584680 indicating that the two Solyc IDs
correspond to a single gene (putative Solyc12¢021185), which
encodes for a protein with a full-length DSPc domain and
C-terminus matching the protein model of Solyc00g185750
(Fig. 5). Collectively, this evaluation reveals that at least
all sequences of DRS2 and FAP7 can be considered as co-
orthologs most likely with similar function, while four
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Figure 5. RBF co-orthologs with alterations in domain architecture.
Alignments given in Supplemental Alignment 1 are shown as bar
diagrams including the Pfam domains assigned. See Supplementary
Table 3 for visualization of differences. Italics indicates the genes
excluded from further analysis; italics and underlined indicates the gene
found in unigene database, but not yet represented by a Solyc ID.
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sequences are probably non-functional RBFs. In addition,
YVHI1 might be represented by two co-orthologs consider-
ing Solyc12g021185 as functional gene. Summarizing, we
assigned 245 putative functional RBF (co-)orthologs in the
genome of S. Jycopersicum to the 255 RBFs from yeast.
Expression of S. lycopersicum RBF and RP (co-)
orthologs. ‘The presence of multiple co-orthologs in
plant genomes might indicate redundant or tissue- and/or
developmental stage-specific functions for some co-orthologs.
Thus, we examined the expression of all predicted RBFs and
RPs in an existing expression dataset derived from RNA-seq

analysis of §. lycopersicum cv. Moneymaker.33 From the 245 pre-
dicted RBF and 193 RP (co-)orthologs in tomato, 242 and 188
were expressed in at least one of the examined tissues, respec-
tively (Supplementary Tables 7 and 8). However, transcripts
for only 129 RBF and 166 RP (co-)orthologs were detected
in open flowers without sepals (Fig. 6A). The low number
of RBFs and RPs expressed in flowers containing reproduc-
tive tissues of Moneymaker®® was surprising, because rapidly
developing tissues are expected to require massive ribosome
biogenesis, particularly as mutants of RBFs have been found to
be defective in pollen development.!®173 Thus, we performed
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Figure 6. The overall expression profile of RBF and RP (co-)orthologs in tomato. (A) Tissues used for NGS RNA-seq analysis (left) and the number of
RBFs for which expression is detected in a least one tissue (beside) or in the individual tissue (below). On the right, the tissues analyzed by MACE in this
study are indicated. (B) Relation of the TPM expression value in leaves and anthers for all genes (black circles), for all RBF genes (red circles), and for all
RP genes (yellow star). Gray line indicates identical expression in leaves and anthers, the long dashed gray line expression with two-fold change, and the
short dashed gray line expression with four-fold change (45% genes with less than two-fold change; 64% with less than four-fold change of expression).
Indicated are RBF genes not expressed (top), expressed only in leaves (left) or anther (right). Inset on the right shows the distribution of the expression
difference between leaf and anther. The gray section indicates a pool of genes with significantly higher expression in anthers, and the red line shows the

least square fit analysis to a Gaussian equation.
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NGS of RNA in leaves and anthers to re-evaluate the expres-
sion of RBFs in reproductive tissue. We focused on anthers,
which are part of the male reproductive tissue and contain
sporophytic tissues and gametophytic cells, including pollen
corresponding to different developmental stages, ranging from
meiotic to mature stage. In addition, we analyzed the tran-
script abundance in young expanding leaves for comparison.

First, the NGS data for leaves and anther were evaluated
(GEO:GSE56610).21,509 genes have been identified by at least
one read in both tissues. Here, we use the MACE approach, for
which it was discussed that occurrence of one read is sufficient for
the detection of a transcript (see Methods).?>* Thus, in the two
samples the expression of 25,924 of the 29,345 assigned genes
was detected, which accounts for 88.3% of the total annotated
genes. This is comparable to the detection of 83.6% of all anno-
tated genes in a previous NGS study including different tissues
and developmental stages of 8. Jycopersicum cv. Moneymaker.®
45% of all genes have similar transcript abundance (<2-fold
change); while 36% show a >4-fold difference of expression in
the two samples (Fig. 6B). 1,385 and 3,030 genes are expressed
exclusively in leaves and anthers, respectively.

The genes with the highest expression in leaves (normal-
ized to TPM) predominantly encode for proteins involved in
photosynthesis (Table 2; Supplementary Table 11). Many of
these genes show a high expression in anthers as well, which
documents that anthers are a mixture of reproductive and

sporophytic tissues. The genes with the highest expression in
anthers are rather moderately expressed in leaves and encode
for metabolic or regulatory proteins (Table 2; Supplementary
Table 11). Inspecting the profile of differences in expression,
one realizes that besides the 3,030 genes exclusively expressed
in anthers, 1,455 genes have a 10-fold higher abundance in
anthers than in leaves indicating strong preferential expres-
sion (Fig. 6B, inset; Supplementary Information 1).

We examined the expression of all genes coding for the
RP (co-)orthologs and found that with the exception of three
genes, all RPs are expressed in at least one of the two tissues
(Fig. 6B; Supplementary Tables 7 and 8). RP coding genes are
in general highly expressed in both tissues. RBF genes which
showed tissue-specific expression had a low number of reads
(median of 0.09TPM; Supplementary Table 7), indicating a
low transcript abundance.

The three RBF coding genes for which no transcript was
detected both in leaves and anthers are Solyc00g185750 coding
for a co-ortholog of Y VH1, Solyc00g095450 coding for YAR1,
and Solyc05g018780 coding for RRB1 (Fig. 6B). Transcripts
for these genes were not detected in the samples analyzed
before by RNAseq®® or in a global analysis of the heat-induced
transcriptome.®® This raises the question whether these genes
are only induced under very specific stress conditions or are
particularly expressed in a not yet analyzed tissue or cell type.

Worth mentioning, the expressed co-orthologs of YAR1 code

Table 2. Genes expressed highest in leaves and anthers.

GENE PROTEIN FUNCTION RANK RANK
LEAVES ANTHER
Highest TPM values in leaves Solyc02g085950 Ribulose bisphosphate carboxylase small chain 3B 1 539
Solyc07g066310 psbR-homologue 2 69
Solyc09g010800 metallothionein LEMT1 3 9
Solyc07g047850 chlorophyll a-b binding protein 4 4 33
Solyc10g006230 chlorophyll a-b binding protein 7 5 116
Solyc03g034220 Ribulose bisphosphate carboxylase small chain 2A 6 21
Solyc07g064160 chloroplastic thiamine thiazole synthase 7 514
Solyc02g071030 chlorophyll a-b binding protein 1B 8 113
Solyc06g063370 chlorophyll a-b binding protein 1A 9 96
Solyc03g005760 chlorophyll a-b binding protein 3C 10 129
Highest TPM values in anther Solyc01g009590 carotenoid cleavage dioxygenase 1 1113 1
Solyc01g086830 seed storage/lipid transfer protein family protein 1454 2
Solyc07g007250 metallocarboxypeptidase inhibitor 1511 3
Solyc09g008670 threonine deaminase 491 4
Solyc069064480 protein TAP1 2196 5
Solyc07g006380 flower-specific gamma-purothionin protein 2144 6
Solyc01g099540 Anther specific NMT19-like 4224 7
Solyc01g006400 Hop-interacting cysteine-rich extensin-like protein-4 117 8
Solyc07g043420 2-oxoglutarate-dependent dioxygenase 16 10

Notes: The TPM expression values are listed in Supplementary Table 4. The upper part contains the 10 most abundant genes in leaves and the lower part the
10 most abundant genes in anthers. The rank of the expressed genes is assigned concerning the descending TPM expression values obtained by MACE analysis.
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only for fragments of the protein (Fig. 5), and thus, expression
of this RBF could not be demonstrated. In contrast, the tran-
scripts of the newly assigned co-ortholog of YVH1 and the
two additional co-orthologs of RRB1 are detected in anther
and leaf (Supplementary Table 7). In summary, we detected
transcripts for 239 (98%) assigned RBFs and for all RPs in
anthers. The transcript abundance of most RP genes is slightly
higher in leaves, while the transcript abundance of RBFs is
globally comparable in both tissues (Fig. 6B).

The expression profile of predicted RPs and RBFs in
tomato leaves and anthers. Nine RBF coding genes and
120 RP coding genes are either 2-fold higher or exclusively

expressed in leaves. The RBF coding genes encode for factors
possessing multiple co-orthologs with the exception of AIR2
(Table 3). Forty RBF genes and only one RP gene are more
abundant (anther to leaf ratio >2) or exclusively expressed in
anthers (Table 3). Nineteen genes represent the full set of co-
orthologs coding for a certain RBF. Among the genes prefer-
entially expressed in one of the tissues we found four factors
represented by multiple co-orthologs, where one is highly
expressed in leaves and another in anthers (NAP1, PTC3,
TIF6,UBCY). Indeed, the NAP1 co-ortholog, which is highly
expressed in anthers, was not detected in roots and leaves in
a previous study (Supplementary Table 7).3® For the UBC9

Table 3. RBF genes differentially expressed in leaves and anthers.

GENE co ACC. NUMBER Log, (TPM . 1ex/ TPM, 1)
Expressed higher in leaves AIR2 1 Solyc05g007090 -1,93
HRR25 1 Solyc12g007280 —Inf
Solyc08g066870 -2,57
NAP1 5 Solyc08g063000 -1,34
NMD3 2 Solyc11g011780 -1,50
PTC3 3 Solyc08g074230 —Inf
REI1 2 Solyc08g006470 -3,19
SMT3 4 Solyc09g059970 -1,84
TIF6 3 Solyc12g010210 —Inf
UBC9 5 Solyc02g093110 -1,18
Expressed higher in anthers ASC1 3 Solyc12g040510 1,03
Solyc06g069010 1,28
Solyc03g119040 1,38
BUD23 1 Solyc06g072250 1,06
CBF5 1 Solyc02g081810 1,80
CIA1 2 Solyc09g009410 1,31
DIM1 1 Solyc01g100430 1,32
EBP2 2 Solyc01g006090 2,08
ERB1 1 Solyc01g103740 1,43
ERP2 5 Solyc12g015740 1,17
Solyc09g082770 1,26
Solyc12g006090 +Inf
FAL1 6 Solyc07g040750 3,65
Solyc06g062800 +Inf
FPR3 1 Solyc01g091340 1,73
FPR4 1 Solyc03g007170 1,59
GAR1 1 Solyc10g078540 1,01
GRC3 1 Solyc03g113610 1,76
JJJ1 2 Solyc03g115140 1,13
Solyc03g115120 4,01
KRI1 1 Solyc079064350 1,02
LSG1 1 Solyc11g071910 5,91
NAP1 5 Solyc069062690 5,70
NOB1 1 Solyc08g007990 1,18

(Continued)
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Table 3. (Continued)

GENE co ACC. NUMBER Log, (TPMyrer/ TPM g f)
NOP4 1 Solyc01g109990 1,11
NOP58 2 Solyc09g083080 112
POP1 1 Solyc11g007800 114
PTC3 3 Solyc12g042570 1,41
PWP2 1 Solyc03g120080 3,22
RLI 2 Solyc08g075360 +Inf
RNAT 2 Solyc019079680 1,10
Solyc09g065190 1,25
RRB1 4 Solyc05g025630 1,82
RRP45 1 Solyc05g047420 1,89
SNU13 2 Solyc09g092080 1,03
TIF6 3 Solyc12g015790 4,96
UBC9 5 Solyc12g088680 1,82
uTP22 1 Solyc02g085230 1,68
YTM1 2 Solyc01g111030 +Inf
YVH1 3 Solyc12g021180 1,48

co-ortholog, a high expression in roots, stem, and ripe fruits
was reported, while the expression in leaves was found to be the

lowest,3

Table 7).

To further support the observed differential expression
of RBF coding genes based on MACE results, we randomly
selected genes and analyzed their expression by gRT-PCR

which is consistent with our results (Supplementary

on mRNA isolated from anthers and leaves (Table 4). We
included two factors represented by multiple co-orthologs
into this analysis, namely RIL1 and ASC1. We obtained a
gRT-PCR signal for each of the five genes coding for one
of the two factors. This confirms the existence of a tran-
script for the multiple co-orthologs. For quantification, the
expression values from qRT-PCR were normalized to either

Table 4. RBF expression comparison of MACE and qRT-PCR analysis in anther and leaf.

NAME GENE qRT-PCR (NORMALIZED) TPM-EXPRESSION VALUE
NORM LEAF ANTHER AL LEAF ANTHER AIL
RIL1 Solyc08g075360.1 EF1a (6.4 £0.9)*1073 0.15+£0.05 327 0.0 0.44 oo
Ubi (3.06 £0.03)*10~* (1.2£0.2)*1072
Solyc07g008340.2 EF1o (6.2+0.9)*102 (9+2)*102 2+1 47.9 69.0 1.44
Ubi (2.8+0.1)*103 (8.2+0.6)*10°3
SSF1 Solyc01g096800.2 EFla 0.30+0.04 0.19+£0.08 0.8+041 13.2 14.9 113
Ubi (1.4 £0.4)*102 (1.27 £ 0.01)*10-2
LSG1 Solyc11g071910.1 EFla 0.2+041 0.8+£0.2 8+2 3.9 233.6 59.9
Ubi (1.3+0.2)*102 0.14 +0.05
PWP2 Solyc03g120080.2 EFla 0.3+041 1.0+£0.2 10+4 0.09 0.8 9.0
Ubi (1.1 £0.2)*102 0.19+0.06
ASC1 Solyc12g040510.1 EF1a 0.3+041 0.26 £0.06 0.9+041 2.6 5.3 2.0
Ubi (2+1)*102 (2+1)*102
Solyc03g119040.2 EF1o 28.8+0.9 19+4 0.8+041 73.6 192.2 2.6
Ubi 1.02+0.03 0.8+041
Solyc069069010.2 EF1o (3.0+0.6)*102 0.14 £0.02 45+0.5 140.5 342.2 2.4
Ubi (5+2)*10-3 (21+£0.9*102
(Continued)
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Table 4. (Continued)

NAME GENE qRT-PCR (NORMALIZED) TPM-EXPRESSION VALUE
NORM LEAF ANTHER A/L m

RRP45  Solyc05g047420.2 EF1a (4.5 +0.3)102 0.17 +0.01 3.3+07 0.13 0.48 3.7
Ubi (3.2+0.2)*10°° (8.9 £0.1)*10-3

KRE33  Solyc04g051670.2 EF1a 0.84 +0.04 0.15+0.03 0.4+0.2 11.0 15.8 1.4
Ubi 0.05 + 0.01 0.03 +0.01

RRP5 Solyc03g051900.2 EF1a 0.2+0.1 0.15+0.03 0.9+0.3 2.7 4.2 1.6
Ubi 0.02 +0.01 0.03 +0.02

NOP12  Solyc08g076660.2 EF1a 0.8+0.2 0.4+0.2 0.7+0.2 16.9 24.4 1.4
Ubi (2.9+0.7)*102 (2.3+0.6)*102

TSR1 Solyc01g096760.2 EF1a 0.46 +0.06 0.45+0.06 14+05 14.1 23.4 1.7
Ubi 0.11+0.03 0.2+0.1

UBA2 Solyc01g109960.2 EF1a 0.2+0.1 0.16 +0.01 1.2+0.5 175 271 15
Ubi (1.1 £0.2)*10-2 (2 +1)*10-2

UTP20 Solyc09g092240.2 EF1a 0.2+ 0.1 0.2+0.1 11+0.3 5.8 7.8 1.3
Ubi (115 +0.06)*10-2 (1.2 £0.1)*10-2

AIR2 Solyc05g007090.2 EF1a 0.28+0.09 0.011 +0.009 0.05+0.02 9.8 2.6 0.26
Ubi (1.37 + 0.09)*10-2 (8 +2)*104

ENP1 Solyc07g056550.2 EF1a 0.3+0.1 0.3+0.2 1.6+0.7 7.1 7.0 1.0
Ubi (1.4 £0.7)*10°2 (3+1)*10-2

DED1 Solyc03g052980.2 EF1a 0.13+0.02 0.10 +0.02 0.9+0.2 76.8 66.8 0.9
Ubi (7 +3)*10-3 (7 +2)*10-2

REI1 Solyc12g096450.1 EF1a 0.31+0.01 (1.24+0.7)102 0.08+0.04 141 8.4 0.6
Ubi (3 +1)*10-2 (4 +2)*10-3

Solyc07g064130 coding for ubiquitin or Solyc06g005060
coding for EF1la. We observed by large the same ratios of
expression levels in the two tissues as obtained by MACE
analysis. Thus, we confirmed the leaf-specific expression of
AIR2, which is only encoded by a single gene. Furthermore,
we observed the anther-specific expression of one RIL1
coding gene. Remarkably, by qRT-PCR we also observed a
higher expression for an additional gene coding for ASC1 in
anthers (Table 4).

We used the information on transcript abundance estab-
lished previously®® to analyze the expression profiles of RBF
and RP coding genes. The expression profiles of the genes
encoding for RPs and RBFs have been assigned to six clusters
(see Methods). While each cluster contains RPs or RBFs with
distinct profiles, one cluster for each set (21 rp and 68 rbf) rep-
resents a collection of genes that did not match (extremely high
error bars) the profiles of any of the other clusters (Fig. 7A;
21 RP genes and 68 RBF genes). Subsequently, the correla-
tions between the profiles of RP and RBF genes have been
determined excluding the above-mentioned cluster (Fig. 7B).
We realized that two profiles are highly correlative (Fig. 7B,
black), with a correlation value of 0.97. The genes of these
two clusters show a moderate expression in roots and stem

tissues; a lower expression in leaves, anthers, and flowers; and
a higher but by large similar expression in all analyzed fruit
samples. These genes encode for 15 RPLs, 12 RPSs, 8 90S
RBFs, 7 60S RBFs, 1 40S RBF, 1 Exonuclease RBF, 1 Exo-
some RBF, 1 TRAMP complex RBF, and one not assigned
RBF. This might point toward a specific functional relation
between these RPs and RFBs, which is discussed below.
Expression of predicted RBFs in pollen. The role of
ribosomes in development in eukaryotes has been shown in
genetic studies with mutations in RPs, ribosome assembly, and
biogenesis factors.!? Furthermore, the importance of ribosome
biogenesis in physiological gametophyte development has been
documented.’®”3? Our global analysis has focused on anthers
of different developmental stages containing sporophytic tis-
sues and gametophytic cells. Thus, the sample includes pollen
ranging from meiotic to mature stage. The progression from
proliferating microspores to terminally differentiated pollen
grains is characterized by stage-specific gene transcriptional
activation and repression as shown for 4. thaliana pollen.*®
Therefore, we examined the levels of the genes selected for
gRT-PCR analysis in developing tomato pollen (Table 5).
Indeed, we identified differential expression for 12 of the ana-
lyzed genes, which accounts for 64% of the studied genes.
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Figure 7. Clustering of RP and RBF genes based on their expression.
(A) Mean of the expression values of clustered genes normalized to
the TPM determined for MACE leaf sample. Clusters were generated
by k-means analysis. Error bars indicate the standard deviation. The
clusters are ordered according to the number of factors present (first
value) and the median of the cluster for the leaves (second value) is
indicated. The two clusters on the top represent the set of genes that
could not be related to a specific profile. (B) The Spearman correlation
between the cluster profiles of RPs and RBFs was calculated, and the
highest value for each column and each row is shown. Only values with
strong correlation (above 0.5) are highlighted.
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To evaluate the impact of expression in pollen on the tran-
script abundance observed for anthers, we calculated the ratio
between the determined qRT-PCR values after normalization
to the EF1 expression (Fig. 8). For two genes coding for ASC1
(Solyc12g040510) and RRP5 (Solyc03g051900), we observed
a significantly higher transcript level in one of the pollen
stages than in anthers. This suggests that the level observed in
anthers represents the expression in pollen. Remarkably, both
of the genes are not significantly higher expressed in anthers
compared to the transcript level in leaves (Table 4). For six
of the analyzed genes, we observed a comparable expression
in pollen tissues and anthers. However, the gene that shows
the highest expression in anthers compared to leaves does not
show an enhanced expression in pollen compared to anthers
(RIL1; Solyc08g075360; Fig. 8, Tables 4 and 5). This docu-
ments that the enhanced expression in sporophytic tissues
and gametophytic cells compared to leaves cannot directly be
related to expression in pollen.

Discussion

RBF co-orthologs show a differential expression in
tomato. We present the set of co-orthologs to RBFs and RPs
in 14 plant genomes (Supplementary Tables 1-4). However,
this analysis has two limits. On the one hand, additional
information besides the assignment as co-ortholog is required
to assign a gene to a specific functional pathway?®; on the other
hand, RBFs without orthologs in yeast cannot be detected by
this approach. Nevertheless, the number of co-orthologs to
yeast RBFs assigned in plant genomes demonstrates the con-
servation of the process and the corresponding proteins can
be used as markers to investigate plant-specific pre-ribosomal
complex compositions eg by proteomic studies.

With focus on tomato we predicted 245 co-orthologs
to yeast RBFs. They represent orthologs to 173 of 255 RBFs
described in yeast (Figs. 2, 4, and 5). With the exception of three
genes (Solyc00g095450, Solyc00g185750, Solyc05g018780)
all are found to be expressed in leaves and/or anthers (Fig. 6).
Remarkably, based on existing results (GEO: GSE33507) we
could not provide evidence for expression of YAR1, while the
proposed YVHI (Solyc12¢021185) is expressed. Thus, based
on ortholog search and expression analysis we found 243 co-
orthologs in tomato to 172 RBFs in yeast.

Previously, several factors have been experimentally con-
firmed to participate in ribosome biogenesis in plants. Most of
them belong to the above-described orthologs to yeast factors.
In many cases, the nomenclature used matches the nomencla-
ture proposed for yeast (Pwp2, Rrp5, Noc4, Enpl, and Nob1';
Dim1A*; Rrp6L1 and Rrp6L2%; Mtrd*}; Nucll?; elf6*4
RID2%; OsNug2; AtLsgl!¥; Supplementary Table 12). In
addition, AtFibl and AtFib2* were assigned as co-orthologs
of Nop1; AtSwal®® as ortholog of Utpl5; AtRt12*® as ortholog
of Rnt1; AtSwa23 as ortholog of Mak21; AtRH36/AtSwa3'®
as ortholog of Dbp8; AtXrn2* as one ortholog of Ratl/
Xrnl; AtGigantus1®® as ortholog of YNLO035C; AtRH57%!
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Table 5. Comparison of NGS and gRT-PCR analysis in pollen.

NAME GENE qRT-PCR (NORMALIZED) NORM
NORM TETRADS POST-MITOTIC MATURE PM/T M/T
RIL1 Solyc08g075360.1 EF1a (6.3 +0.8)*102 (8 +1)*10-2 (1.2 £0.3)*10°2 126+0.02  0.19+0.01
Ubi 0.15+0.05 019 +0.01 (2.7 +0.2)*102
Solyc07g008340.2 EFlo (8.3 +0.4)*10-3 (1.9+£0.3)102  (2.2+0.2)102  2.4+0.3 2.2+05
Ubi (1.9 +0.3)*10-2 (4 + 1102 (3.4 +0.6)*102
SSF1 Solyc01g096800.2 EFla (9 £ 1)*10-2 014 +0.05 0.16 +0.04 16+0.3 1.7+0.1
Ubi 0.16+0.03 0.28+0.09 0.27 +0.03
LSG1 Solyc11g071910.1 EFla 0.5+0.2 0.4+0.1 0.41+0.06 0.8+ 0.1 0.6+ 0.1
Ubi 1.2+0.4 0.9+0.2 0.71+0.03
PWP2 Solyc03g120080.2 EFla 0.9+0.3 1.3+0.6 07+0.3 1.3+0.1 0.7 0.1
Ubi 3+1 4.0+1 2.2+05
ASC1 Solyc12g040510.1 EFla 014 +0.03 0.57 +0.04 0.70 +0.01 0.33+0.07  0.44+0.05
Ubi 0.7+0.2 0.2+0.1 0.28 +0.05
Solyc03g119040.2 EF1a 2.08+0.07 3.9+0.3 1.57 +0.04 2.0+0.2 0.7 +0.1
Ubi 3.8+05 8+1 2.3+0.2
Solyc06g069010.2 EFla (2.8 +0.1)10-2 (7 £3)*10-2 (6 £ 1)10-2 2.8+0.2 21+0.1
Ubi 0.117 £0.002 0.3+0.1 0.24 +0.03
RRP45  Solyc05g047420.2 EFla (1.2 £0.4)*10-2 (1.6+0.5*102  (5.3+0.7)102 1.3+0.2 41+07
Ubi (5 +2)*10-2 (6.2+0.4)102 (194 2)*102
KRE33  Solyc04g051670.2 EFla (2 £1)10-2 (1.7+0.7)102  (1.8+0.3)*102 0.7 +0.1 0.7 0.1
Ubi 0.11+0.05 (9 +2)*10-2 (7.5+0.2)*102
RRP5 Solyc03g051900.2 EFla (3 £1)10-2 (6 £ 3)*10-2 0417 +0.03 1.6+0.5 54+0.9
Ubi 0.13+0.06 0.18+0.07 0.64 +0.02
NOP12  Solyc08g076660.2 EFlo (9 £2)*10-2 (5 +0.2)*10-2 (1.2 £ 0.6)*10-2 0.47+0.08  0.15+0.02
Ubi 0.4+0.1 0.16+0.08 0.06 +0.02
TSR1 Solyc01g096760.2 EF1a (5.2 +0.7)*10-2 0.12+0.04 (6 £2)*10-2 2.3+0.1 1.0+0.2
Ubi 0.11+0.03 0.27 +0.09 0.10+0.03
UBA2 Solyc01g109960.2 EF1a (5 +2)*10-2 (2.2+0.6)102  (27+0.2*102  0.39+0.02  0.48+0.01
Ubi 0.29 +0.09 0.109 +0.005 0.141 +0.005
UTP20 Solyc09g092240.2 EFla (2.7 £0.3)*102 (1.8+0.2*102  (2+1)*10-3 0.6+ 0.1 0.10 £0.03
Ubi 0.16 +0.01 (8 +3)*10-2 (2 +1)*10-2
AIR2 Solyc05g007090.2 EFla (1.37 £0.07)102 (4 £1)*10-° (11 +0.2)*10-2 0.37+0.07  0.87+0.09
Ubi (2.1 +0.2)*102 (9 £ 4)*10-3 (2.0 +0.4)10°2
ENP1 Solyc079056550.2 EFla (9 +3)*10-2 0.12+0.05 (6.8+0.9102  1.3+0.1 0.5+0.3
Ubi 0.5+0.2 0.6+0.2 0.12+0.02
DED1 Solyc03g052980.2 EF1a (8.6 +0.1)*10-2 (5 +2)*10-2 (2.8 +0.1)"102 0.56+0.02  0.52+0.06
Ubi 0.17 +0.01 0.10 £0.04 (8.4 £0.1)10-2
REI1 Solyc129096450.1 EFla (2.2 £0.2)*10-3 (1.0£0.3)102  (1.2+0.5)*102  4.3+05 4.9+0.6
Ubi (1.3 +0.1)10-2 (5.2+0.6)102 (6.0 £0.7)*10-2

as ortholog of Rok1; and AtNuc2'? as co-ortholog of Nucl

(Supplementary Table 12).

To the best of our knowledge, only two proteins that
might be involved in ribosome biogenesis in plants have
been described, for which no ortholog was detected in yeast,

namely AtNufIP’ and Domino1.>? In tomato, these two fac-
tors are encoded by Solyc01g096920 and Solyc06g069770,
respectively (Supplementary Table 12). Co-orthologs for

Dominol are present in all analyzed plant species. In contrast,
the C-terminus of AtNufIP shares a high sequence homology
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Il Tetrads
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Figure 8. Comparison of expression in pollen and anthers. The ratio of
the values listed in Tables 4 and 5 normalized to EF1o. expression was
calculated.

with the C-terminal portion of Rsal, which can be identi-
fied in proteins found in the genome of monocots and dicots,’
while orthologs to AtNufIP can only be identified in dicots
most likely because of the very variable N-terminus of the
protein (Supplementary Table 12). Combining this informa-
tion with our ortholog search and expression analysis, the 245
tomato proteins can be assigned to ribosome biogenesis with
high likelihood. These proteins represent 172 RBFs described
in yeast.

In general, about 25% of all RBFs predicted in 4. thal-
iana and tomato are encoded by at least two different genes,
which applies for all complexes involved in ribosome biogen-
esis (Figs. 2—4). The genes coding for RBFs are more strongly
expressed in anther compared to leaf (Fig. 6; Table 3), which is
not surprising, considering that anther is a male reproductive
organ undergoing rapid metabolic changes. However, we also
observed genes that show a stronger expression in leaves. These
are mostly RBFs represented by multiple co-orthologs (Table 3),
which is a hint for a tissue-specific set of assembly factors for
ribosome biogenesis. In-depth analysis of the expression pat-
tern of tomato RBFs with multiple co-orthologs in different
tissues revealed differential expression for all (Fig. 9). Thus, we
can conclude that the co-orthologs to individual RBFs found
in plants account for a preferential expression in distinct tis-
sues or at different developmental stages. This is consistent with
the observed variation of the number of RBFs to which co-
orthologs could be assigned (Fig. 2B). We conclude that plant
ribosome biogenesis requires the action of tissue- or develop-
mental stage-specific factors, which is in agreement with reports
showing tissue-specific developmental defects in some RBF
mutants.!®71%3% On the other hand, considering the critical
function of individual RBF's for a vital cellular process like ribo-
some biogenesis, we can assume that other proteins with similar
functions might compensate for the factors not predicted in any
plant, a hypothesis that needs to be experimentally challenged
in the future. On the other hand, the absence of some factors
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Figure 9. The expression profile of RBF encoded by multiple genes. The
expression values (Supplementary Table 4) for genes coding for RBFs with
multiple co-orthologs have been normalized to the individual maximal value
given next to the panel and the expression profile is shown (scale on the
right). The order of samples is indicated on the right, legend in bold indicates
the MACE results; the rest of the samples are derived from the NGS data.3?
Abbreviations: fmg: fruit mature green; fb: fruit breaker; fr: fruit ripe.

= NO
o HO—=

in plants might be explained by differences in the processing
pathway compared to yeast, since for example, not all cleavage
sites on plant rRNA have been mapped so far.

Correlation of RP and RBF gene expression. In yeast,
it has been shown that many RPS but only a few RPL pro-
teins are present in the 90S pre-ribosomal particle.”® In line,
it is discussed that in eukaryotes the majority of the RPS of
the body of the 40S subunit assemble co-transcriptionally.>
Interestingly, the cluster with 30 RPs represents co-orthologs
of 12 RPS genes, 9 of which are classified as very early assem-
bling (RPS3A, RPS4, RPS7, RPS8, RPS11, RPS13, RPS23,
RPS24, RPS27).% The other three RPS are considered as very
late assembling (RPS17, RPS20, RPS26). The cluster with
20 RBFs contains genes encoding RBFs that are associated
with the 90S particle (ENP2, FAL1, FYV7, HRR25, LCP5,
NOC4, SAS10, TLR1/RRP36). Interestingly, this cluster of
RBF genes has a similar expression profile to that of a cluster
of 30 RPs (Fig. 7). Thus, these RBFs of the 90S particle and
the RPSs might be functionally related. In line with such
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notion, yeast ENP2, FAL1, LCP5, and TLR1/RRP36 are
required for processes leading to the 40S subunit.>¢~>

In turn, RLI1, present in the cluster with 20 RBFs, asso-
ciates with 40S subunits and is involved in the ribosome qual-
ity control and recycling.®®! This might link its function to
the late assembly of RPS17, RPS20, and RPS26, representing
the late assembling RPSs of the cluster with 30 RPs. Worth
mentioning is that only one RIL co-ortholog shows the profile
represented by the cluster with 20 RBFs (20 rbf).

Similarly, the RPLs of the cluster with 30 RPs suggest a
regulation of the early processes of 60S maturation. In yeast, at
least 10 of the 15 RPLs of this cluster have been identified in the
pre-60S E,, the first pre-60S complex formed during 60S bio-
genesis (RPL5, RPL7A, RPL13A, RPL17, RPL18A, RPL26,
RPL27, RPL30, RPL35, RPL36A).%2 However, only for three
of the six assigned 60S associated RBFs of the cluster with 20
RBFs (NIP7, NOP16, SPB1), a direct association with the early
pre-60S E, particle has been confirmed in yeast.®>¢* In contrast,
ARB1 was described as an export factor and thus is a late factor.®
Thus, the function of ARB1 might be related to the assembly
of RPLs like RPL12, RP1.23, and RPL37 present in the cluster
with 30 RPs.

Summing up, it appears that co-orthologs of RBFs and
RPs involved in early events of RP assembly are expressed in
a similar manner. Furthermore, we observed that the highest
populated clusters for each RP (Supplementary Table 13) and
RBF (Supplementary Table 9) combine genes with maximum
expression in young leaves (RP: 59 rp; RBF: 57 rbf). Interest-
ingly, we also obtained one cluster of RBF factors, but not of
RPs, which shows highest expression in anthers (19 rbf). This
might suggest that a difference in tissue-specific ribosomes®%”
is not always dependent on the composition of RPs.
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Supplementary Materials

Supplemental File 1. CRACPipe description.

Supplemental Table 1. RBF co-orthologs in 14 plant
species.

Given is the complex the RBF associates to (column 1)
the name of the factor in yeast (column 2) and the number of
co-orthologs identified in 14 different plant species including
Monocots, Eudicots, moss and green algae (columns 3-16): 4.
thaliana, 8. lycopersicum, S. tuberosum, G. max, B. distachyon, L.
Japonicus, M. truncatula, O. sativa, P. patens, C. reinhardtii, P.
trichocarpa, S. bicolor, V. vinifera and Z. mays.

Supplemental Table 2. RBF co-orthologs in tomato an
A. thaliana.

Given is the complex the RBF associates to (column 1)
the name of the factor in yeast (column 2), the number of co-
orthologs identified in tomato (column 3) and A. thaliana
(column 4), the accession numbers of the identified sequences
in tomato (column 5) and A. thaliana (column 9), the KOG
assignment (columns 6, 10), the description (columns 7, 11)
and the Pfam domains and the order thereof (columns 8, 12).

Supplemental Table 3. RBF co-orthologs in tomato
with difference in their annotations.

Shown are all RBFs for which co-orthologs have been
identified in the tomato genome but contain a different func-
tionalor domain assignnment. Given are the name of the fac-
tor, the accession number, the KOG entry, the description of
the gene and the PFAM domain prediction. Yellow high-
lighted are the set of co-orthologues with at least one sequence
which is not fully comparable to the others. (NF...no Pfam
domain identified).

Supplemental Table 4. Ribosomal protein co-orthologs
in 14 plant species.

Given is the complex the Ribosomal protein associates
to (column 1) the name of the protein (column 2) and the
number of co-orthologs identified in 14 different plant spe-
cies including Monocots, Eudicots, moss and green algae
(columns 3-16): 4. thaliana, S. lycopersicum, S. tuberosum, G.
max, B. distachyon, L. japonicus, M. truncatula, O. sativa, P.
patens, C. reinhardtii, P. trichocarpa, S. bicolor, V. vinifera and
Z. mays. The AGI (column 17) and Soly ID (column 18) of the
co-orthologs is assigned to the ribosomal protein.

Supplemental Table 5. The Affymetrix chip datasets
used for the meta analysis.

Given are the organism (column 1), if the dataset handles
stress or tissues (column 2), the database (column 3), the series
identifier (column 4), the number of samples (column 5) and a
short description of the experiment (column 6).

Supplemental Table 6. The tomato genes with a variance
in expression below 0.4.

Given is the gene ID (column 1), the gene description (col-
umn 2), the variance calculated for all tissue specific experiments
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(column 3), for all stress specific experiments (column 4), for all
selected experiments (column 5). The columns 6 to 11 contain
the information about maximum (column 6, 9), mean (column
7,10) and minimum RMA values (column 8, 11).

Supplemental Table 7. Expression values for RBF cod-
ing genes.

Compared are the high throughput sequencing data of
our MACE study (column 3—-4; TPM) for vegetative (leaf;
LeCo) and reproductive (anther; AnCo) tissue to the RNA-
seq RPKM values of the study performed by the Tomato
Genome Consortium (column 7-13) 20. the log2 fold changes
and probability for differentially expressed genes comparing
leaf and anther MACE libraries via NoiSeql8. In red are
genes excluded by domain analysis.

Supplemental Table 8. Expression values for Ribosomal
protein coding genes.

Compared are the high throughput sequencing data of
our MACE study (column 3-4; TPM) for vegetative (leaf;
LeCo) and reproductive (anther; AnCo) tissue to the RNA-
seq RPKM values of the study performed by the Tomato
Genome Consortium (column 7-13)20. In column 5 and 6
are the log2 fold changes and probability for differentially
expressed genes comparing leaf and anther MACE libraries
via NoiSeq18.

Supplemental Table 9. Clustering of ribosomal proteins
concerning NGS expression data.

Clustered are the ribosomal proteins by k-means ending
in 6 different clusters (columns 1-6). The ribosomal proteins
were clustered concerning the different expression values of
NGS data for specific tissues and developmental stages.

Supplemental Table 10. Primer for gqRT-PCR of RBF
co-orthologs in tomato.

Given is the Solyc ID for tomato (column 1) the name of
the primer including the name of the factor in yeast (column 2
and the primer sequence (columns 3).

Supplemental Table 11. The TPM expression value of
the 10 genes highest expressed in the according tissue.

Supplemental Table 12. Co-orthologs of RBFs experi-
mentally approached in 4. thaliana.

Supplemental Table 13. Clustering of ribosome biogen-
esis factors concerning NGS expression data.

Clustered are the ribosome biogenesis factor proteins
by k-means ending in 6 different clusters (column 1-6). The
ribosomal proteins were clustered concerning the different
expression values of NGS data for specific tissues and devel-
opmental stages.

Supplemental Figure 1. Flowchart of CRACPipe.

Shown is a scheme of the pipeline workflow. The start
(green) and endpoint (red) of the pipeline is shown as ellipses.
First step is the splitting of the read preprocessing and genome
annotation. The reads are preprocessed via BLAT and FastQC.
Simultaneously, the annotated genome is prepared for map-
ping the reads onto the genome via SSAHA2. The mapped

reads are weighted and statistical analyzed to create the output

files. (Blue rectangle: script process; violet rectangle: external
program; orange parallelogram: input/output; yellow rhomb:
split process.

Supplemental Figure 2. Webinterface of CRACPipe.

Shown ist the web interface of CRACPipe. The logo of
the program is shown on the top and the fields are ordered from
top to bottom: E-mail address, input file, genome for map-
ping, kind of experiment (vivo, vitro, cultura, flag, RNA-seq,
MACE), analysis method (Expressome, Genome), readtype
(Solexa, Roche454, ABI SOLiD), reverse linker sequence,
description. For submitting a job an e-mail address and a
fastq file or zipped folder of fastq files containing short reads
from NGS is required. A job can be given a short name (<=6
characters) and the type of experiment indicated (CRAC: in
vivo, in vitro, in cultura; MACE; RNA-seq). For analyzing
the NGS data the reference genome can either be submitted
or selected from the available organisms (yeast, human, Ara-
bidopsis, tomato, Anabaena).

Availability and requirements: Project name: CRACPipe;
Project home page: https://www.uni-frankfurt.de/fb/tb15/
english/institute/inst-3-mol-biowiss/AK-Schleiff/research/
index.html; Operating system: Platform independent; Pro-
gramming language: Python; Other requirements: MochiV-
iew v1.45 or higher; License: Academic Free (accessible after
requesting username and password); Any restrictions to use by
non-academics: No access allowed without negotiation with
authors.

Supplemental Figure 3. Minimal read length deter-
mination.

(A) Shown is the percentage of all possible nucleotide
patterns in the tomato genome (Y-axis) of a determined
length (X-axis), when the threshold of minimal occurrences is
variable (dark green...>0; light green...>1; green...>2; pale
green...>3). (B) The MACE datasets for tomato are analyzed
using different minimal pattern length parameter (X-axis)
showing the percentage of unique mapped reads (blue) and all
mapped reads (red).

Supplemental Figure 4. Saturation by sequencing depth.

Shown are the raw counts of MACE libraries from
Anther (green) and Leaf (grey) correlated to the detected
features (mRNAs) to quantify the sequencing depth via
NoiSeq18. The saturation plot represents the number of newly
detected features in the genome with more than a given num-
ber of counts. The mapped reads are used to approximate the
needed number of reads for detecting new features and esti-
mate the sequencing depth19. The detected features are shown
as line plot and approximated from the real library size (black
dot). The bars represent the new detections per million reads.

Supplemental Figure 5. The expression of the set of con-
trol genes.

Shown is the relation of the TPM expression value in
leaves and anthers for the genes listed in Supplemental File
S1, Table S6. The line represents the least square fit to the
equation indicated.
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Supplemental Figure 6. Determination of number of

clusters for k-means clustering.

The line plot shows the correlation of number of clus-

ters to within-cluster sum of distances for the set of RBFs and

RPs. The k-means clustering was performed for the range of

1 to 120 clusters. Each clustering was performed 100 times to
build the mean. The red dashed line represents the elbow of
the curve and was used to define the number of clusters for the

final clustering.
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