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Summary

SUMOylation is a protein post-translational modification that is essential for plant
growth and response to changing environments. However, past work in this area has
mainly focused on simple sequence similarity methods for discovering SUMOylation
genes, often using orthologue mapping from yeast or Arabidopsis.

In this work, we employed a range of computational techniques and approaches to
describe and characterise the SUMOylation machinery in Asian rice (Oryza sativa), as
a globally important stable crop, and where the SUMOylation system has been shown
to play key roles in responses to biotic and abiotic stresses. We describe and analyse
the ULP system at the phylogenetic, transcriptional, and protein structural levels, with
a focus on the rice reference genome, a well-annotated Rice Population Reference
Panel (RPRP), and wild rice genomes.

Our analysis revealed the expansion of ULPs in the reference genome and RPRP set
(32 — 45 ULPs) compared to wild rice (9-36 ULPs), raising an intriguing hypothesis
about the expansion of the ULP family being driven by selective breeding pressure.
We provide evidence of potential functional ULPs and their possible roles in biotic and
abiotic stress responses in cultivated rice. These insights offer valuable resources for

future rice breeding and crop improvement.

Keywords: Oryza sativa, rice pan-genome, SUMOylation, SUMO protease, Ubiquitin-like

protease (ULP)
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SUMOylation is a post-translational modification (PTM) found across eukaryotes. The
mechanisms of SUMOylation are best understood in model organisms such as Saccharomyces
cerevisiae, Arabidopsis thaliana (Roy & Sadanandom, 2021) and Homo sapiens (Celen & Sahin,
2020). The key protein of this mechanism is SUMO (Small Ubiquitin-like Modifier), a ~100
amino acid (aa) protein with a conserved diglycine (-GG-) motif at the C-terminus. Pre-mature
SUMO is first cleaved at the C-terminal tail to reveal the di-Glycine by a ULP (Ubiquitin-like
protease). In A. thaliana, the mature SUMO is activated by a complex of SAEla/b and SAE2
(SUMO activating enzymes), in an ATP-dependent process. The activated SUMO is then
conjugated to SCE1 (E2 conjugating enzyme) and subsequently transferred and ligated to a
lysine (K) residue on a target protein by SIZ1 or HPY1 (E3 ligases). The SUMO can also be
polymerised by the function of PIAL1/2 (Protein Inhibitor of Activated STAT-Like 1/2). The
effects of SUMOylation of a target include localisation, complex formation, interaction with
other proteins, enzyme activities, or prevention from ubiquitination (Roy & Sadanandom,
2021). Finally, SUMO proteases such as the DeSl and ULP types can cleave the SUMO off the

targets, allowing targets and the free SUMO to be recycled.

The SUMOylation system plays various regulatory roles in plant vegetative
development and maturation stages at almost every gene regulation step, including
chromatin modification/remodelling, epigenetics, transcriptional activation/repression, RNA
processing, protein trafficking/localisation and enzyme activities (Augustine & Vierstra, 2018;
Benlloch & Lois, 2018; Roy & Sadanandom, 2021). Inrice, OsSIZ2, an E3 ligase has been shown
to modulate developmental processes, phosphate (Pei et al., 2017) and nitrogen homeostasis
(Pei et al., 2019; Wang et al., 2015) and play a role in reproduction (Pei et al., 2019). Among
SUMO proteases in rice, OsFUGL1 is involved in regulating development and fertility, OsELS1
contributes to the control of flowering time (Rosa et al., 2018), and OsOTS1 plays a role in

seed germination and root development (Srivastava, Zhang, & Sadanandom, 2016).

Beyond development, SUMOylation also plays crucial roles in plant response to both
abiotic and biotic stresses. Overexpression of OsSCE1 (E2) reduced tolerance to drought
stress, and vice versa in OsSCE1-knocked-down plants (Nurdiani et al., 2018). OsSCE2/3 were
up-regulated during drought treatment (Joo et al., 2019). OsSCE3, interestingly, also
responded to Abscisic acid (ABA), Gibberellin (GA), glucose, and H,0; treatments (Joo et al.,

2019). The overexpression of OsSIZ1 (E3) in Arabidopsis enhances tolerance to several
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stresses, including drought, heat, and salt (Mishra et al., 2018). Overexpression of OsOTS1
(ULP) in salt stress treatments promotes root growth and results in enhanced salt tolerance
(Srivastava et al., 2016), whereas depletion of OsOTS1/2 reduces salt tolerance but increases
drought tolerance (Srivastava et al., 2017). For biotic defence mechanisms, proteomic
analyses show that the level of SUMO-conjugated proteins was increased after pathogen
attack, such as Pseudomonas syringae (Bailey et al., 2016; Ingole et al., 2021). Given its
regulatory potential, the SUMOylation system has been proposed as a potential target for

crop improvement (as reviewed in Rosa et al., 2019 and Clark et al., 2021).

Previous studies have attempted to identify SUMOylation genes in crops such as rice,
O. sativa (Teramura et al., 2017; Rosa et al., 2018; Orosa et al., 2018; Garrido et al., 2018),
maize, Z. mays (Augustine et al., 2016), tomato, S. lycopersicum (Augustine et al., 2016; Zhang
et al., 2018), potato, S. tuberosum (Augustine et al., 2016; Ghimire et al., 2020), and soybean,
G. max (Li et al., 2017), using sequence similarity-based bioinformatics tools. These studies
typically query known SUMOylation protein sequences from A. thaliana and S. cerevisiae
(yeast; review in Clark et al., 2022). Among monocots, SUMO components are best

characterised in maize and rice (Clark et al., 2022).

In rice, by searching for homologous genes of AtSUMO1 and ScSMT3, studies have
identified six OsSUMO modifiers (Augustine et al., 2016; Rosa et al., 2018; Teramura et al.,
2021). A more recent study has made a putative identification of OsSUMO? (lbrahim et al.,
2021). However, the protein sequence for putative OsSUMO?7 lacks a conserved di-Gly motif
followed by a short C-terminal region, a hallmark of true SUMO modifiers. Currently, two E1
activating enzymes (OsSAE1 and OsSAE2), three E2 conjugating enzymes (OsSCE1, OsSCE?2,
and OsSCE3), and three E3 ligases (0OsSIZ1, OsSIZ2, and OsHPY2) have been identified in rice

but no E4 ligase gene have been reported (Rosa et al., 2018).

Unlike the other SUMO components, SUMO proteases have highly divergent
sequences at the N-terminus, which limits the discovery using BLAST-based methods.
Furthermore, as proteases, the catalytic domains (HXNCN for DeSl and HxDxC for ULPs) are
crucial for deSUMOylation (Kurepa et al., 2003). By searching for ULPs with conserved
catalytic domains in the RGAP rice database, previous studies have suggested there are 12-
22 ULPs in rice (Garrido et al., 2018; Srivastava, Zhang, et al., 2016; Yates et al., 2016).
However, only 7 OsULPs (OsFUG1, OsELS1, OsSPF1, OsELS2, OsOTS1, OsOTS2, and OsOTS3)
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93  have been experimentally validated for the protease function (Rosa et al., 2018; Srivastava,
94  Zhang, & Sadanandom, 2016). An expansion of SUMO proteases, relative to Arabidopsis, was
95 also observed in maize (Yates et al., 2016). There has been past speculation that expansion of
96  ULPsin crops could have resulted from domestication and could give rise to target specificity
97  during deSUMOylation (Srivastava et al., 2016; Garrido et al., 2018; Verma et al., 2018;
98 Morrell and Sadanandom 2019). DeSls, on the other hand, are a relatively recent discovery.
99 They were first characterised in Arabidopsis (Orosa et al., 2018; Roy & Sadanandom, 2021;
100 Seok et al., 2021) and more recently in O. sativa but without molecular functional validation

101  (Lian et al., 2024).

102 Despite the importance and conservation of SUMOylation in plant systems, there are
103  gaps in our knowledge regarding the SUMO components, and the molecular mechanisms are
104  elusive in crops (Clark et al., 2022). Identifying SUMOylation-related genes is a crucial first
105  step in studying SUMOylation in crops. In this study, we aimed to profile SUMOylation
106  components in rice (O. sativa), as there is an apparent and unusually large expansion of ULP
107  proteases in rice. We also wished to explore variation in the profile of ULPs across the rice
108 pan-genome, now that there are leveraging newly available multiple high-quality genome
109 assemblies and gene models available, in the so-called Rice Population Reference Panel
110  (RPRP) genome set (Zhou et al., 2023). Furthermore, we performed computational validation
111  using structural biology and assessed public transcriptomic data to provide strong evidence

112  for the functionality of novel ULPs that were predicted.
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113  Methods

114  Identification of ULPs in O. sativa Japonica

115  Our first analysis aimed at discovery of ULPs in the reference genome O. sativa Japonica
116  Nipponbare (ISRGP). We queried well-characterised ULPs from S. cerevisiae and A. thaliana
117  tothe two rice genome annotations: RAP-DB (Sakai et al., 2013) and RGAP (previously called
118  “MSU”, v7, Kawahara et al, 2023) using BLASTP and TBLASTN (blast+/2.9.0, (Camacho et al.,
119  2009)). The BLAST results were filtered with e-values < 0.05. The significant results from BLAST
120  were analysed for protein domains by InterProScan v5.66-98.0 (Jones et al., 2014) with its

121  default parameters.

122 The sequences bearing the ULP domain (IPR0O03653), as identified by InterProScan
123  (Jones et al., 2014) were subjected to alignment using MUSCLE V5

124  (https://hub.docker.com/r/pegi3s/muscle, Lépez-Fernandez et al.,, 2021). Specifically,

125  sequences displaying alignment with known ULPs from yeast and Arabidopsis, particularly
126  within the catalytic domain characterized by the HxDxC motif, were retained as ULP
127  candidates. Proteins derived from the RAP-DB and RGAP gene models were aligned separately

128  with known ULPs from yeast and Arabidopsis.

129  ULP genes identification in the RPRP and wild rice population

130  We used BLASTP to search for the ULP orthologues within proteins annotated in the RPRP
131 genomes: Aromatic (OsARC), Indica (OsGoSa, OsIR64, OsKYG, OsLaMu, OsLima, OsLiXu,
132  OsMHG63, OsPr106, and OsZS97), Aus (OsN22, OsNaBo), Tropical Japonica or Tropjap (OsAzu,
133  OsCMeo, OsKeNa), Temperate Japonica or Tempjap (IRGSP RefSeq — three annotation sets
134  RAP-DB, RGAP and a new annotation set from the Gramene database, called OsNip), and in
135  wild rice: O. brachyantha, O. glumipatula, O. longistaminata, O. nivara, O. punctata, O.
136  rufipogon, O. barthii, O. glaberrima and closely rice related grass; L. perrieri (see the genome
137 information in Table S1) by querying 37 ULP protein sequences from the previous step (both
138  RAP-DB and RGAP models, Table S2). A stringent filter criterion (e-value < 10°) was applied
139  to BLASTP results, given that searches were performed within genus level (Oryza), we would
140 expect orthologues to have low e-values. Significant (protein) matches resulting from BLASTP
141  were next analysed with InterProScan. Those with a significant match to the ULP domain

142  (IPR0O03653) were then aligned with the ULP reference proteins from yeast and Arabidopsis.
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143 For the RPRP dataset, with the information of pan-gene set from the “PanOryza” pan-
144  gene project (Contreras-Moreira et al., 2025), we were able to map all the ULP candidates to
145 the pan-gene matrix and investigate at the “pan-gene” levels. Here a pan-gene is cluster of
146  genes that have overlapping coordinates following whole genome alignment, which ideally
147  correspond to alleles of the same gene. If gene models have been incorrectly called in some
148  aligned genomes, then a pan-gene can contain predicted transcript / protein sequences that
149  differ significantly. Protein sequences derived from each pan-gene were then independently
150 aligned with yeast and Arabidopsis ULP proteins (i.e. one alignment per pan-gene) using three
151  different multiple sequence alignment (MSA) algorithms - MUSCLE, MAFFT, and
152  CLUSTALOmega (https://hub.docker.com/r/pegi3s/muscle, https://hub.docker.com/r/
153  pegi3s/mafft, and https://hub.docker.com/r/pegi3s/clustalomega, docker images (Lopez-
154  Fernandez et al., 2022)) to optimise the identification of conserved ULP active sites. If results
155 from MSAs differed in the aligned residues at the known active sites (from yeast and
156  Arabidopsis), we selected if a given protein had the required motifs aligned in at least one set
157  of alignment results, then it was called as a correct match to go forward for the next analysis
158  step. For wild rice species, we aligned all ULP candidate proteins (from BLASTP and

159  InterProScan) with known yeast and Arabidopsis ULPs from each wild rice species at a time.

160  Phylogenetic analysis

161 A phylogenetic tree was generated, derived from protein MSAs for S.cerevisiae, A.thaliana, L.
162  perrieri, wild rice, and RPRP, by the Neighbour-joining method with 1000 bootstraps in MEGA
163 X (Kumar et al., 2018) and visualised/annotated in iTOL (Letunic & Bork, 2024). The 50 sub-
164  clusters were derived from cutree function in ape library (Paradis & Schliep, 2019). The Yeast

165  ULP1 (ScULP1) was used as the outgroup.

166  Selection of representative genes from the RPRP pan-genes

167 Toselectarepresentative ULP gene from within the pan-genes from the RPRP set, we selected
168 a confident ULP candidate (i.e. containing the ULP domain and correct catalytic sites)
169 following the order of genomes/annotations sets within the pan-gene matrix (Contreras-
170  Moreira et al., 2025) i.e. RAP-DB, OsNip (Gramene gene model), and RGAP (from the IRGSP
171  Nipponbare reference genome), respectively. If the pan-gene did not contain a Nipponbare
172  gene member, or those members did not pass the ULP identification criteria, a representative

173  was picked in the following order: OsAzu, OsCMeo, OsPr106, OsKeNa, OsARC, 0sZS97, OsN22,
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174  OsMH63, OsNaBo, OsLiXu, OsGoSa, OsLaMu, OsKYG, OsIR64, and OsLima (Contreras-Moreira
175 etal., 2025).

176  Protein disorder region prediction

177  We utilized metapredict v2.61 (Emenecker et al., 2021) to identify disordered regions within
178  protein sequences. The representative ULP sequences from pan-gene clusters and all ULPs
179  from the eight wide rice varieties, were input into metapredict, and the results were

180  visualized using R.

181  Protein structure analysis of the ULPs
182  Proteins structures for the ULP representatives from the RPRP pan-genes and all identified
183  ULPs in wild rice were predicted using colabfold

184  (https://github.com/YoshitakaMo/localcolabfold; Mirdita et al. (2022)). The colabfold

185 parameters were set as generating three models (--num-models 3), using amber for the
186  structure refinement (--amber) and running on GPU (--use-gpu-relax). Only the
187  relaxed_rank_001 structures were further investigated. We measured the distances between
188  the three amino acids at the catalytic site (angstrom, A) using in-house python script (and

189  BioPython version 1.81), and visualised using PyMOL 2.1.1 (Schrodinger, 2015).

190 RNA-sequencing analysis

191  Public rice RNA-sequencing datasets were collected and re-analysed by Yu et al., (2022) using
192  a uniform pipeline. Briefly, the fastq files were mapped to RGAP genome annotation using
193  HISAT2 (Kim et al., 2019). The duplicated reads were removed by using SAMtools (rmdup) and
194  the transcripts abundance (Fragments Per Kilobase of transcript per Million mapped reads;
195 FPKM) were calculated using StringTie (Pertea et al., 2015). FPKM values of ULPs (RGAP

196 models) were derived from Public RNA-seq Database (https://plantrnadb.com/ricerna/),

197  scaled (z-score), clustered by default parameters (complete method and Euclidean distance)

198  and visualised using ComplexHeatmap library in R (Gu et al., 2016).

199 Results

200 Identification of ULPs in the O. sativa Nipponbare reference genome

201 To identify ULPs in the O. sativa IRGSP (Nipponbare) Reference Sequence (hereafter IRGSP

202  RefSeq), we performed a two-step identification approach. Firstly, homologs of the two yeast
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203  ULPs (ScULP1 and ScULP2) and eight Arabidopsis’s ULPs (AtOTS1, AtOTS2, AtELS1, AtELS2,
204  AtEDSA4, AtSPF1, AtSPF2, and AtFUG1) were searched (using BLASTP and TBLASTN) against the
205 two IRGSP RefSeq annotation sets (RAP-DB and RGAP). Significant results (e-value < 0.05)
206  were identified and then analysed for protein domains using InterProScan. After performing
207  the multiple sequence alignment (MSA), we carried forward and retained only those proteins
208 from RAP-DB or RGAP gene models that had the catalytic domain (HxDxC) when aligned with
209  the ten known ULPs from yeast and Arabidopsis. The alignment at the conserved positions
210  catalytic motif (HxDxC) distinguishes ULPs from other proteases in the DUB (deubiquitination)
211  family, such as UBPs (ubiquitination) (Fig. S1). Our analysis identified 33 ULPs (RAP-DB) or 37
212  (RGAP) and non-redundant models 37 ULPs (non-redundant models) in IRGSP RefSeq that
213  contain the catalytic domains (Table S$2). This indicates the inconsistency between the two
214  gene models and highlights the importance of cross-referencing the genes of interest in both

215  models, which should always be considered.

216 Secondly, the 37 candidates from the genes identified in the previous step (Table S2)
217  were searched against a recently released additional gene model annotation set for IRGSP,
218 recently produced and released by the Gramene database team (gene id starts with OsNip)
219  using a similar approach, mapped to the pan-gene matrix and investigated at the pan-gene
220 level (see Methods). Next, we further validated the candidates by predicting their 3D
221  structures of the ULP proteins using Colabfold (Mirdita et al., 2022). Finally, the proteins that
222  have conserved catalytic sites with yeast and Arabidopsis were finalised as ULPs in IRGSP

223  RefSeq (Table 1, Fig. 1).

224 In total, we identified 45 ULPs in IRGSP RefSeq (Table 1, Fig. 1). In this final ULPs list,
225 12 genes, from the initial set (37 genes, RAP-DB/RGAP) were removed because 6 protein
226  sequences were unaligned with known catalytic sites (when aligned within the pan-gene
227  cluster) and 6 sequences have showed incorrect protein structures at catalytic sites, as
228 predicted by Colabfold (see Table S2). In addition, an extra 20 genes were incorporated,
229 indicating these proteins as their sequences were aligned better within their pan-gene cluster.
230  Our approaches have successfully identified all previously known ULPs in rice, including
231  OsOTS1 (0Os06g0487900), OsOTS2 (0s12g0606900), OsFUG1 (0s03g22440), OsELS1
232  (0s01g25370), OsSPF1 (Os05g11770), and OsELS2 (0s03g29630), as previously described
233  (Rosa et al., 2018). However, OsOTS3 (0s01g53630), which has no aligned catalytic sites after
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234  MSA, was discarded from the full gene final set. There are 13 ULPs that were found to contain

235  the conserved ULP domains and correctly positioned catalytic sites across all 16 genomes

236  examined (count_domain) (Table 1, Fig. 1).

237  ULPs are expanded in the RPRP pan-genome

238 To further explore the expansion of ULPs in the rice pan-proteome (derived from the
239  RPRP pan-genome), we identified ULPs from each RPRP genome/proteome using BLASTP,
240 followed by protein domain identification (InterProScan) and MSA. As the identification of
241  ULP relies on the MSA of the catalytic sites, there is, however, uncertainty of MSA that
242  different algorithms produce different results (Blackburne & Whelan, 2013). To minimize
243  these effects, we used MSA by using three different alignment algorithms to align for the ULPs
244  (see method). Then, the identified ULP candidates were mapped to the pan-gene matrix. The
245  pan-gene matrix was created via the GET_PANGENES pipelines (Contreras-Moreira et al.,
246  2023), using the RPRP genomes and gene models as input, to identify the orthologous gene
247  (pan-gene) in each genome. In total, the ULPs can be mapped to 101 pan-gene identifiers
248  (after protein structure correction), with “genome occupancy” (Fig. S3) and “domain
249  occupancy” (Fig. 1) ranging from 1-16 across the rice species. The ULPs have an unusual
250 pattern of evolution — with strong enrichment in genes found in only a single genome. The
251  analysis in Contreras-Moreira et al., 2025 described an approach for classifying protein
252  function according to presence of a given domain across 16 genomes, with those protein
253  domains with mean occupancy <10 (out of 16) being classed as “Highly variable” domains —
254  which are enriched for functions related to disease resistance (amongst others), and
255  expansion of the gene family appears to be driven by selection pressure. Based on the analysis
256  here, the mean occupancy for the ULP is 5.94, raising the possibility that ULPs have also been

257  under selection pressure.

258 Among the pan-gene clusters that have 16 genome occupancy in across all 16 rice
259  species (27 clusters, Fig. $3), some of them were not identified as ULPs due to the absence of
260 ULP domains or catalytic sites. The 16 domain occupancy group consists of 13 pan-gene
261  clusters, including known rice ULPs: OsOTS2, OsSPF1, OsELS2, and Os_cFUG1 (Fig. 1). Two
262  additional known rice ULPs, OsOTS1 and OsELS1, are grouped within the 15-domain

263  occupancy cluster. This is because OsLima_OTS1 contains a ULP domain detected by
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InterProScan, but its catalytic sites do not align with the ULPs from yeast and Arabidopsis,

while OsGoSa_ELS1 lacks the ULP domain (Fig. S4).

Table 1 Summary of ULPs

in O.

sativa Japonica.

The pan-gene

identifiers

(Os4530.POR.1.panXXXXXXX) of ULPs in IRGSP RefSeq (Nipponbare_merged) are arranged by

the number of domain occupancy (count-domain) and genome occupancy (count-rice) in the

RPRP set. Gene models containing a Ulp domain, as identified by InterProScan, are italicised;

those with HxDxC catalytic residues, identified by MSA, are underlined; and the

representative models that were protein-structured (Alphafold) are in bold. The gene names

were assigned based on the hierarchical clusters in Fig. 2 and followed by letters according to

domain occupancy.

Pan-id RAP-db Gramene RGAP (MSU) Gene count count
name domain rice
pan0005492 0s02g0472200 None LOC_0s02g27280 OsULP40a 16 16
pan0008673 0s03g0344300 OsNip 03G017390 LOC_0s03g22400  (OsFUG1) 16 16
OsELS3
pan0008945 0s03g0410100 OsNip_03G021330 LOC_0s03g29630  OsELS2 16 16
pan0013306 0s05g0207900 OsNip_05G007210 LOC_0s05¢11770  OsSPF1 16 16
pan0013542 0s05g0309000 OsNip_05G011330 None OsULP40b 16 16
pan0015984 0s06g0474600 OsNip_06G015830 LOC_0s06g28030  OsULPA40c 16 16
pan0020834 0s09g0258700 OsNip_09G002660 LOC_0s09g08440  OsULP50a 16 16
pan0032645 None OsNip_09G004490 L[LOC_0s09¢12480 OsULP45a 16 16
pan0033139 0s10g0157000 OsNip_10G003120 LOC 0s10g806910 OsULP42a 16 16
pan0022909 0s10g0474000 OsNip_10G014370 LOC_0s10g33450  OsULP35 16 16
pan0023483 0s11g0102700 OsNip_11G000130 LOC_0s11g01180  OsULP37a 16 16
pan0023969 0s11g0214001 OsNip_11G007290 LOC_0s11g10780  OsFUGI 16 16
pan0026246 0s12g0606900 OsNip_12G021260 LOC_0s12g41380  0sOTS2 16 16
pan0001897 0s01g0355900 OsNip 01G016190 LOC_0s01g25370  OsELS1 15 16
pan0016016 0s06g0487900 OsNip_06G016450 LOC_0s06¢g29310  OsOTS1 15 16
pan0026012 0s12g0551900 OsNip_12G017880 LOC 0s12g36580  OsULP40d 15 16
pan0029347 0s04g0354300 OsNip_04G010250 LOC 0s04g28590  OsULPA43a 14 14
pan0029638 0s04g0583400 OsNip_04G025050 LOC_0s04g49394  OsULP50b 13 16
pan0026844 None OsNip_01G019120 LOC_0s01g33520 OsULP32 12 16
pan0008774 0s03g0365250 OsNip_03G018740 LOC_0s03g24960  OsULP50c 12 16
LOC_0s03g24980
LOC_0s03g25000
pan0017680 0s07g0283600 OsNip_07G010740 LOC _0s07g18300  OsULP38 11 14
pan0032475 None OsNip_09G000230 None OsULP46 10 13
pan0025150 0s12g0127600 OsNip_12G001960 None OsULP37b 10 11
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pan0012432 0s04g0639700 OsNip_04G028960 LOC 0s04g54670  OsULP44a 9
pan0037074 None OsNip_07G008460 LOC_0s07g12990  OsULP50d 9
pan0017642 0s07g0267400 OsNip 07G010020 None OsULP40e 9
pan0034306 0s1180646232 O0OsNip_11G022650 LOC_0s11g42610  OsULP40f 9
pan0038519 0s12g0103580 OsNip_12G000230 LOC_0s12g01290  OsULP36 8
pan0033194 0s04g0377400 OsNip _04G011280 LOC 0s04g30860  OsULP50e 6
pan0030563 None OsNip_06G009810 LOC_0s06g13750  OsULP48 6
pan0036055 0s03g0614100 OsNip_03G026210 LOC _0s03g41780  OsULP42b 5
pan0029859 None OsNip_05G006220 LOC_0s05g10270  OsULP50f 5
pan0030179 0s05g80417800 OsNip_05G017400 LOC_0s05¢34520  OsULP45b 5
pan0036705 0s05g80448000 OsNip_05G019120 LOC_0s05¢37550  OsULP43b 5
pan0031540 0s07g0504300 OsNip 07G016450 LOC_0s07g32090 OsULPA43c 5
pan0033848 None OsNip_11G008380 LOC_0s11g12500  OsULP50g 5
pan0000812 0s01g0113000 OsNip 01G001010 LOC_0s01g02270  OsULP44b 3
pan0015021 0s06g0122600 OsNip_06G001600 LOC_0s06g03180  OsULP44c 3
pan0034826 None OsNip_12G012470 LOC 0s12g24880  OsULP19 3
pan1012536 0s02g0262500 None LOC_0s02g16240  OsULP28 1
pan1007036 None OsNip_03G004800 None OsULP30 1
pan1006878 0s03g0365200 None LOC 0s03g24990  OsULP50h 1
pan1004431 0s08g0429600 OsNip_08G017070 LOC_0s08g33280  OsULP50i 1
pan0022593 0s10g0388600 OsNip_10G009270 LOC 0s10g24954  OsULP43d 1
pan1028935 0s11g0235825 OsNip_11G022640 LOC 0Os11g12780  OsULP39 1

i e B I« ) BN NS |
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= N

ULP expansion may be associated with selected breeding in Asian rice

To examine whether the ULP expansion occurs only in cultivated rice species, we applied the
same approach (BLASTP, followed by protein domain identification by InterProScan, 3-MSA,
and protein structure modelling) to identify ULP encoding genes in eight wild rice species and

compared the results with the RPRP pan-genome.

In wild rice, the number of ULPs ranges from 9 to 26, except for O. punctata, which
contains 36 genes (Fig. 2a). We found that the counts of ULPs in the RPRP genomes were
higher than in almost all wild rice species, with the exception of O. punctata (Fig. 2a). Next,
we constructed the phylogenetic tree (using Neighbour joining method with 1000 bootstraps)
to show the relationship among known ULPs in yeast, Arabidopsis, and newly identified ULPs
in cutgrass, wild and domesticated rice (RPRP set) (Fig. 2b). The dendrogram was then divided
into 50 clusters of ULPs (Table $3). There are clusters containing known rice ULPs: OsOTS1
(Os06g0487900 or LOC_0s06g29310; cluster 11), 0OsOTS2 (0s12g0606900 or
LOC_0s12g41380; cluster 12), OsSPF1 (0s05g0207900 or LOC_0s05g11770; cluster 8).

Additionally, OstELS1 (0s01g0355900 or LOC_0S01G25370), OsELS2 (0Os03g0410100 or
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291 LOC_0s03g29630), and the currently designated OsFUG1 (0s03g0344300 or
292  LOC_0s03g22400; Os_cFUG1) were assigned to cluster 24 — 26, respectively (Fig. 2b).

293 Interestingly, we identified a novel rice ULP group within cluster 5 (Fig. 2b-2c), which
294  is grouped closely related to A. thaliana FUG1 (FOURTH ULP GENE CLASS 1). The role of
295  AtFUG1 has been recently revealed as involving in epigenetic gene silencing (Sureshkumar et
296 al., 2024). In rice, OsFUG1 was discovered by a homology-based search against RGAP
297 reference genome (Srivastava et al., 2016) and was named OsFUG1 based on a phylogenetic
298 relationship with AtFUG1 (Rosa et al., 2018). However, our analysis suggests that the current
299  OsFUG1 (here called Os_cFUG1) is not a close homologue of AtFUG1, as Os_cFUG1 sits within
300 cluster 26. Within cluster 5, which contains AtFUG1, we see that identified Os11g0214001 is
301 aclose homologue, thus making it a more appropriate candidate for renaming as OsFUG1 —
302 here designated Os_nFUG1. Cluster 26, which includes Os_cFUG1, also contains ELS-type
303  ULPs. ELS ULPs were initially characterised based on molecular and phenotypic approaches
304 and have been implicated in flowering (Rosa et al., 2018). The close homology between
305 Os_cFUG1 and OsELS1 / OsELS2 suggests that Os_cFUG1 should be renamed to OsELS3.
306 Moreover, MSA shows that the AtFUG1 is more similar to Os_nFUG1 than Os_cFUG1 (Figure
307  2.S5. Additionally, there are ULPs in clusters 27 -50 that contain ULPs with no closely
308 homologous genes in yeast and or Arabidopsis, suggesting that they could be novel groups of

309 ULPsin rice (Fig. 2b).

310 Asian rice species were domesticated from two wild rice species, O. rufipogon and O.
311  nivara (Jing et al., 2023). Among rice ULPs, Os_cFUG1 (0s03g0344300 or LOC_0s03g22400)
312  has been identified as one of the domesticated genes that originated from O. nivara (Jing et
313  al, 2023). However, our phylogenetic analysis suggests that OsFUG1 (Os_cFUG1) forms a
314  sister clade with ORUFI03G17620 and is more distantly related to ONIVA03G18050, indicating
315 that Os_cFUGL1 is likely derived from O. rufipogon (cluster 26 Fig. 2 and Fig. S7a). The MSA
316 analysis of Os_cFUG1, ONIVA03G18050, and ORUFI03G17620 reveals two mismatches
317 between Os_cFUG1 and ONIVA03G18050 (99.5% sequence identity), while Os_cFUG1 and
318 ORUFI03G17620 are 100% identical (Fig. S7b). AtOTS1 and AtOTS2 are placed into cluster 9
319 and 10 and have no direct orthologous mapping to OsOTS1 and OsOTS2, in clusters 11 and 13
320 (Fig. 2b & 2c¢), indicating the independent duplication of OTSs in Arabidopsis and rice. OsOTS1

321 and OsOTS2 are in sister clades and share a common evolutionary origin. Within each OsOTS
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322 clade (clusters 11 and 13, Fig. 2b & 2c), there are orthologous ULP from RPRP rice (varieties
323  of Oryza sativa), as well as other Oryza species, suggesting that the divergence of OTS1 and
324  OTS2 occurred before speciation events within the Oryza genus. The divergence of OTS1 and
325 OTS2 in monocot species probably pre-dated the Oryza genus, as there are orthologues of
326  OTS2 in the nearest outgroup of the genus Oryza; cutgrass (LPERR01G25870.1; clusters 12
327 and LPERR12G15320.1; cluster 13, Fig. 2b & 2c), although a further exploration of the

328 evolution of OTS genes is beyond the scope of this work.

329 Sequence and structural analyses of ULPs in wild and domesticated rice

330 The catalytic domains of ULPs have crucial catalytic sites (HxDxC), which are important for
331 deSUMOylation (Kurepa et al., 2003). We identified the protein domains in the representative
332  ULP candidates (identified from pan-genes) using InterProScan and assessed the predicted
333 disordered regions via metapredict (Emenecker et al., 2021). Disordered regions are indicated
334 by lighter blue shades (values close to 1), and the more ordered regions are shown in darker
335  blue (Fig. 3a). The ULP catalytic domains are typically located closer to the C-termini of the
336  proteins (Fig. 3b). There are overlapping homologous superfamilies of other domains such as
337  Papain-like cysteine peptidase superfamily (IPR038765), which are shown in light purple (Fig.
338 3b). These ordered regions align with the ULP1 protein domains as suggested by InterProScan,
339  suggesting that there are potential functional domains in these ULPs at the C-termini as

340 expected.

341 The length of candidate ULPs varies across the species. RPRP genomes have relatively
342  longer ULP protein sequences (Fig. 3¢), also indicating larger protein structures than wild rice.
343 The lengths of the ULP domains are similar amongst all species and varieties (Fig. 3d);
344  however, the location of ULP domains within the proteins is variable (Fig. 3e). In yeast, there
345  aretwo types of ULPs. The ScULP1 and ScULP2 have their domains located at C-terminus and
346 in the middle of the protein, respectively. This feature seems to be conserved in Arabidopsis
347  and rice as there are two populations of ULP locations on proteins (Fig. 3e). In rice, however,
348  the majority of ULPs have their domains located at the C-terminus (Fig. 3b & 3e). The protein
349  domain composition and disorder region predictions for all ULPs are presented in Fig. S7. We

350 also display the chromosomal locations of all ULPs within the RPRP set in Fig. S8,
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351 demonstrating that most ULPs are consistently located on chromosomes across genomes,

352  with some exceptions.

353 To assess whether the identified ULPs could potentially function as SUMO protease, we
354  used Alphafold2 to predict the structures of the representative RPRP ULP representative
355  proteins and all ULPs in wild rice. We measured the distances between the three residues that
356 form the ULP catalytic site and compared them to the known ULP catalytic distances from
357  (ScULP1, ScULP2, AtOTS1, AtOTS2, AtELS1, AtELS2, AtEDS4, AtFUG1, AtSPF1, AtSPF2, OsOTS1,
358 and OsOTS2). Protein structures of RPRP ULPs that exhibited incorrect catalytic site
359 conformations at the catalytic site, potentially impairing enzymatic activity or substrate
360 binding, were excluded from the list (Fig. $3). The catalytic sites of ScULP1, AtOTS2, OsOTS2,
361 and Os_nFUG1 are shown in Fig. 4a-d. The average catalytic distances (angstrom, A) between
362 HandDis 9.22, Hand Cis 6.39, and D and C is 7.91 (Fig. 4E, Table S4). The catalytic site
363  distances in the pan-gene representatives (New) and wild rice (Wild) were similar and not
364  significantly different from the known ULP reference distances (Fig. 4e), suggesting likely
365 SUMO protease activity. However, the D to C distances showed slight variations from the
366 references, suggesting some possible differences between wild and domesticated rice (Fig.

367 de).

368 Transcriptomics evidence of novel ULPs in O. sativa Japonica

369 To evaluate the expression of the identified ULPs, we examined their transcript levels using
370 datafrom the plant RNAseq database (Yu et al., (2022): https://plantrnadb.com/ricerna/). We
371 retrieved the FPKM expression values for the identified ULPs (RGAP models) from RNA-seq
372  data across 631 samples of shoots, leaves, and roots under normal conditions (Table S5).
373  These values were then scaled (z-score) for within-ULP comparison (Fig. 5a), and the z-scores
374  for the three tissues were averaged (Fig. 5b). Hierarchical clustering reveals distinct tissue-
375  specific expression patterns, highlighting the differential regulation of genes in the three rice
376  tissues. Notably, several genes were predominantly expressed in the shoot, while
377 LOC_0s07g32090 (OsULP43c), LOC_0s04954670 (OsULP44a), LOC_Os12g36580 (OsULP40d),
378 and LOC_0s09912480 (OsULP45a) exhibited relatively higher expression in the roots (Fig. 5a-
379 b). To compare gene expression levels between ULPs, we scaled FPKM values across all the

380  ULPs withinthe RNA-seq data. The ULPs that exhibited high expression across all three tissues
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381 under normal conditions include LOC 0s12g01290 (OsULP36), LOC 0s06g29310 (OsOTS1),
382 LOC_0s019g25370 (OsELS1), LOC 0Os05g11770 (OsSPF1), LOC_0s03g22400 (Os_cFUG1),
383 LOC_0s11g01180 (OsULP37a), LOC 0Os11g10780 (Os_nFUG1), and LOC_0s12g41380
384  (0sOTS2). In contrast, another known ULP, LOC _0s03g29630 (OsELS2), displayed relatively
385 lower expression, but its expression level still remained close to the mean (z-score = 0) (Fig.

386  S9a).

387 OTS1 and OTS2 have been shown to respond to salt and drought stress in both
388  Arabidopsis and rice (Srivastava et al., 2017, 2018). Additionally, both OTS proteins play roles
389 in bacterial pathogen responses in Arabidopsis (Bailey et al., 2016). To determine if other
390 identified rice ULPs also respond to selected abiotic or biotic stresses, we assessed RNA-seq
391 datafrom treatments including salt (148 samples), drought (188 samples), heat (54 samples),
392 nematodes (Meloidogyne graminicola, Hirschmanniella), mycorrhizal fungi and Rice Stripe
393  Virus (RSV) infection (105 samples), and ABA (45 samples), along with their respective
394  controls (Tables S6-S10, Fig. S9).

395 Overall, the highly expressed ULPs demonstrated responsiveness to the abiotic
396 stresses (Fig. 5¢). Under salt conditions, we observed significant up-regulation (Wilcoxon’s
397 test, p-value < 0.05) of LOC 0s01g25370 (OsELS1), LOC 0s06929310 (OsOTS1),
398 LOC _0s11g10780(0s_nFUG1),and LOC_0s03g22400 (Os_cFUG1). Under drought conditions,
399 LOC 0s01g25370 (OsELS1) and LOC 0s11g10780 (Os_nFUG1) were up-regulated, similar to
400 their response under salt treatment. In contrast, LOC_0s06g29310 (OsOTS1) was significantly
401 down-regulated. Heat stress significantly up-regulated LOC 0s01g25370 (OsELS1),
402 LOC_0s03g29630 (OsELS2), LOC_0s10g33450 (OsULP35), LOC_0Os11g10780 (Os_nFUG1), and
403 LOC 0s12g41380 (0sOTS2). On the other hand, heat stress caused the significant down-
404  regulation of LOC 0s12g01290 (OsULP36) and LOC 0s06g29310 (OsOTS1). Under ABA
405 treatments, a central phytohormone involved in responding to abiotic stresses, we observed
406  significant upregulation of LOC 0s01g25370 (OsELS1), LOC 0Os11g10780 (Os _nFUG1),
407 LOC_0s12g41380 (0OsOTS2), and LOC_0s059g11770 (OsSPF1). In contrast, LOC_0s06g29310
408 (0OsOTS1) and LOC 0s11g01180 (OsULP37a) were down-regulated.

409 Under biotic stress condition, only OsOTS2 showed significantly up-regulation under
410 the nematode/fungi/virus infection (Fig. 5c, Table S6-S10). In addition, three ULPs
411  (LOC 0s10g06910, LOC 0s09g08440, and LOC 0s02g27280), which are ULP-domain
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412  conserved across RPRP pan-genome but exhibit low or zero expression levels in the other
413  stresses, showed slightly increased transcription under the pathogen infection. This suggests

414  that these ULPs may be involved in biotic stress responses.

415 Discussion

416 ULPs are one of the key components in SUMOylation process because of their dual
417  functions in maturing SUMO proteins and cleaving SUMOylated proteins (Yates et al., 2016).
418 In O. sativa Japonica Nipponbare, the identification of ULPs has been previously reported,
419  with some speculation of the ULP expansion during domestication (Yates et al., 2016;
420 Srivastava et al., 2016; Garrido et al., 2018). However, previous methods used relatively
421 simple sequence-based analysis to determine the count of ULP genes/proteins. In this study,
422  we greatly expanded on previous research by taking a multi-pronged approach, including
423  sequence searching, domain identification, phylogenetics and structural bioinformatics to
424  validate the presence of the specific protease active site. We explored the ULP gene/protein
425 set within the IRGSP RefSeq, and within a population-aware pan-genome set (RPRP),
426  demonstrating that the family expansion (compared to model organisms) is consistently
427  observed in multiple varieties. We also observed within the pan-genome analysis that ULP
428  proteins are commonly found with single or low occupancy (cloud genes) across the pan-
429 genome, which tends to be indicative of genes under selective breeding pressure. The pan-
430 gene set analysis of the RPRP genomes also identified particular protein domains as
431  invariable, partially variable and highly variable across the pan-genome (based on the mean
432 domain occupancy being <10, across 16 genomes) — with the highly variable domains
433  characterised by those involved in biotic stress responses (like NB-ARC and LRR) (Contreras-
434  Moreira et al., 2025). The ULP protease domain falls into the highly variable domain, as the
435 mean domain occupancy is 5.94, with an enrichment of single copy genes (present in only one

436 genome).

437 The count of ULP genes in cultivated rice is higher than wild rice. The rice IRGSP RefSeq
438 contains 45 ULPs, and the RPRP genomes (representing the genetic diversity of Asian rice)
439  have ULP counts ranging between 32-39. The higher count in the IRGSP RefSeq might be due
440 the presence of a larger number of genes called from the three sets (RAP-DB, RGAP and

441  Gramene), compared to a single gene model set in the RPRP genomes.
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442 In contrast, wild rice species have a broader range with ULP numbers ranging from 9-
443 36 ULPs. O. puntata is an African wild rice species, considered as a weed (Wirjahardja et al.
444  (1983), and contains the highest number of ULP (36) among wild rice. O. puntata is classified
445  as BB genome, which is distantly related to RPRP rice (AA genome type). This indicates a
446  divergence of ULP expansion in Oryza relatives. Interestingly, O. punctata is regarded as
447  having pathogen-resistant traits and hence has been explored for breeding with cultivated

448  rice varieties (Jena et al., 2016).

449 Asian rice was cultivated about 9000 years ago between two wild rice species: O.
450 rufipogon and O. nivara (Fornasiero et al., 2022). Over time, beneficial traits such as grain
451  quality, stress and pathogen resistance were selected through the breeding process
452  (Hernandez-Soto et al., 2021). Genes inherited from these wild ancestors have been identified
453  as domestication-associated genes (Jing et al., 2023). Os_cFUG1 is one of the domesticated
454  genes derived from O. rufipogon (Jing et al., 2023). However, our phylogenetic analysis of the
455  ULPs suggests that Os_cFUG1 is more closely related to ELS-type and the protein sequence is
456  identical to the O. nivara orthologue. Based on this observation, we propose a novel OsFUG1
457  (0s11g0214001,L0C_0s11g10780) and OsELS3 (renaming the current OsFUG1; Os03g0344300,
458 LOC_0s03g22400). In addition, the SUMO-conjugating enzyme OsSCEla was identified as a
459  key regulatory protein in 9YJ30 rice breeding (Yuan et al., 2025). The 9YJ30-F, hybrid was
460 obtained from backcrossing between F1 (a hybrid from a wild rice O. rufipogon, Yuanjiang
461 rice, and an elite O. sativa indica, 93—11 line) with 93—11 (parent). OsSCE1la has been shown
462  to associate with functional “stay-green” traits and growth duration in this 9YJ30-F; rice (Yuan
463 et al., 2025). These findings highlight the importance of SUMOylation processes and their

464 likely selection during rice domestication.

465 The public transcriptomic data analysis revealed gene expression patterns of the
466 identified ULP in three main tissues of rice: leaves, shoots and roots (Fig. 5). The highly
467  expressed ULPs have domain occupancy generally in at least 15 out of 16 of the pan-genome
468  set. However, another highly expressed ULP, LOC_0s12g01290, with 8 domain occupancy, is
469 found in Tempjap, Tropjap, Aro, and Aus rice varieties but not in Indica varieties except
470  Oslima. This gene, however, has an unclear gene model, making it uncertain whether any of

471  the source models are accurate (Fig. $10). Given the evidence of transcription, further
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472  investigation, including gene cloning, protein expression and SUMO protease assays, will be

473 necessary.

474 SUMOylation modifies proteins, e.g. transcription factors, to regulate their functions
475  (promote or inhibit) during stress responses (Han et al,. 2017). For example, SUMOylation of
476  therice DELLA protein SLR1 at lysine 2 has been found to modulate transcriptional responses
477  and improve yield under salt stress (Fernandes et al., 2024). SUMO proteases, on the other
478  hand, works oppositely, by deSUMOylating the target proteins (e.g. transcription factors) and

479  resetting the system.

480 Five ULP genes from our list: 0s03g0365250 (LOC_0s039g24960), Os03g0365200
481  (LOC_0s5039g24990), Os04g0583400 (LOC_0s04g49394), Os10g0474000 (LOC_0Os10g33450),
482 and 051090388600 (LOC_0s10g24954) (Table 1) were identified as salt-related candidate
483 genes from comprehensively integrating quantitative trait loci (QTL) and transcriptomic
484  analyses of salt treatments in O. sativa whole seedings, excluding root samples (Phosuwan et
485 al.,, 2024), suggesting functions of these proteases under salt stress. However, their
486  transcription levels were low in our list of RNA-seq datasets (Fig. S9b), possibly due to the
487  temporal induction of gene expression. In contrast, the two known salt-responsive proteins
488  0sOTS1 (0s06g0487900) and OsOTS2 (0s12g0606900) were not included in their list because
489 these proteins are expressed and responsive to salt exclusively in roots (Srivastava et al.,

490  2017). This highlights the tissue specificity of ULPs in O. sativa.

491 OTS1 and OTS2 act as negative regulators of salicylic acid (SA) signalling in Arabidopsis
492  when challenged with the bacterial pathogen Pseudomonas syringae (Bailey et al., 2016).
493  During P. syringae infection, SA accumulation induces the degradation of OTS1 and OTS2
494  proteins. Once the infection is managed, the levels of OTS1 and OTS2 proteins are restored
495 to regulate the expression of ISOCHORISMATE SYNTHASE1 (ICS1) to prevent excessive
496 responses to the pathogen (Bailey et al., 2015). We also observed significant upregulation of
497  0OsOTS2 transcripts but non-significant upregulation of OsOTS1 in rice infected with
498 nematodes, fungi, and viruses (Fig. 5c). This suggests that OsOTS2 may be upregulated to
499  restore protein levels after overcoming the infection. However, we observed upregulation of
500 other ULPs (Fig. 5¢), which, although not statistically significant, may still play a role in the

501 pathogen defence mechanism.
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502 In conclusion, our analysis identified 45 ULPs in O. sativa. We also characterised ULPs
503 in wild and RPRP rice at the pan-genomic level, providing evidence of potential functional
504  ULPs and their transcript expression. Additionally, our study offers insights into the role of
505 these ULPs in response to abiotic and biotic stresses. Experimentally characterising the
506 deSUMOylation function of these novel ULPs using a SUMO protease assay (Srivastava, Zhang,
507 & Sadanandom, 2016) and identifying their target proteins will be crucial for understanding
508 their specificity. Finally, the novel ULPs identified in this study could serve as valuable targets

509 for future rice breeding and other crop improvement.
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528  Fig. 1 Occupancy of ULP-domain in RPRP genomes. 101 Pan-gene ids of ULP genes are shown
529 inrows, and the groups of RPRP rice are separated by columns (Tempjap, Tropjap, Aro, Aus,
530 and Indica, respectively). The pan-gene clusters are separated by the presence of ULP
531 domains amongst 16 populations (domain occupancy). Colours show classification of the
532  genes, ranging from the darkest blue to white if there are ULP domains and correct catalytic
533  sites (Dom + Cat), only ULP domains (Dom), no ULP domains (no_Dom), and no genes (NA) in

534  the pan-gene cluster.
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Fig. 2 Expansion of ULP in rice. a) Count of ULP encoding genes (ranked by count) in yeast,

Arabidopsis, cutgrass (L. perrieri),

wild

rice (0. brachyantha, O. glumipatula, O.

longistaminata, O. nivara, O. punctata, O. rufipogon), African rice (O. barthii, O. glaberrima)

and O. sativa RPRP genome set: Aro (OsARC), Indica (OsGoSa, OsIR64, OsKYG, OsLaMu,

OslLima, OsLiXu, OsMH63, OsPr106, and 0sZS97), Aus (OsN22, OsNaBo), Tropical Japonica or

Tropjap (OsAzu, OsCMeo, OsKeNa), Temperate Japonica or Tempjap (ISRGP RefSeq). b) ULP

tree of all species. The tree was constructed by Neighbour Joining (NJ) with 1000 bootstraps.

Annotation strips show () gene ids, (ll) species, (Ill) subclusters as also represent by numbers.

See the order of ULPs of the phylogenetic tree in Table $3. c) Sub-cluster of ULPs (clusters 1-

15), showing a potential novel OsFUG1 (Os_nFUG1) and the known ULPs in rice: OsOTS1,
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555  position on the ULP proteins. Colours in species annotation bar and Figs c and d represent
556  species; S. cerevisiae, A. thaliana, L. perrieri, wild rice, African rice, and MAGIC16 rice (which
557 includes Temperate Japonica; Temjap, Tropical Japonica;Tropjap, Aro rice, Aus rice, Indica

558 rice).
559
560
561
562
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565  Fig. 4 Protein structures predicted by ColabFold of a) ScULP1, b) AtOTS2, c¢) OsOTS2 and d)
566 Os_nFUGL. e) The lengths (angstrom, A) between the three catalytic sites (amino acids) of
567  known ULPS (ScULP1, ScULP2, AtOTS1, AtOTS2, AtELS1, AtELS2, AtEDS4, AtFUG1, AtSPF1,
568  AtSPF2, OsOTS1, OsOTS2). Sc: S. cerevisiae, At: A. thaliana, Os: O. sativa with novel ULPs in
569 domesticated (New) and wild (Wild) rice. Statistical analysis was done with non-parametric

570  Wilcoxson’s test and p-values are shown.

571
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Fig. 5 Transcriptomic evidence of the novel ULPs in O. sativa Japonica Nipponbare. a) A total
631 publicly available RNA-seq dataset of O. sativa leaves (315), shoots (116), and roots (200)
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statistically compared using Wilcoxon’s test. Significance levels were indicated as follows: p <
0.05 (*), p <0.01 (**), p £0.001 (***), and p < 0.0001 (****). Only the conditions that have

gene expression (FPKM > 0) in over 50% of the samples were included in the statistical test.
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587 Supplementary Fig. 1. Multiple sequence alignment shows the catalytic sites of well
588 characterized ULPs (SUMOylation) that distinguished from UBPs (Ubiquitination) in A.
589 thaliana. The protein sequences of UBPs and ULPs were aligned (MUSCLE) and visualised in
590 Jalview. The catalytic sites of ULPs and UBPs are highted in red. ULPs have HxDxC while UBPs
591  have CxQxLxH forming catalytic sites (Zhou et al., 2017).
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593  Supplementary Fig. 2 ULP identification workflow Identification of ULPs by sequence-base
594  and validation by structure-base searches in 2 rice reference genomes. Known ULP sequences
595 from yeast and Arabidopsis were queried to BLASTP and TBLASTN searches in two O. sativa
596 reference genomes (RAP-DB and RGAP). The significant sequence hits (e-value < 0.05) from
597  BLAST results were scanned by InterProScan and only the sequences with ULP domains were
598 retained. The ULP domain containing proteins were also obtained from the annotations RAP-
599 DB and RGAP. The ULP candidates from sequence-base searches were aligned to known ULPs
600 from yeast and Arabidopsis using MUSCLE and only the sequences with the right catalytic sites
601  were carried on. We then searched for the ULPs orthologs in RPRP genomes and wild rice
602  populations, using similar steps and cut offs; BLASTP and InterProScan. The proteins with ULPs

603  catalytic domains were aligned with known ULPs from yeast and Arabidopsis. Lastly, the
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representative ULPs from pan-gene clusters and all identified ones in wild rice had protein 3D

structures predicted, and the ones with correct catalytic areas were retained.

0s4530.POR.1.pan1034806 -
0s4530.POR.1.pan1033362 =
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Supplementary Fig. 3. 131 Pan-gene clusters of genes that harbour ULP domains and catalytic

sites. The individual clusters were aligned by using three MSA tools (MUSCLE, MAFFT, and

ClustalOmega) with known ULPs of yeast and Arabidopsis. The total number of genes that

have correct catalytic sites are shown are also illustrated by the gradient of blues. The pan-

gene clusters are separated by the “genome occupancy” within the RPRP populations. The
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611 pan-gene clusters for which their protein structure (AlphaFold) suggests wrong catalytic sites
612  are underlined.

613
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616  Supplementary Fig. 4 Multiple sequence alignments of a) OsOTS1 and b) OsELS1 pan-genes.
617 The protein sequences were aligned using MUSCLE v5 and visualised in Jalview. The catalytic

618 sites are indicated by red boxes.
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Supplementary Fig. 5 MSA of AtELS1/2, Os_cFUG1, AtFUG1, and Os_nFUG1 (RAP-DB and
Gramene). The protein sequences were aligned using MUSCLE v5 and visualised in Jalview.
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626  Supplementary Fig. 6. a) Cluster 26 showing the cluster of Os_cFUG1 b) Os_cFUG1 protein
627  sequence alignment with its orthologues in O.nivara and O.rufipogon. The protein sequences

628  were aligned with MUSCLE and two mismatches were highlighted in red boxes.
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630  Supplementary Fig. 7. All ULP protein domains architecture. a) Disorder regions prediction by
631 metapredict. Scores are ranging from 0 to 1 (light blue) which indicates disorder regions. b)
632  Protein domains identified by InterProScan. The ULP proteins are ordered by the gene tree in
633  Fig. 3 .c) The length (amino acids) of ULPs. d) The length of ULP domains (amino acids). E) the
634  ULP domains position on the ULP proteins. Colours represent species; S. cerevisiae, A.
635  thaliana, L. perrieri, wild rice, African rice, Temperate Japonica (Temjap), Tropical Japonica

636  (Tropjap), Aro rice, Aus rice and Indica rice.
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Supplementary Fig. 8. Genomic location of ULPs in RPRP rice population.
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Supplementary Fig. 9. Transcriptomic
evidence of the novel ULPs in O. sativa
Japonica Nipponbare. a) A total 631
publicly available RNA-seq datasets of O.
sativa leaves (315), shoots (116), and
roots (200) showing tissue-specific
patterns of the novel ULPs. The FPKM
values were scaled by RNA-seq (z-score by
row) then clustered by tissues (row) and
within the domain occupancy groups (1-
16). b) The FPKM values of all ULPs under
control (blue) and 5 stress treatments
(red): salt (148), drought (188), heat (54),
ABA (45), and nematode/fungi/virus
infection (105). See RNA-seq details in
Table S6-10. The mean FPKM values
between control and stress conditions
were  statistically compared using
Wilcoxon’s test. Significance levels were
indicated as follows: p < 0.05 (*), p <0.01
(**), p < 0.001 (***), and p < 0.0001
(****). Only the conditions that have gene
expression (FPKM > 0) in over 50% of the
samples were included in the statistical
test.
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