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Supplementary Methods 

PLATE-Seq 
Plasmid(s) from individual wells of 96-well plates were amplified by PCR using a plasmid-specific forward 
primer and position-specific reverse primer, consisting of a position-specific barcode and TruSeq 3’ 
sequencing adapter. The reverse primer for Gateway entry clones was comprised of the following: TruSeq 
3’ adapter (5’ GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 3’), two random bases (5’ NN 3’), 
seven nucleotide long position-specific barcode, and entry-clone specific M13G reverse (5’ 
CAGAGATTTTGAGACAC 3’). The reverse primer for Gateway AD clones was comprised of the following: 
TruSeq 3’ adapter (same as above), three random bases (5’ NNN 3’), seven nucleotide long position-
specific barcode, barcode to denote the plasmid as an AD-construct (5’ CACA 3’), and AD-clone specific 
reverse (5’ CAGAGATTTTGAGACAC 3’). The reverse primer for Gateway DB clones was comprised of the 
following: TruSeq 3’ adapter (same as above), three random bases (5’ NNN 3’), seven nucleotide long 
position-specific barcode, barcode to denote the plasmid as a DB-construct (5’ CGTC 3’), and DB-clone 
specific reverse (5’ CAGAGATTTTGAGACAC 3’). All primers can be found in Supplementary Dataset 1. 

Tn5 transposase was purified as described previously1. Double-stranded DNA to load into Tn5 enzyme was 
generated by annealing two oligos: /5Phos/CTGTCTCTTATACACATCT and a plate-specific oligo. Each 
plate-specific oligo consisted of the following sequences: TruSeq 5’ adapter (5’ 
TCTTTCCCTACACGACGCTCTTCCGATCT 3’), three random bases (5’ NNN 3’), seven nucleotide long 
plate-specific barcode, Tn5 mosaic sequence (5’ AGATGTGTATAAGAGACAG 3’). Annealing was 
performed by heating equimolar ratios of oligos in the presence 50mM NaCl at 95°C for 5 minutes, followed 
by slow-cooling of the mixture at room temperature. Purified Tn5 enzyme was mixed with the annealed 
product and kept at room temperature for 30 minutes to allow DNA loading.  

Because efficiency of cluster formation and amplification during sequencing is restricted by size, the Tn5 
tagmentation was optimized to yield fragments from 300 to 1000 bp appropriate for the Ilumina MiSeq 
platform. Each tagmentation reaction was performed using pre-loaded Tn5 generated above in HEPES 
buffer (10mM HEPES-KOH, 5mM MgCl2, 10% v/v DMF) at 55°C for 20 minutes. To stop the reaction, SDS 
(0.04% final) was then added and incubated at room temperature for 7 minutes. Reaction products were 
purified by PCR purification columns (Qiagen). 

Finally, purified and tagmented products across multiple 96-well plates were pooled and subjected to low 
7-cycle enrichment PCR. Primers used were forward 5’ AATGATACGGCGACC
ACCGAGATCTACACTCTTTCCCTACACGACGC 3’ and reverse 5’
CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTG 3’. Next, PCR products were
purified using 0.6X AMPure XP beads (Beckman Coulter). Lastly, purified DNA was sequenced paired-end
on Illumina MiSeq.

Plant material, stress treatments, sampling and RNA preparation 
We used the rice cultivar Kitaake (Oryza sativa L. ssp. japonica) for tissue sampling and RNA preparation. 
To get the maximum coverage of the transcriptome, tissue samples were collected from different stages of 
development and in response to biotic and abiotic stress treatments. The developmental tissues including 
mature leaf, flag leaf, leaf sheath, stem nodes, stem internodes, 0-3 cm panicles, 3-15 cm panicles, mature 
panicles before anthesis, developing seeds at 0 days and 15 days after anthesis and, mature seeds were 
collected from greenhouse-grown plants. Two-week-old seedlings grown separately under light and dark 
conditions in a growth chamber were also sampled.  

For cold stress treatment, two-week-old rice seedlings were exposed to decreasing temperatures from 15°C 
to 10°C and then 5°C for 24 hours. Leaf tissue was harvested after each treatment. For water deficit stress, 
two-week-old rice seedlings were gradually subjected to 75, 50 and 25% water deficit stress and samples 
were collected at each treatment. For salt stress treatment, two-week-old seedlings were subjected to 
increasing levels of salinity (50 mM, 100 mM and 150 mM) for 24 hours and leaf tissue was collected after 



17 

every treatment.  For submergence stress, three-week-old seedlings in soil containing pots were completely 
submerged in plastic tanks filled with water and leaf tissue was harvested at 0-, 1- and 6- days post 
submergence. For pathogen inoculation, plants were grown in pots in a greenhouse for five weeks and then 
transferred to a growth chamber (14 h daytime period, 28/26°C temperature cycle and 90% humidity, light 
intensity 100 μmol m−2 s−1). Five to six-week-old plants were inoculated with bacterial suspension (OD600 
0.5) of Xanthomonas Oryzae pv. Oryzae strain PXO99 (Philippine race 6) using scissors-dip method2. The 
leaf tissues were sampled 0-, 1- and 4-days post inoculation.  

All tissue samples were flash frozen in liquid nitrogen and stored at -80°C for RNA extraction. Total RNA 
was extracted from each tissue sample using TRIzol reagent (Invitrogen, CA), treated with DNase I 
(Ambion) and purified using Macherey-Nagel Nucleospin RNA II kit (Macherey‐Nagel, Duren, Germany) as 
per manufacturer's protocol. Purified RNA was quantified using a NanoDrop ND‐100 spectrophotometer 
(Thermo Scientific) and equal quantity of RNA from different developmental stages and stress treatments 
was pooled in one tube for cDNA synthesis. 

Construction of the O. sativa open reading frame library (ORFeome) 
To construct a first draft ORFeome for rice that covered a manageable portion of the O. sativa genome, we 
first used RiceNet3,4 to prioritize a subset of rice genes to clone. RiceNet leverages a combination of co-
expression, domain co-occurrence, protein-protein interaction, genetic interaction, and phylogenetic profile 
similarity features to report a likelihood that pairs of genes share a functional association. Using a loose 
likelihood threshold, we identified 3,269 genes with predicted association with a seed set of 89 genes 
previously associated with biotic or abiotic stress tolerance3,5. The 89 seed genes and predicted 
associations are reported in Supplementary Dataset 2. 

A single representative ORF was selected for each prioritized gene and the pairs of primers listed in 
Supplementary Dataset 3 were designed to clone each ORF. To ensure maximum coverage of the 
prioritized O. sativa ORFs, RNA was isolated from a wide range of rice plant parts (e.g. leaf, stem, nodes, 
roots), at different developmental stages, and at various stress conditions (e.g. light, dark, cold-stress, salt-
stress, drought-stress) as described above and detailed in Supplementary Dataset 4. RNAs were 
converted to cDNAs and used as templates to append Gateway attB1 and attB2 cloning sites to flank the 
start and stop codons, respectively, using ORF-specific PCR. Amplicons were cloned by Gateway BP 
reactions into entry vector pDONR223 and transformed into bacterial carrier DH5α.

As the BP cloning procedure might inadvertently introduce unwanted PCR artifacts into the entry vectors, 
we manually picked 2 bacterial transformants per entry clone and verified their identities by PLATE-seq. 
Only validated clones were retained in the O. sativa ORFeome. In cases where duplicate clones were 
detected, the clone with stronger sequencing evidence was retained. 

Yeast two-hybrid (Y2H) 
Y2H experiments were carried out as previously described by us and other groups6-11. In brief, O. sativa 
ORFs in entry vectors pDONR223 were first cloned into pDEST AD and DB destination vectors using 
Gateway LR reactions to generate N-terminal ORF fusions. We refer to these expression clones as AD-Y 
and DB-X. All AD-Y and DB-X expression clones were then transformed into Y2H Saccharomyces 
cerevisiae strains MATa Y8800 and MATα Y8930 (genotype: leu2-3, 112 trp1-901 his3Δ200 ura3-52 gal4Δ 
gal80Δ GAL2::ADE2 GAL1::HIS3@LYS2 GAL7::lacZ@MET2 cyh2R), respectively. Next, we screened for 
autoactivators by individually mating each DB-X strain with a MATa Y8800 strain carrying the empty pDEST 
AD destination vector. To identify AD autoactivators, we mated each AD-Y strain with a MATα Y8930 strain 
carrying empty pDEST DB destination vector. After allowing the yeast to mate on yeast extract peptone 
dextrose (YEPD) (1% yeast extract, 2% bactopeptone, 2% glucose, 0.45mM adenine sulfate) 2% agar 
plates at 30°C overnight, yeast were replica plated onto synthetic complete 2% agar plates without leucine 
and tryptophan (SC+Ade–Leu–Trp+His) and incubated at 30°C overnight to select for diploids with both 
pDEST AD and DB vector backbones. Finally, diploids were replica plated onto synthetic complete 2% agar 
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plates with 1mM 3-amino-1,2,4-triazole (3AT) and without leucine, tryptophan, and histidine (SC+Ade–Leu–
Trp–His+1mM 3AT). Plates were incubated at 30°C for 3-5 days. Any AD-Y or DB-X that grew on SC+Ade–
Leu–Trp–His+3AT were scored as autoactivators. We excluded autoactivators from all further screenings.  

Thereafter, we performed the first round of testing (called phenotyping I) by mating each unique DB-X with 
individual mini-pools of 188 unique AD-Y on YEPD 2% agar plates. We selected for diploids by replica 
plating onto SC+Ade–Leu–Trp+His. To select for positive interactions, we performed the Y2H screening by 
replica plating the diploids onto SC+Ade–Leu–Trp–His+3AT and incubating at 30°C for 4 days. We used 
sterile toothpicks to pick and inoculate all positives into liquid SC+Ade–Leu–Trp+His to keep the yeast in 
the diploid state.  

Next, all yeast colonies picked from phenotyping I were individually subjected to another round of Y2H 
testing called phenotyping II. Here, all picked colonies were spotted directly onto 2% agar plates of 
SC+Ade–Leu–Trp–His+3AT and SC–Ade–Leu–Trp+His. Plates were incubated at 30°C for 4 days. 
Positives from this round of screening were picked into liquid SC+Ade–Leu–Trp+His to keep the yeast in 
the diploid state.  

Positive yeast picked from phenotyping II were subject to extraction of plasmid DNA by lysis using 
zymolyase enzyme (Seigakaku Corporation). Cell and enzyme were incubated at 37°C for 45 minutes and 
then at 95°C for 10 minutes. The identities of DB-X and AD-Y were determined by PLATE-seq.  

Finally, for every AD-Y and DB-X interaction candidate identified by PLATE-seq, we performed pairwise 
Y2H testing of each identified pair. This was done by first mating each individual AD-Y with the DB-X 
putative interaction partner on YEPD plate at 30°C overnight. Then, diploids were selected by replica plating 
onto SC+Ade–Leu–Trp+His plate and incubating at 30°C overnight. Finally, diploids were selected for 
interaction-positive cells by replica plating onto SC+Ade–Leu–Trp–His+3AT and SC–Ade–Leu–Trp+His 
plates and incubating at 30°C for 4-7 days. To identify de novo autoactivators (autoactivators that likely 
arise from accumulation of random mutations during the screening process), we concurrently mated each 
DB-X with a MATa Y8800 strain carrying the empty pDEST AD destination vector. Afterwards, we followed 
the same procedure as during the first autoactivator-detection screen. All identified de novo autoactivators 
were removed from the screens. Thus, at the conclusion of the pairwise Y2H phase, we were able to 
definitively identify and verify all interacting AD-Y and DB-X while controlling for all de novo autoactivators.  

PLATE-seq data analyses 
Downstream analysis of PLATE-seq sequencing results was performed in order to determine the identity 
and positions of all clones sequenced. First, computational deconvolution of the sequencing data was 
performed to group reads according to their original location. For each paired read, the position- and plate-
specific barcodes were identified from R2 and R1 respectively. For pooled sequencing of Y2H interaction 
candidates, an additional barcode for distinguishing AD-Y clones from DB-X clones was included on R2. 
After reads were grouped by location, the identifies of any ORFs present in each well were determined 
through BWA alignment (BWA version 0.7.12-r1039). The reference index was created from a list of 
predicted O. sativa ORF sequences using bwa index [reference]. Alignments were generated using bwa 
mem -a -t 12 [reference] [query] > [output]. In cases where multiple alignments were reported from one 
read, either the highest quality alignment was retained, or in cases of a tie, the read count was split equally 
among all alignments. The final output from the initial deconvolution provided read alignment counts for all 
ORFs detected per well. 

These alignment counts were then processed uniquely depending on the sequencing application. For 
sequence verification and selection of clones to be included in the ORFeome, wells were first filtered to 
eliminate empty wells or wells containing multiple ORFs. Wells containing fewer than 50 reads in total or in 
which the most prevalent ORF represented fewer than 20% of the aligned reads in the well were removed. 
Additionally, any wells where the most prevalent ORF was detected in the reverse orientation were 
removed. The identities of each well were then called based on the most prevalent ORF. In order to retain 
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only the highest quality single-isolates in the final ORFeome, in cases where multiple sequenced clones 
matched the same ORF, the isolate with the highest quality was retained. 

For detection of candidate Y2H interactions in the pooled sequencing setup, criteria were loosened in order 
to minimize false negatives. ORF alignment counts per-well were obtained as described above and used 
to define two sets of potentially present ORFs; one for AD-Y ORFs and one DB-X ORFs for. Any ORF that 
had at least 50 aligned reads in total and represented at least 20% of the well was retained in these sets. 
To avoid dropping “empty” wells the majority ORF for each AD-Y and DB-X was retained regardless of the 
total number of aligned reads. All pairwise combinations of these detected AD-Y and DB-X ORFs were 
reported as putative interactions to be verified independently by follow-up Y2H. 

Bimolecular fluorescence complementation (BiFC) 
BiFC assays were performed using onion infiltration. Vectors used were Gateway-compatible constructs 
pSAT4-DEST-N(1-174)EYFP-C1 (CD3-1089), pSAT4A-DEST-N(1-174)EYFP-N1 (CD3-1080), pSAT5-
DEST-C(175-end)EYFP-C1 (CD3-1097)  and pSAT5A-DEST-C(175-end)EYFP-N1 (CD3-1096) and were 
acquired from the Arabidopsis Biological Resource Center (ABRC) and described previously12. To allow 
these plasmids to replicate in Agrobacterium, the pSa origin-of-replication from pGREENII-0179 was 
inserted adjacent to the E. coli origin-of-replication.  

We selected seven high confidence protein pairs from our yeast two-hybrid screen and cloned each ORF 
into the four modified pSAT vectors using an LR recombination reaction. After, expression clones were 
transformed individually into Agrobacterium strain GV3101 carrying the pSOUP helper plasmid. Liquid 
cultures were grown from selected agrobacteria colonies and used to infiltrate onion as described by Xu et 
al.13. In brief, the agrobacteria were pelleted by centrifugation and resuspended into the complete 
resuspension buffer recommended by Xu et al. Each culture was then diluted to an OD600 of 0.1. For each 
interaction pair, we then prepared eight mixtures representing all possible interaction orientations by 
pipetting equal volumes of the appropriate Agrobacterium strains into new tubes. Next, we infiltrated 
approximately 100-200 µL of the Agrobacterium mixtures as described by Xu et al. We then incubated the 
samples in the dark at 28oC for 3-4 days before performing confocal microscopy on epidermal peels taken 
from the onion samples. 

Confocal images were collected on a Leica TCS-SP5 microscope (Leica Microsystems, Exton, PA USA) 
using a 20X water immersion objective. YFP was excited with the blue argon ion laser (488 nm), and emitted 
light was collected between 525nm and 595nm. Three images of each sample were taken at random 
locations on each sample with no changes made to the instrument settings between images or samples 
except for adjusting the focus. Bright field images were collected simultaneously with the fluorescence 
images using the transmitted light detector. Images were processed using Leica LAS-AF software (version 
3.3.0) and fluorescence was quantified using ImageJ (version 1.51n). Reported values are a ratio of the 
absolute fluorescence measured for each sample relative to the positive control. The positive control used 
for comparison was the AtABI1-AtOST1 strong interaction and the negative control used was AtOST1-
AtOIP26 as previously reported14.  

Rice Expression Analysis 
In order to determine whether interacting rice genes exhibited higher co-expression than non-interacting 
rice genes, we first obtained rice expression data from the Michigan State University Rice Genome 
Annotation Project (http://rice.plantbiology.msu.edu/expression.shtml)15. Only the first 16 expression 
libraries corresponding to RNA sequencing data derived from tissue at various developmental stages under 
physiological conditions were used. Gene co-expression was reported as the Spearman correlation 
coefficient between the expression vectors for two genes. All homo-dimer interactions were removed from 
our rice interactome for the analysis. An equal number of hetero-dimer pairs were randomly sampled from 
either the ORFeome or entire O. sativa genome for comparison. 
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Rice GO Term Semantic Similarity Analysis 
Analysis of the semantic similarities between GO annotations among rice gene pairs was performed using 
GOssTo16,17. GOSlim assignments for ~30,000 O. sativa ORFs were obtained using the batch download 
feature from the Michigan State University Rice Genome Annotation Project 
(http://rice.plantbiology.msu.edu/downloads_gad.shtml)15. The directed acyclic graph (DAG) used to 
represent the ontology relationship was the core ontology available through The Gene Ontology Resource 
(http://purl.obolibrary.org/obo/go.obo)18,19. In order to increase coverage across all ontology relationship 
and thus improve GOssTo performance, the MSU annotations were supplemented with a secondary set of 
O. sativa proteome annotations downloaded through the European Bioinformatics Institute (EMBL-EBI) ftp
server
(ftp://ftp.ebi.ac.uk/pub/databases/GO/goa/proteomes/2610640.O_sativa_subsp_japonica_Rice.goa)20.
GOssTo was run with the following command…

java -Xms64G -jar Gossto.jar -calculationdata genewise -calculationtype ism -
evidencecodes EXP,IDA,IPI,IMP,IGI,IEP,TAS,IC -goapath [annotations] -hsm Resnik 
-hsmoutput [out1] -ismoutput [out2] -matrixStyle m -obopath [ontologyDAG] -
ontology all -relations part_of,is_a -weightedJaccard True

This command generated pairwise sematic similarity scores between all rice proteins for each the 
molecular function, biological process, and cellular component GOSlim terms. We retained the final 
“integrated similarity measure” (ISM) outputs for all further analyses. We compared the distributions of these 
semantic similarities between our reported rice interactome, and non-interacting protein pairs sampled from 
our ORFeome. A cutoff of 0.75 was selected to distinguish pairs that were functionally similar from pairs 
that were not functionally similar. 

Conservation analysis 
In order to analyze how conserved the captured interactions are across the tree of life we used the 
OrthoMCL pipeline to identify orthologs of the identified interacting genes from Sorghum bicolor, Solanum 
lycopersicum, Arabidopsis thaliana, Physcomitrella patens, Saccharomyces cereviseae, Homo sapiens, 
and Escherichia coli21. To test whether interactions are more or less conserved than random expectation, 
we randomly sampled genes from the rice genome and determined their breadth of conservation across 
the sampled species. To test for statistical significance, we performed a bootstrap analysis by 1000 
sampling replicates and tested if the actual number of captured interacting genes conserved at each node 
was significantly different from the random expectation using the z-test function in R.  

Literature Interactome Set 
In order to compare our novel rice interactions to those previously reported in the literature, we used a 
curated set of high-quality protein-protein interactions22 compiled from seven primary interaction databases; 
BioGRID23, MINT24, iRefWeb25, DIP26, IntAct27, HPRD28,29, MIPS30, and the PDB31,32. The interaction set 
used was O. sativa binary high-quality containing 237 interactions downloaded on May 15, 2019. This 
interaction set was supplemented with 372 additional interactions from a high-throughput Y2H rice-kinase 
interactome screen33 for a total of 609 previously reported interactions. 

Literature Support for Detected Interaction 
A total of 20 highly co-expressed (SCC ≥ 0.8) interacting gene pairs were manually searched for previous 
literature evidence supporting the existence of an interaction in other species. As detailed in 
Supplementary Dataset 8, in 12 out of 20 interactions searched (60%), previous studied had detected the 
interaction among homologous genes in other species34-53. 

De novo Sequence Assembly for the Human BIRC7 ORF 

http://rice.plantbiology.msu.edu/downloads_gad.shtml
ftp://ftp.ebi.ac.uk/pub/databases/GO/goa/proteomes/2610640.O_sativa_subsp_japonica_Rice.goa
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To explore applications of PLATE-seq beyond clone identification, we used both a custom sequence 
assembly script and the online version of CAP354. For the custom script a random set of seed reads was 
selected to begin assembly. These starting contigs were iteratively expanded by aligning all remaining 
reads to them and incorporating overhanging alignments into the contigs. Intermediate contigs were merged 
together when sufficient overlap was detected between them. This process was repeated until only one 
candidate contig remained or until no additional reads could be incorporated into the existing contigs. Final 
assemblies between our custom script and CAP3 agreed with each other. This method was only applied 
for demonstrative purposes on the BIRC7 test case shown in Fig. S2a and has not be extended to 
our whole ORFeome. 

Identification of Variants in Human BIRC7 ORF 
To explore applications of PLATE-seq beyond clone identification, we applied the sequence analysis scripts 
from our established CLONE-seq pipeline55,56 to identify variants relative to the reference sequence. In 
brief, all reads were aligned to the BIRC7 reference sequence and all possible mutations were scored 
based on the ratio of non-reference reads to reference reads at each position, normalized by the 
sequencing error rate estimated from neighboring positions. This method was only applied for 
demonstrative purposes to identify the previously reported C882T variant in the BIRC7 clone shown in 
Fig. S2d. 
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Figure S1. Schematic comparison of other high-throughput sequencing strategies to PLATE-seq. 
a, Simple barcoding strategies typically append individual barcodes at the beginning of each ORF. A lengthy 
vector sequence generally separates the barcode from the beginning of the ORF, so even a long 300 bp 
read only provides coverage limited to a small portion from the 5’ end of the ORF. Moreover, the library 
prep generates a substantial fraction of uninformative reads with no barcode. b, By contrast, the PLATE-
seq approach employs Tn5 tagmentation to randomly insert the P5 adapter and plate barcode within the 
ORF. Thus, even employing a much shorter 150 bp total read, nearly 1,000 bp from the 3’ end of the ORF 
can be sequenced reliably. The kernel density estimate shows the average sequencing depth derived from 
PLATE-seq results from 94 ORFs included in our human positive control plate. Moreover, all fragments 
generated through the PLATE-seq library prep contain both barcodes and thus are all informative. c, 
Schematic representation of a deep-well sequencing strategy which pools many wells together to report 
the overall ORF membership across an entire plate but cannot verify the location of each ORF. d, The 
deep-well sequencing strategy is consequentially unable to differentiate permutations on the same set of 
ORFs, or verify the source of any contaminants.



a b

c

d

Sanger-seq:    1 AAGGGAGGGA AGGAACGCGC CCAGTGCCGG -ACCGTGGAC TGC-GCATGG GGACTGGGCA GCCGGTGATG GTCCCACGCA GGAGCGCTGG GGACCCCGCT 98
|.||||...| |.||..|.|| |.||||||.|  ||||||||| ..| ||...| ..|||||||| |||||||||| |||||||||| |||||||||. ||||||||||

BIRC7: 1 ATGGGACCTA AAGACAGTGC CAAGTGCCTG CACCGTGGAC CACAGCCGAG CCACTGGGCA GCCGGTGATG GTCCCACGCA GGAGCGCTGT GGACCCCGCT 100
|||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| ||||||||||

PLATE-seq:     1 ATGGGACCTA AAGACAGTGC CAAGTGCCTG CACCGTGGAC CACAGCCGAG CCACTGGGCA GCCGGTGATG GTCCCACGCA GGAGCGCTGT GGACCCCGCT 100

Sanger-seq:   99 GTCTGGGCAC CACTGACCTA GGCCGGTCCA CGTGCA---C CTTGCACGTC CTCGTGGATG GGCCGATCCT GGCCCAGCTG CCGCCCCTGA CACACCAGGA 195
.||||||||. |.|||.|||| ||||.|..|| |.||||   | ||.|   |.| |.|||||||| |||.|||||| ||.||||||| |.|||||||| ||.|..||||

BIRC7: 101 CTCTGGGCAG CCCTGTCCTA GGCCTGGACA CCTGCAGAGC CTGG---GAC CACGTGGATG GGCAGATCCT GGGCCAGCTG CGGCCCCTGA CAGAGGAGGA 197
|||||||||| |||||||||| |||||||||| |||||||||| ||||   ||| |||||||||| |||||||||| |||||||||| |||||||||| ||||||||||

PLATE-seq:   101 CTCTGGGCAG CCCTGTCCTA GGCCTGGACA CCTGCAGAGC CTGG---GAC CACGTGGATG GGCAGATCCT GGGCCAGCTG CGGCCCCTGA CAGAGGAGGA 197

Sanger-seq:  196 GGATCAAGAA CCCACCGGGG CCTCCTTGCC TGGGGGGCCT GGATTCCCCG GGATGCGCGC TGACGATTTG ACTGTGGCCC TCTTCTGTGA GTGGGCGCTT 295
.||..|.||. ..|.|||||| ||.|||||.| ..|||||||| |..||||||| |.|||.||.| |||.||.||| ..|.|||||. .|||||.||| .|||.||||.

BIRC7: 198 AGAGGAGGAG GGCGCCGGGG CCACCTTGTC CAGGGGGCCT GCCTTCCCCG GCATGGGCTC TGAGGAGTTG CGTCTGGCCT CCTTCTATGA CTGGCCGCTG 297
|||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| ||||||||||

PLATE-seq:   198 AGAGGAGGAG GGCGCCGGGG CCACCTTGTC CAGGGGGCCT GCCTTCCCCG GCATGGGCTC TGAGGAGTTG CGTCTGGCCT CCTTCTATGA CTGGCCGCTG 297

Sanger-seq:  296 ACTGGTAAGG TGACGCCCGG ACTGCTGGGT GCTGACGGGT TCCTTCTTCC GGGTCTTC-- -CCAAGAGGT CAGGAGCTCC TTCTGCTATA GGGGGCTGCC 392
||||.|.||| ||.|.||||. .|||||||.| ||||.|||.| ||.|.|...| .||.|.||    .||  |||| .|||.|||.| |||||||||. ||||.||||.

BIRC7: 298 ACTGCTGAGG TGCCACCCGA GCTGCTGGCT GCTGCCGGCT TCTTCCACAC AGGCCATCAG GACA--AGGT GAGGTGCTTC TTCTGCTATG GGGGCCTGCA 395
|||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| ||||  |||| |||||||||| |||||||||| ||||||||||

PLATE-seq:   298 ACTGCTGAGG TGCCACCCGA GCTGCTGGCT GCTGCCGGCT TCTTCCACAC AGGCCATCAG GACA--AGGT GAGGTGCTTC TTCTGCTATG GGGGCCTGCA 395

Sanger-seq:  393 TGGCTGGTGT CGAGGAGACC ACCTCCGGAC GACCGATGCC AGATCGTACC CGAGGGGTAC CTTTTTGCAT GCT----TCA TCCGGGAGAC ACTTTCTCC- 487
..|||||... ||.||.|||. |||.|.|||| |....||||| |..|.||.|| |.||..|| | ..||   |.| |||    ||| ...||.|||. |||||.||| 

BIRC7: 396 GAGCTGGAAG CGCGGGGACG ACCCCTGGAC GGAGCATGCC AAGTGGTTCC CCAGCTGT-C AGTT---CCT GCTCCGGTCA AAAGGAAGAG ACTTTGTCCA 491
|||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||| | ||||   ||| |||||||||| |||||||||| ||||||||||

PLATE-seq:   396 GAGCTGGAAG CGCGGGGACG ACCCCTGGAC GGAGCATGCC AAGTGGTTCC CCAGCTGT-C AGTT---CCT GCTCCGGTCA AAAGGAAGAG ACTTTGTCCA 491

Sanger-seq:  488 CTTTGTGCAG GAAAGTCACT CCCGGCTAAT GGGCTCTTCG CCCTCGTGGG ATG-GCTGGA AGACGCAGCC CCTGTGG-AC CCTCCGT-CC GGCGGCTGGG 584
|..||||||| ||.|.||||| |||.|||..| ||||||.|.| ..|.|||||| |.| .|.||| |||||||||| ||||||| .| ||||||| || .||..|||||

BIRC7: 492 CAGTGTGCAG GAGACTCACT CCCAGCTGCT GGGCTCCTGG GACCCGTGGG AAGAACCGGA AGACGCAGCC CCTGTGGCCC CCTCCGTCCC TGCCTCTGGG 591
|||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| ||||||||||

PLATE-seq:   492 CAGTGTGCAG GAGACTCACT CCCAGCTGCT GGGCTCCTGG GACCCGTGGG AAGAACCGGA AGACGCAGCC CCTGTGGCCC CCTCCGTCCC TGCCTCTGGG 591

Sanger-seq:  585 CA-CCTGTGC TG-GGACACC T--------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 603
.| ||||.|| || ..||||| .

BIRC7:       592 TACCCTGAGC TGCCCACACC CAGGAGAGAG GTCCAGTCTG AAAGTGCCCA GGAGCCAGGA GGGGTCAGTC CAGCCCAGGC CCAGAGGGCG TGGTGGGTTC 691
|||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| ||||||||||

PLATE-seq:   592 TACCCTGAGC TGCCCACACC CAGGAGAGAG GTCCAGTCTG AAAGTGCCCA GGAGCCAGGA GGGGTCAGTC CAGCCCAGGC CCAGAGGGCG TGGTGGGTTC 691

Sanger-seq:  603 ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 603

BIRC7: 692 TTGAGCCCCC AGGAGCCAGG GATGTGGAGG CGCAGCTGCG GCGGCTGCAG GAGGAGAGGA CGTGCAAGGT GTGCCTGGAC CGCGCCGTGT CCATCGTCTT 791
|||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| ||||||||||

PLATE-seq:   692 TTGAGCCCCC AGGAGCCAGG GATGTGGAGG CGCAGCTGCG GCGGCTGCAG GAGGAGAGGA CGTGCAAGGT GTGCCTGGAC CGCGCCGTGT CCATCGTCTT 791

Sanger-seq:  603 ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 603

BIRC7: 792 TGTGCCGTGC GGCCACCTGG TCTGTGCTGA GTGTGCCCCC GGCCTGCAGC TGTGCCCCAT CTGCAGAGCC CCCGTCCGCA GCCGCGTGCG CACCTTCCTG 891
|||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| |||||||||| .|||||||||

PLATE-seq:   792 TGTGCCGTGC GGCCACCTGG TCTGTGCTGA GTGTGCCCCC GGCCTGCAGC TGTGCCCCAT CTGCAGAGCC CCCGTCCGCA GCCGCGTGCG TACCTTCCTG 891

Sanger-seq:  603 --- 603

BIRC7: 892 TCC 894
|||

PLATE-seq:   892 TCC 894

Pe
rc

en
t

Identity Coverage

100

75

50

25

0

CA
.|
TA

AG
.|
TG

AGG
.|

AAG

ACG
..|
CAG

CG
.|
TG

CA
.|
AA

GG
.|
TG

-A
 |
CA

TGC
..|
CAC

-G
 |
AG

G 
. 
T 

GG
..
CC

ATGG
...|
CGAG

GGG
...
CCT

GT
.|
CT

C 
. 
G 

AC
.|
CC

AC
.|
TC

GG
.|
TG

TC
..
GA

GT
.|
CT

TG
.|
GG

TC
.|
AC

TC
.|
AC

CG
.|
AG

CC
.|
GC

CG
.|
GG

ACA
.|
AGA

CC
..
GG

CACG
   |
---G

---
  
GAG

GG
.|
AG

AAG
.|
AGG

A 
. 
G 

AC
.|
GC

TC
.|
AC

CC
.|
TC

GA
.|
CA

CG
.|
GG

GC
.|
TC

CG
.|
GG

TT
.|
GT

GT
.|
CT

C 
. 
T 

TC
.|
CC

GT
.|
AT

GT
.|
CT

GC
.|
CC

T 
.
G 

ACT
..|
CGT

GAT
..|
CCT

TGG
..|
CAG

CCC
..|
GGC

TC
..
GG

AC
||
AC

GT
.|
CT

A
.
G

AC
.|
CC

GC
.|
AC

G 
. 
A 

AC
.|
GC

GT
.|
CT

AC
.|
CC

GT
.|
CT

CT
.|
TT

TC
.|
CC

GG
.|
AG

TC
.|
CC

TT
.|
AT

CA
.|
GA

AG
.|
TG

CC
.|
TC

A 
. 
G 

GC
.|
CC

C 
.
A 

AG
  
--

-CC
 .|
GAC

-- 
   
AG 

TTCC
...|
ACAC

TGG
..|
GAG

TGT
...
AAG

AG
.|
CG

AG
.|
GG

C 
. 
G 

TC
.|
CC

CG
.|
TG

ACCG
....
GAGC

CG
.|
GG

AC
.|
TC

G
.
C

GGG
..|
CTG

AC
 |
-C

CTT
..|
AGT

TTGC
  |
---C

AT
.|
CT

----T
    |
CCGGT

TCCG
...|
AAAG

GA
.|
AA

C 
. 
G 

CT
.|
GT

- 

A 

AGAT
..|
AAGT

CTTT
|..|
CAGT

AAA
.|
AGA

GT
.|
CT

GG
.|
AG

TT
.|
CT

CG
.|
GG

TC
.|
CC

TG
.|
AG

TG
.|
CG

-C
|
CC

GG
.|
TG

GGC
..|
CTC

-AC
.|
CCC

-GC
 .|
AAC

CCC
..|
GAC

AAT
..|
GCT

CA
.|
TA

-C
 |
CC

TG
.|
AG

T-
. 
CA

-GG
..

CCC

PLATE-seq Sanger sequencing

Se
qu

en
ci

ng
 D

ep
th

1

10

100

1000

2000 400 600 800

Gene Position

Re
ad

s

870 875 880 885 890 895

Gene Position

> Reference

CAGCCGCGTGCGCACCTTCCTGTCC

> Observed

CAGCCGCGTGCGTACCTTCCTGTCC

A
T

C
G

0

200

400

600

800

1000

Figure S2. Demonstration of sequence reconstruction and variant calling as alternative applications for 
PLATE-seq. 
a, A contig assembly script was applied to reads from one of the wells of our human control plate containing an ORF for the 
human gene BIRC7 (ORF ID 7606 in the human ORFeome 8.1 library). The alignment between the BIRC7 reference 
(center), Saner Sequence obtained for this clone (top, blue), and sequence reconstructed from PLATE-seq reads 
(bottom, yellow) is shown. Disagreements in the alignment are highlighted in red. b, Bar plots summarizing the quality 
of each alignment. For convenience vector backbone sequence from the Sanger and PLATE-seq sequences are trimmed 
so the alignment only spans coding sequence of BIRC7. The Sanger Sequencing result sequenced positions 1-613 
(68.6% coverage) with 76.2% identity to the reference sequence. The PLATE-seq result sequenced achieved perfect 
coverage and percent identity (ignoring one mismatch from a known C882T variant in the clone). c, A distribution 
showing the number of PLATE-seq reads aligned to each position of the BIRC7 gene. d, PLATE-seq reads can be used to 
identify variants between a reference alignment and the sequenced clone. The stacked read counts for each possible allele 
observed from all reads aligned to positions 870-894 of BIRC7 are shown. Highlighted is a C882T variant supported by 
784 reads (sufficient coverage to make a definitive call) and which was previously reported for this ORF when the 8.1 
library was initially sequenced. This same variant is also highlighted green in panel a. 
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Figure S3. Image of PCR amplicons from a subset of verified O. sativa ORFs. 
A representative gel in which one row of clones from the final O. sativa ORFeome was amplified using 
primers described in Supplementary Dataset 3. These gels were used as a sanity check to confirm 
the presence and approximate lengths of the desired ORFs. The DNA molecular weight standard lane 
has been cropped from the same gel image and reproduced on both sides for easier comparison. 
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Figure S4. Summary statistics on the O. sativa ORFeome. 
a, Circle plot depicting the density of 2,300 ORFeome genes (outer circle) and 289 interactome 
genes (inner circle) across the O. sativa genome. Internal arcs represent interacting genes. In general, 
genes were evenly sampled across the genome. b, Comparison of the gene lengths of all annotated rice 
genes, 2,300 rice ORFeome genes, the initial prioritized set of 3,269 rice genes, and the set of 969 genes 
for which we failed to obtain a successful clone. Significant differences were observed between all groups 
(after down sampling to match the smallest group) as ascertained by two-sided Kolmogorov–
Smirnov test. c. Comparison of the average expression values among the same four groups. The initial 
prioritized gene set and failed set were significantly more highly expressed compared to the random 
subset of genes from the whole genome. To a lesser degree, ORFeome genes were significantly more 
highly expressed than the prioritized gene set and failed set. All p-values were ascertained by 
Kruskal-Wallis multiple comparison after down-sampling all groups to match the smallest group. d-f 
Fraction of genes in the rice genome, rice  ORFeome, and rice interactome that are represented in GO 
molecular function, cellular component, or biological process categories, respectively. 
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Figure S5. Expanded summary of interaction detection rates among previous high-throughput 
Y2H interactome screens. 
a, Visualization of the number of interactions detected per number of pairwise genes screened across the 
S. cerevisiae, A. thaliana, H. sapiens, S. pombe, and O. sativa interactome networks. The red dotted line 
represents the average detection rate across the five interactomes (88 interactions per million pairs 
screened). The O. sativa star depicts an estimated total number of ~80,000 interactions that could be 
detected from a completed ORFeome of ~30,000 rice genes. b, A complete table comparing the raw size 
of the search space, number of interactions detected, and interactions detected per million pairs screened 
across the five interactomes.
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Figure S6. Conservation analysis of interacting genes in rice and Arabidopsis.
Phylogenetic tree for eight species included in the conservation analysis of interacting genes reported in 
Oryza sativa (top, red) and Arabidopsis thaliana (bottom, blue). All interacting genes (n=289 and n=1,334 
for O. sativa and A. thaliana respectively) were binned into the most ancestral node wherein an orthologous 
gene could be detected among related species. The histograms at each node represent the distributions of 
1,000 bootstrap replicates using randomly sampled non-interacting genes. The mean of each distribution 
is reported by the colored percentage above or below each distribution. The black lines mark the number 
of interacting genes conserved at each node in the tree. The exact count of interacting genes is reported 
in black above or below each distribution). The dotted red line (O. sativa only) marks the expected number 
of genes conserved at each node derived from our ORFeome. A black/red line to the left of the 
distribution indicates under-representation of interacting genes compared to background expectation, while 
a black/red line to the right indicates over-representation. While a statistically significant difference 
between the actual count of interacting genes and the mean of random expectation was detected at all 
nodes (p < 2.2e-16 as determined by z-test), the effect size of the difference (absolute [% observed - % 
expected]) was low in A. thaliana, compared to O. sativa. This finding indicates that the interacting genes 
in A. thaliana interactome show little to no evolutionary bias, while the O. sativa interactome and 
ORFeome are biased towards more conserved, and hence, more widely distributed genes.  
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Figure S7. Images of BiFC biological replicates of Fig. 2i. 
Confocal fluorescence images of biological replicates for the positive control (AtABI1-AtOST1), for the rice 
protein pair encoded by LOC_Os08g03290 (OsGapC1) and LOC_Os02g38920 (OsGapC3), and for 
negative control (AtOST1-AtOIP26).
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Figure S8. Recapitulation rate of previously reported O. sativa interactions by Y2H screen. 
a, All 609 previously reported rice interactions were compared against our ORFeome genes using BLAST 
to determine the fraction of interactions that could theoretically be recapitulated within our Y2H screen at 
varying percent identity cutoffs. These BLAST results were intersected with our interactome to determine 
the fraction of interactions that were actually detected. Using a lenient 80% percent identity 7 out of 33 
interactions (21%) were recapitulated by our Y2H screen. b, Three of our detected interactions (left) 
recapitulated seven previously reported interactions (right). Our interactions are labeled using MSU IDs 
whereas the previously reported interactions are labeled using UniProt IDs. Only the top interaction 
(Q9ZRI7 and Q40682) is a perfect sequence match against the ORFs used in our interactome, whereas 
the others are loosely inferred to be close homologs or alternate isoforms. The second interaction (Q7XP52 
and Q852Q0) was nearly identical but was originally reported between a related kinase OSK3 rather than 
OSK4. c-f, We repeat this analysis comparing the 322 rice interactions reported here to the binary-high 
quality interactomes of four additional species (Arabidopsis thaliana, Saccharomyces cerevisiae, Homo 
sapiens, and Escherichia coli respectively). Shown are the percentages of rice interactions with 
homologous interactions reported in the comparison interactome map at various percent identity cutoffs 
(green lines) and the percentage that could have theoretically been recapitulated—i.e. rice interactions with 
homologs for both genes in the comparison interactome regardless of if the interaction was reported (blue 
lines). 
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