
Supplementary Figure 1. Summary of manual gene annotation and correction. a) The number of corrected, manually annotated and partial/pseudo gene models in the 

studied species. Percentage of corrected gene models is marked with light grey, manually annotated genes with black and genes classified as partial or pseudogenes with dark 

grey. Silver birch (Betula pendula) and sacred lotus (Nelumbo nucifera) genes were fully manually annotated, as the gene models were not available when the study was 

initiated. Selaginella moellendorffii and Vitis vinifera required highest percentage of manual corrections. The high percentage of pseudogenes in Physcomitrella patens is 

explained by low gene number (two out of three gene models are likely pseudogenes). b) Average exon numbers of CRRSPs, PDLPs and CRKs. Average exon numbers were 

calculated for sdCRRSPs, ddCRRSPs, PDLPs and CRKs in Amborella trichopoda, Arabidopsis thaliana and Oryza sativa. c) The amount of curated and manually annotated 

gene models in basal and variable groups. Corrected (red) and manually annotated (turquoise: species with pre-existing annotations; blue: species without previous annotations) 

gene models marked in both groups. Corrected or annotated genes can be found in all subgroups within these groups. There are several examples of corrected or previously non-

annotated genes that are basal for subgroups, indicating the importance of gene model validation for correct tree topology.  
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Supplementary Figure 2. Phylogenies of DUF26-containing proteins. a) A phylogenetic maximum-likelihood tree was estimated with full-length sequences for the basal 

group containing Selaginella sdCRRSPs and CRKs, Norway spruce CRRSPs and CRKs, monocot and eudicot bCRKs and PDLPs.  Detailed phylogenetic trees with 

bootstrap support (1000 replicates) and filtered sequence alignment can be found at . b) The phylogenetic maximum-likelihood tree for the  http://was.bi?id=wpEHGt

variable group contains angiosperm CRRSPs and vCRKs. Tree was estimated using the full-length sequences. Detailed phylogenetic trees with bootstrap support (1000 

replicates) and filtered sequence alignment can be found at . Phylogenetic maximum likelihood trees of c) CRRSPs d) CRKs and e) PDLPs. Detailed http://was.bi?id=aIJe_D

phylogenetic trees containing gene identifiers as well as bootstrap support (1000 replicates) and filtered sequence alignment can be found at  http://was.bi?id=zbIl7i

(CRRSPs),  (CRKs) and  (PDLPs). f) Phylogenetic maximum-likelihood tree of all DUF26 genes in Marchantia http://was.bi?id=i9To8q http://was.bi?id=Fe1A3A

polymorpha, Selaginella moellendorffii and Amborella trichopoda. Tree is estimated from sequence alignment of full length gene models where the sites with coverage less 

than 10% have been filtered out. Tree is rooted to sdCRRSPs from Marchantia polymorpha. A detailed phylogenetic tree with gene identifiers as well as bootstrap support 

(1000 replicates) and filtered sequence alignment can be found at .http://was.bi?id=VeeQZ6
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Supplementary Figure 3. Ancestral gene counts for DUF26-containing 

genes. DLCpar was used for inferring the most parsimonious history of protein 

groups in the presence of duplications, losses, and incomplete lineage sorting. 

The panels illustrate ancestral gene counts and lineage-specific expansions in a) 

sdCRRSPs in the basal group, b) basal CRKs, c) PDLPs, d) variable group CRKs  

and e) ddCRRSPs in the variable group. Numbers with black color show the gene 

counts in the species and their most recent common ancestor. Estimated gene gains 

are marked with red and losses with blue.
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a All CRKs vs 
all kinases

Supplementary Figure 4. Badirate comparisons for evolutionary rates. Analyses were carried out with Badirate for eleven species (Physcomitrella 

patens, Selaginella moellendorffii, Amborella trichopoda, Arabidopsis thaliana, Populus trichocarpa, Vitis vinifera, Aquilegia coerulea, Spirodela polyrhiza, Zea 

mays, Oryza sativa and Brachypodium distachyon). Neutral branches: bold black lines; gene family expansion: bold purple lines; gene family contraction: blue 

dashed lines. Branches with a significant difference to birth-death model estimated from orthogroup data are marked with arrows. Node labels present the gene 

family size in ancestral nodes as estimated by Badirate. Tip labels contain species abbreviation and the change in number compared to the most recent ancestral node. a) 

All CRKs compared to all kinases. b) bCRKs compared to all kinases. c) vCRKs compared to all kinases.
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Supplementary Figure 5. Phylogenetic maximum-likelihood tree of bCRKs. The full length sequences belonging to this clade were re-aligned and the alignment was 

filtered to exclude sites with less than 10% coverage. Bootstrap support is calculated with 1000 replicates. A detailed phylogenetic tree and filtered sequence 

alignment can be found at http://was.bi?id=6Z7yhQ.

http://wasabiapp.org:8000?id=6Z7yhQ
http://wasabiapp.org:8000?id=6Z7yhQ
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Supplementary Figure 6. Species trees and reconciled 

phylogenetic trees for DCLpar analyses. a) Species tree 

for the 24 species where all DUF26-domain genes were 

comprehensively analyzed. The tree was downloaded from 

PhyloT. The node labels indicate the speciation event IDs that 

are used in panels b and c. b) Reconciled gene tree for the 

bCRKs from DCLpar. The node labels provide the timing of the 

event by referring to the speciation event ID in the species 

tree. c) Reconciled gene tree for the variable group CRRSPs

from DLCpar. The node labels provide the timing of the event 

by referring to the speciation event ID in the species tree.



Supplementary Figure 7. Phylogenetic maximum-

likelihood tree of 5 species used in segmental 

duplication analyses and Selaginella moellendorffii 

as outgroup. The tree includes DUF26 genes from

Amborella trichopoda, Solanum lycopersicum,

Arabidopsis thaliana, Oryza sativa, Zea mays and

Selaginella moellendorffii.  The full length gene models

were used for the sequence alignment and the sites with less

than 10% coverage were filtered out. Bootstrap support is

calculated with 1000 replicates. A detailed phylogenetic tree

and fil tered sequence al ignment  can be found at

http://was.bi?id=2NeJCb.
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Supplementary Figure 8. Phylogenetic 
maximumlikelihood tree of PDLPs 

with possible partial PDLP from 

Marsilea quadrifolia. The phylogenetic tree is 

based on the sequence covering the part of 

ectodomain that is present in the partial gene 

model from Marsilea quandrifolia. The 

ddCRKs from Selaginella moellendorffii, 

Picea abies and Amborella trichopoda were 

used as outgroup for PDLPs. The partial gene 

model from fern Marsilea quadrifolia is 

placed close to the root of PDLP clade and 

thus could be a PDLP. Bootstrap support is 

calculated with 1000 replicates. A

detailed phylogenetic tree and filtered

sequence alignment can be found at

http://was.bi?id=usJEbx.

http://wasabiapp.org:8000?id=usJEbx
http://wasabiapp.org:8000?id=usJEbx
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Supplementary Figure 9:  Mutation of  disulfide bridge forming cysteines in PDLP5 results  in protein aggregation.

PDLP5, PDLP5C101A,  PDLP5C148A and PDLP5C191A ectodomains were subjected to preparative size exclusion chromatography (left).
Non-aggregated fractions were  combined and subjected to  analytical size exclusion chromatography (right). Molecular  mass  standards:
A = Thyroglobulin, 669 kDa B = Aldolase, 158 kDa; C = Conalbumin,  75 kDa;  D = Ovalbumin, 44 kDa; E = Ribonuclease A, 13.7 kDa. Non-
cropped gel images are shown in Supplementary Figure 16. 
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Supplementary Figure 10: Mutations in disulfide bridge forming residues in PDLP5 result in lower protein stability: Melting curves (4 

replicates in green, brown, red and blue) of PDLP5, PDLP5C101A, PDLP5C148A, PDLP5C191A ectodomains and of the blank without protein (blank 
measurements for PDLP5, PDLP5C101A, PDLP5C148A are the same as the experiments were carried out together). For PDLP5, PDLP5C101A, 
PDLP5C148A ectodomains average melting temperatures are given +/- SDM (n=4). PDLP5C191A was unstable at the given conditions and no 
melting curve could be acquired.
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Supplementary Figure 11: Structural comparisons of PDLP5 and PDLP8 DUF26 domains reveal a high de gree of structural
similarity (a) Superimposition of the DUF26-A (orange; Cα trace) and the DUF26-B (blue; Cα trace) domains of PDLP5 (left; r.m.s.d. is ~1.6 Å 
comparing 89 corresponding Cα atoms) and PDLP8 (right; r.m.s.d. is ~1.2 Å comparing 89 corresponding Cα atoms)  demonstrate  the  
structural  similarity  of  DUF26-A and  DUF26-B domains.  Glycosylated asparagines are indicated by an arrow (b) Structural superposition of 
PDLP5 (orange, shown as Cα trace) and PDLP8 (blue) reveals a high degree of overall structural similarity (r.m.s.d. is ~1.6 Å comparing 198
corresponding C α atoms), and a conserved pattern of disulfide bridges (grey highlights). The disulfide bridges in PDLP8 are: 1 (Cys89-
Cys98), 2 (Cys101-Cys126),  3  (Cys34-Cys113),  4  (Cys191-  Cys200),  5  (Cys203-Cys228) and 6 (Cys148-Cys215).  Disulfide bridges are 
depicted in bonds representation (PDLP5 in yellow, PDLP8 in green).



30 - NYIYAVCSPA−−KFSPSSGYETNLNSLLSSFVTSTAQT−−RYANFTVPTG−K−−PEPTVTVYGIYQCRGDL−DPTACSTCVSSAVA - 107
28 - IFIYGGCSPE−−KYTPNTPFESNRDTFLSSVVTSSSDA−−SFNSFAVGND−SSSSSSSSAVFGLYQCRDDL−RSSDCSKCIQTSVD - 123
33 - −FVYGGCTQQ−−KYNPGTVYESNVNSLLSSLVNSASMS−−NFNNFKISMP−G−−STQYDVAYGLFQCRGDL−SSAECHNCVAAALT - 110
34 - TFIYAGCSPS−−KYEPNTAFQSNLNSLLSSIASTASSGA−AYNSFTAGGGAGPDPAAGTAAYGLYQCRGDL−SPGDCVACVRQTVA - 115
35 - TVSGLFCGGRS−KSSADPNYIPTFVEDMHSLSLKLTTR−−RFATESLNST−−−−−−−−TSIYALIQCHDDL−SPSDCQLCYAIART - 108
32 - SESGLICGT−−−NRTTAAIIIPQFVKLMEVVSQRVTDN−−NWGNHGVNST−−−−−−−NISIYALANCYQDL−PHQDCLLCYAASRT - 104
26 - AVARQECAPG−−GAVSGPALADNFVPAMDDLNSNVSAN−−GFGTSAVGTTAG−−−LNPNAVFGLGQCYRDL−SPVDCKLCFAEVRS - 104
27 - RFLAYYCPNAT−TYSSNSTYLTNLKTLLSSLSSRNASYSTGFQNATVGQA−−−−−−−LDRVTGLFLCRGDV−SPEVCRNCVTFAVN - 103
28 - −PLYYDCSMPN−NYTEGSKFQSNLNRLLYNNSSNS−−−−−IYTKASEGED−−−−−−−LDKVYGVFLCRGDV−VTKDCKNCIDEAIE - 98
35 - ELLAQLCGNGG−NYTANGTYQSNLARLAAALPSNASSSPDHFATATAGQA−−−−−−−PDAAYALALCRGDVANATACGDCVAASFQ - 112
32 - SYLQHICINSEGKYKAKNSYESRLKDHLDSMS−NILDY−−GFIHGVGGAD−−−−−−−SSTYYIKAQCRGDA−SESKCRSCLFTAFS - 106
25 - −−LFHFCSNHE−NFTANSYYAQNLKNLLGDLYLKTPPT−−GFSTSSIGQN−−−−−−−HDQTNGLSLCRGDV−TSNNCKSCVLDASE - 97
30 - GQPWPTCDTSAGTYKAGSAYESNLRDLAAALRADAAAS−−PSALFATGNR−G−−−GAPDAVYGLLLCRGDL−SVSDCFDCGTRVLA - 108
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proteins with two DUF26 domains 

amino acids in the interaction patch conserved in all PDLPs

108 - QVGALCSNSYSG−−−−FLQMENCLIRYDNK−SFLGV−−−QDKTLILNKCGQPMEFNDQDALTK−−−−ASDVIGSLG−−−−−−−−−− - 171
124 - QITLICPYSYGA−−−−SLQLEGCFLRYETN−DFLGK−−−PDTSLRYKKCSSKSVENDYDFFKR−−−−RDDVLSDLE−−−−−−−−−− - 171
111 - QLGTLCPVSCGG−−−−TLQLDGCFIKYDNV−SFLGI−−−EDKAIVMHKCG−PSIMDDSDMMTR−−−−NDGVLTYLS−−−−−−−−−− - 173
116 - RLGAVCANAYAA−−−−SLQVDGCYVRYDAA−DFIGR−−−ADTTTAYRKCSSSTSRDGAFLSSR−−−−−DGVLGEL−−−−−−−−−−− - 177
109 - -RIPRCLPSSSA−−−−RIFLDGCFLRYETY−EFYDES−−VSDASDSFSCSNDTVLDPRFGFQV−−−−−SETAARVA−−−−−−−−−− - 171
105 - -RLPRCLPGKSG−−−−RIYLDGCFLRYDHY−NFFNET−−TDSAEDRVNCSSSNGVATGQEVATLNASAGNLIDELTKTA−−−−−−− - 175
105 - -LLPKCYPSAGG−−−−RLYLDGCFGRYANY−SFFSETLGPDDAVTCGVVGGGGAGGGNYTGANPRGFADAVRAALANVTGVAASAA - 183
104 - NTFSRCPNQREA−−−−VFYYEECILRYSHK−NILSTAITNEGEFIL−−RNPNHISPIQNQINQ−−−FTNLVLSNMNQIAIEAADNP - 179
99 - RILSECPLKKQA−−−−IIWFDECLVRYSNV−SFASI−−−LDSSISKILYDTQNVSQPERFMGNLSAMFDNVITQAITINLNLK−−− - 182

113 - DARRTCPSDKSA−−−−TIYYDDCLLRFAGD−DFLAAPNITENATLFQAWNQQNITGDAAVAAA−−−NVRELLTVTARTAAAAARR− - 171
107 - GILRRCPNNRGR−−−−IIWYDNCFLYISEI−YTYEK−−−IDFKHYLYLHNAKDVSGNKKLFNK−−−NTKALLDKLKEKAIRKEQEP - 181
98 - ELGKRCPYDKEA−−−−IIWYDNCLLKYSDK−DFLGN−−−IDNTYKFYMWNVRVVSNPEYFNAK−−−−TKELLGSLSENAYKTTNL− - 170

109 - DVGRVCGGRHGRAKDVALVYNQCYARFSNKGDFLAATDNAGGETLL−−ISGTNITGGAGVVAAYDRAVTELLAATVRYAVEENPAR - 192
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DUF26-A linker

172 - −−−−−−TGDGSYR−−TGGNGNVQGVAQCSGDLSTSQCQDCLSDAIGRLK−−−SDCGMA−QGGYVYLSKCYARFSVGG−− - 236
172 - −−−−−−STQLGYK−−VSRSGLVEGYAQCVGDLSPSDCTACLAESVGKLK−−−NLCGSA−VAAEVYLAQCYARYWGSG−− - 236
174 - −−−−−−SVGQYFR−−VAGSGKIHGVAQCTQDLSMSECDDCLSEAIRRLK−−−SECGSS−PWGDMFLSKCYARFSERG−− - 238
177 - −−−−−−QAAAGYK−−LSTSGTVQGVAQCLGDVPANDCTACLAEAVGQLK−−−GACGTA−LAADVYLAQCYVRYWANG−− - 242
172 - −−−−−−VRKGGFG−−VAGENGVHALAQCWESLGKEDCRVCLEKAVKEVK−−−RCVSRR−−EGRAMNTGCYLRYSDHK−− - 235
176 - −−−−−−VANGGYA−−AANLNGVYGLAQCWRTLSTSGCKKCLDKASRDIK−−−GCLPSR−−DARALIAGCYLRYSTQK−− - 239
184 - VPGGGDGYAVGSA−−SAGGATAFALAQCWGSLNATACGQCLRAAAAAAA−−−RCAPAA−AEGRALYTGCYLRYSTRL−− - 254
180 - RK−−−−FSTIKTE−−LTALQTFYGLVQCTPDLSRQNCMNCLTSSINRMP−−−FS−−−R−IGARQFWPSCNSRYELYD−− - 243
183 - −−−−−−YADNSDE−−INDFQRLYGMVQCLPDLSAADCVTCLNAALSQMSITLFDTKIP−TGGRVLHASCNLRYEIYQ−− - 250
172 - −−−−−−FATGFMDGSSESKQTLYSLAQCTPDLAAGDCLACLQRLIAMVN−−−STTSVR−LGGRVLLLRCNLRFEAFV−− - 238
182 - YTRDYMYAAGEE−−−SLGTTKLYGMMQCTQDLSVKNCSVCLDSIIAKLP−−−RCCNGK−QGGRVLNPSCTFRYELYP−− - 251
171 - −−−−−−YAIGEME−−IEENKKLYGLVQCTRDLSNEDCKKCVDGIITEIP−−−SCCDGK−EGGRVVSGSCNFRYEIYP−− - 235
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CRRSP_LOC_Os04g25060.1 193 - LFATGQRVGDDAR−−DPGFRNIYSMAQCSPDLPPASCRRCLDGVLARWW−−−QVFPLNGEGARVAGARCYLRSELGVGP - 266

DUF26-B

Supplementary Figure 12: Cysteines forming disulfide bonds and residues involved in the interaction of DUF26-A and DUF26-B domains are
conserved in bCRKs, vCRKs, CRSPs and PDLPs. A set of PDLPs, bCRKs, vCRKs and CRRSPs were  selected  based  on  the  structure  and
their  sequences  were  aligned  with  MUSCLE1.  The  result shows  the conservation  of  amino  acids  present  in  the  interaction  patch  of
DUF26-A and  DUF26-B in  either PDLP5s  (red highlight) or all double DUF26 containing proteins (highlight in blue). Cysteines and disulfide
bridges are highlighted in  yellow. A secondary structure  assignment of  the  DUF26-A (blue)  and DUF26-B domains2 is  given above the
sequences.
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Supplementary Figure 13: The PDLP5 ectodomain does not bind mannose or other cell wall derived sugars and PDLP5 as well as PDLP8 
surface exposed residues are not widely conserved. (a) Mannose was titrated into a cell containing the PDLP5 ectodomain in an isothermal 
titration calorimetry (ITC) assay (n.d.,  no binding detected). (b) ITC experiments were carried out  to test  binding of  plant  cell  wall  sugars to 
the isolated PDLP5 ectodomain. (c) The conservation of amino acids is depicted on the surface of PDLP5 or PDLP8, respectively.
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Supplementary Figure 14. Gene tree reconciliation of the five species used in segmental duplication analyses. a) Species tree of the five species in the analyses. The phylogeny

was downloaded from PhyloT, and the node labels indicate the speciation event ID. These IDs are used in panels b-d. The reconciled gene trees were estimated with DLCpar for b) 

bCRKs, c) vCRKs and d) ddCRRSPs. The node labels provide the timing of the split by referring to the speciation event ID in the species tree (panel a). Selaginella

moellendorffii was used as outgroup.
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Smo 1xSmo CRK Selaginella 145918|PACid15402719
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Osa CRK LOC Os11g28104.1|PACid24155934
Atr CRK evm 27.model.AmTr v1.0 scaffold00029.148
Sly CRK Solyc11g011880.1.1|PACid27295036
Sly CRK Solyc11g011870.1.1|PACid27296375
Atr CRK evm 27.model.AmTr v1.0 scaffold00019.376

Osa CRK LOC Os05g03920.1|PACid24152724
Zma CRK GRMZM2G332107 T01|PACid20822955
Atr CRK evm 27.model.AmTr v1.0 scaffold00045.187

Atr CRK evm 27.model.AmTr v1.0 scaffold00085.70

Zma CRK GRMZM2G352866 T01
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Atr CRK evm 27.model.AmTr v1.0 scaffold00085.99
Atr CRK evm 27.model.AmTr v1.0 scaffold00085.97
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Ath CRK AT4G28670.1

Atr CRK evm 27.model.AmTr v1.0 scaffold00085.98
Ath CRK AT1G70520.1
Sly CRK Solyc05g005070.2.1|PACid27298425
Sly CRK Solyc01g007960.2.1|PACid27300609

Sly CRK Solyc01g007970.1.1|PACid27303767
Sly CRK Solyc01g007980.2.1|PACid27301700
Sly CRK Solyc01g007990.2.1|PACid27303548

Atr CRK evm 27.model.AmTr v1.0 scaffold00085.95

Sly CRK Solyc05g005050.2.1|PACid27298260
Ath CRK AT1G70530.1

Sly CRK Solyc03g112730.2.1|PACid27291405
Ath CRK AT1G19090.1
Sly CRK Solyc02g086590.2.1|PACid27285887
Ath CRK AT5G40380.1
Atr CRK evm 27.model.AmTr v1.0 scaffold00085.96

Smo CRK Selaginella 113941|PACid15420079
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Osa CRK LOC Os05g41370.1|PACid24154279

Zma CRK GRMZM2G140721 T01|PACid20821699
Zma CRK GRMZM2G140752 T01|PACid20824245

Zma CRK GRMZM2G325238 T03|PACid20836521
Zma CRK GRMZM2G434363 T01|PACid20853802

Osa CRK LOC Os10g17960.1|PACid24097380
Osa CRK LOC Os10g17950.1|PACid24094036
Zma CRK GRMZM2G403719 T01|PACid20878958

Osa CRK LOC Os07g43570.1|PACid24112293
Osa CRK LOC Os07g35640.1|PACid24111656

Zma CRK GRMZM2G075438 T01|PACid20834097
Zma CRK GRMZM2G379780 T01|PACid20836444

Osa CRK LOC Os07g35740.1|PACid24110503

Osa CRK LOC Os07g35810.1|PACid24110180
Osa CRK LOC Os07g35790.1|PACid24112971
Osa CRK LOC Os07g35750.1|PACid24110586

Osa CRK LOC Os07g43560.1|PACid24111763
Osa CRK LOC Os07g35580.1|PACid24112016

Zma CRK GRMZM2G076943 T01|PACid20820228

Osa CRK LOC Os07g35660.1|PACid24113257
Osa CRK LOC Os07g35680.1|PACid24109885

Osa CRK LOC Os07g35700.1|PACid24109489

Osa CRK LOC Os07g35690.1|PACid24113170
Osa CRK LOC Os07g35650.1|PACid24109780
Zma CRK GRMZM5G856011 T01|PACid20820371

Zma CRK GRMZM2G340048 T01|PACid20847783
Zma CRK GRMZM2G374309 T01|PACid20831988
Osa CRK LOC Os07g35290.1|PACid24109990
Osa CRK LOC Os07g35300.1|PACid24112802
Zma CRK GRMZM2G076987 T01|PACid20833394

Osa CRK LOC Os07g35390
Osa CRK LOC Os07g35370.1|PACid24109997

Zma CRK GRMZM2G021624 T03|PACid20833328

Zma CRK GRMZM2G087625 T01|PACid20842075
Zma CRK GRMZM2G431018 T01|PACid20831955
Zma CRK GRMZM2G431021 T01|PACid20834728
Zma CRK GRMZM2G140231 T01|PACid20842474

Osa CRK LOC Os07g35310.1|PACid24111737

Osa CRK LOC Os07g30510.1|PACid24109124
Osa CRK LOC Os07g30410.1|PACid24111118

Osa CRK LOC Os01g26390.1|PACid24121125

Osa CRK LOC Os11g45540.1|PACid24159393
Osa CRK LOC Os01g36500.1|PACid24116570
Osa CRK LOC Os11g38850.1|PACid24155554

Osa CRK LOC Os10g04730.1|PACid24095358
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Zma CRK GRMZM2G084825 T01|PACid20865004
Zma CRK GRMZM2G177726 T01|PACid20822963
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Osa CRK LOC Os07g35004.1|PACid24111057
Zma CRK GRMZM2G309380 T01|PACid20835527

Zma CRK GRMZM2G175874 T03|PACid20845266

Osa CRK LOC Os07g12850.1|PACid24108832
Osa CRK LOC Os07g34980.1|PACid24111684
Zma CRK GRMZM2G365282 T01|PACid20847570
Osa CRK LOC Os07g47230.1|PACid24108923

Osa CRK LOC Os01g38850.1|PACid24121303
Osa CRK LOC Os01g38900
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Ath CRK AT4G23160.1
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Ath CRRSP AT3G21965
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Ath CRRSP AT4G20530.1
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Ath CRRSP AT4G20600.1

Ath CRRSP AT4G20640.1
Ath CRRSP AT4G20570.1

Ath CRRSP AT4G20620.1

Ath CRRSP AT4G20610.1
Ath CRRSP AT4G20590.1
Ath CRRSP AT4G20560.1

Ath CRRSP AT4G20550.1

Ath CRRSP AT4G20580.1

Ath CRRSP AT3G21990.1

Ath CRRSP AT3G21980.1
Ath CRRSP AT3G21970.1
Ath CRRSP AT3G29040.1

Ath CRRSP AT3G22040.1
Ath CRRSP AT3G22030.1

Ath CRRSP AT3G22057

Ath CRRSP AT3G22053
Ath CRRSP AT3G22020.1

Ath CRRSP AT3G22050.1

Ath CRRSP AT3G22010.1

Ath CRRSP AT4G20680.1
Ath CRRSP AT3G22000.1

Ath CRRSP AT3G21910.1
Ath CRRSP AT3G21900.1
Ath CRRSP AT3G29050.1

Ath CRRSP AT3G21920.1
Ath CRRSP AT3G21930.1

Ath CRRSP AT3G21933
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Osa CRRSP LOC Os08g04230.1|PACid24099173

Osa CRRSP LOC Os08g04240.1|PACid24100598
Osa CRRSP LOC Os08g04210.1|PACid24100650
Osa CRRSP LOC Os08g04250.1|PACid24097995

Osa CRRSP LOC Os03g19840.1|PACid24122449

Osa CRRSP LOC Os05g02200.1|PACid24153204
Zma CRRSP GRMZM2G334181 T01|PACid20821422

Atr CRRSP evm 27.model.AmTr v1.0 scaffold00060.28

Atr CRRSP evm 27.model.AmTr v1.0 scaffold00060.32
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Sly CRRSP Solyc09g057960.1.1|PACid27309690
Ath CRRSP AT5G48540.1

Atr CRRSP evm 27.model.AmTr v1.0 scaffold00007.346
Atr CRRSP evm 27.model.AmTr v1.0 scaffold00035.12

Osa CRRSP LOC Os12g41520.1|PACid24147120
Osa CRRSP LOC Os04g09780.1|PACid24105503

Osa CRRSP LOC Os01g56840.1|PACid24115675

Osa CRRSP LOC Os01g56850.1|PACid24115384
Osa CRRSP LOC Os01g56720.1|PACid24116712

Osa CRRSP Rice chr3 forward starting at 9794341
Osa CRRSP LOC Os04g12220.1|PACid24107139

Osa CRRSP LOC Os07g35160.1|PACid24111066
Osa CRRSP LOC Os07g35190.1|PACid24113086

Osa CRRSP LOC Os04g56430.1|PACid24105034

Osa CRRSP LOC Os04g25060.1|PACid24107105
Osa CRRSP LOC Os04g25650.1|PACid24104387

Ath CRRSP AT1G61750.1
Ath CRRSP AT5G41300.1

Ath CRRSP AT5G41290.1
Ath CRRSP AT5G41280.1

Ath CRRSP AT1G63580.1
Ath CRRSP AT1G63590.1

Ath CRRSP AT1G63560.1

Ath CRRSP AT1G63570.1
Ath CRRSP AT1G63550.1

Ath CRRSP AT1G63600.1

Atr CRRSP evm 27.model.AmTr v1.0 scaffold00035.9

N1

N1

N1

N1

N1

N1

N1

N2

N3

N3

N4
N4

N4

N4



Supplementary Figure 15. The DUF26 genes show transcriptional response to several stress treatments.  Heatmap  illustrating transcriptional  response of DUF26
genes from Arabidopsis thaliana, Oryza sativa, Zea mays and Solanum lycopersicum. The dendrogram shows a phylogenetic tree of the 253 DUF26-containing genes
(rows) in the four species. The columns represent the RNAseq experiments from Sequence Read Archive (see Supplementary Data 4; accession numbers not shown
here for clarity), categorized into pathogen defence (red highlight) and miscellaneous (blue). The heatmap colors represent the log2(TPM) values, as illustrated by the
color key. The NA values are displayed with white color.
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Supplementary Figure 16: Non-cropped gel images of gels shown in Supplementary Figure 9. Whole gel images of the a) PDLP5 WT

and PDLP5 C101A, b) PDLP5 C148A and c) PDLP5 C191A ectodomain proteins.



Supplementary Table 1. Data collection, phasing and refinement statistics

 PDLP5

sulfur SAD*

PDLP5 

native* 

PDLP8 

native* 

Data collection

Space group P1 P1 P32 2 1

Cell dimensions

a, b, c (Å) 41.81, 48.05, 62.24 41.76, 47.97, 62.19 143.86, 143.86, 59.72

α, β, γ (°)  97.68, 102.74, 99.90 97.70, 102.72, 99.86 90, 90, 120

Resolution (Å) 48.91 – 2.3 (2.36 – 2.30) 37.77 – 1.29 (1.32 – 1.29) 19.91 – 1.95 (2.02 – 1.95)

Rmeas
# 0.004 (0.10) 0.049 (1.29) 0.319 (3.62)

I/σI# 77.5 (33.5) 12.5 (1.1) 8.82 (1.0)

CC (1/2)# 99.9 (99.9) 99.9 (55.7) 99.8 (64.7)

Completeness (%)# 91.2 (83.6) 94.5 (89.4) 100.0 (99.9)

Redundancy# 28.2 (28.5) 3.6 (3.7) 20.1 (20.1)

Refinement

Resolution (Å)  37.77 – 1.29 19.91 – 1.95

No. reflections  103,379 49,227

Rwork/ Rfree
$  0.18/0.21 0.23/0.26

No. atoms

    protein  3,201 4,821

    ligands  153 28

    solvent  310 193

Res. B-factors$

    protein  23.1 42.7

    ligands  47.5 70.1

    solvent  32.3 43.6

R.m.s deviations$

    Bond lengths (Å)  0.012 0.015

    Bond angles (º)  1.58 1.36

Ramachandran favored (%)  98.5 97.24

Ramachandran allowed (%)  1.23 2.76

Ramachandran outliers (%)  0.25 0

PDB - ID  6GRE 6GRF

#as defined XDS3 or $in Refmac54, respectively. *Data were collected from one crystal per experiment.

 



Supplementary Table 2. Genome version information and references for plant genomes used in 

phylogenetic analyses.  

 

 

 

*No reference publication available, data retrieved from Phytozome39. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species Genome annotation version 

Amborella trichopoda5 v1.0 

Aquilegia coerulea6 v1.1 

Arabidopsis lyrata7 v1.0 

Arabidopsis thaliana8,9 TAIR10 

Betula pendula10 v1.0 

Brachypodium distachyon11 v3.0 

Capsella rubella12 v1.0 

Chlamydomonas reinhardtii13 v5.5 

Coccomyxa subellipsoidea14 v2.0 

Cucumis sativus* v1.0 

Hordeum vulgare15 v2.2 

Klebsormidium flaccidum16 v1 

Marchantia polymorpha17 v3.1 

Medicago truncatula18,19 Mt4.0v1 

Micromonas pusilla20 v3.0 

Nelumbo nucifera21 v1 

Oryza sativa22,23 v7 

Ostreococcus lucimarinus24 v2.0 

Physcomitrella patens25 v3.0 

Picea abies26 v1.0 

Populus trichocarpa27 v3.0 

Prunus persica28 v1.0 

Selaginella moellendorffii29 v1.0 

Solanum lycopersicum30 iTAG2.4 

Solanum melongena31 r2.5.1 

Solanum tuberosum32 v3.4 

Sorghum bicolor33 v2.1 

Spirodela polyrhiza34 v1 

Theobroma cacao35 v1.1 

Vitis vinifera36 Genoscope.12X 

Volvox carteri37 v2.0 

Zea mays38 AGPv3 



Supplementary Table 3. Description and identifiers for phylogenetic maximum-likelihood trees 

deposited in Wasabi (http://wasabiapp.org). 

 

 

Description Figure reference Wasabi 
ID 

Wasabi URL 

Phylogenetic tree for 

DUF26-containing proteins 

Figure 2 IaroPa http://was.bi?id=IaroPa 

Phylogenetic tree for the 

basal group of DUF26-

containing proteins 

Figure 2, 
Supplementary 
Figure 2a 

wpEHGt http://was.bi?id= wpEHGt 

Phylogenetic tree for the 

variable group of DUF26-

containing proteins 

Figure 2, 
Supplementary 
Figure 2b 

aIJe_D http://was.bi?id=aIJe_D 

Phylogenetic tree for 

CRRSPs 

Supplementary 
Figure 2c 

zbIl7i http://was.bi?id=zbIl7i 

Phylogenetic tree for CRKs Supplementary 
Figure 2d 

i9To8q http://was.bi?id=i9To8q 

Phylogenetic tree for 

PDLPs 

Supplementary 
Figure 2e 

Fe1A3A http://was.bi?id=Fe1A3A 

Phylogenetic tree of all 

DUF26 genes in 

Marchantia polymorpha, 

Selaginella moellendorffii 

and Amborella trichopoda. 

Supplementary 
Figure 2f 

VeeQZ6 http://was.bi?id=VeeQZ6 

Phylogenetic tree of 

bCRKs. 

Supplementary 
Figure 5 

6Z7yhQ http://was.bi?id=6Z7yhQ 

Phylogenetic tree for five 

species used in segmental 

duplication analyses with 

Selaginella moellendorffii 

as outgroup. 

Supplementary 
Figure 7 

2NeJCb http://was.bi?id=2NeJCb 

Phylogenetic tree of 

PDLPs with possible 

partial PDLP from Marsilea 

quadrifolia. 

Supplementary 
Figure 8 

usJEbx http://was.bi?id=usJEbx 

 

http://wasabiapp.org/
http://was.bi/?id=IaroPa
http://was.bi/?id=%20wpEHGt
http://was.bi/?id=aIJe_D
http://was.bi/?id=zbIl7i
http://was.bi/?id=i9To8q
http://was.bi/?id=Fe1A3A
http://was.bi/?id=VeeQZ6
http://was.bi/?id=6Z7yhQ
http://was.bi/?id=2NeJCb
http://was.bi/?id=usJEbx


Supplementary Note 1 

Identification and annotation of DUF26 genes 

We selected 32 plant species representing major plant lineages for which high-quality genome 

assemblies are available and retrieved 1656 DUF26-containing gene models (Figure 1a, 

Supplementary Table 1). 322 gene models required correction, demonstrating the necessity of 

manual validation of gene family datasets (Supplementary Figure 1). Furthermore, we searched and 

identified 268 gene models de novo from genomic sequences (see Methods). Partial gene models 

and pseudogenes were excluded resulting in 1409 high-quality models included in subsequent 

analyses. To confirm that DUF26 is specific to land plants we explored the genomes of the diatom 

Phaeodactylum tricornutum, five algae species, the charophyte Klebsormidium flaccidum, as well 

as fungi, insects and vertebrates (Figure 1a).  

 

Supplementary Note 2 

Construction of the phylogenetic trees 

Phylogenetic trees were constructed using full length amino acid sequences translated from gene 

models with intact DUF26 domains. As a result of the different domain compositions only the 

DUF26-containing region aligned across all sequences. Due to high sequence divergence CRCKs, 

DUF26-containing gene models from bryophytes and monocot CRKs with a different kinase 

domain were excluded from the phylogenetic analyses. Amino acid sequence alignments were 

filtered to reduce the number of very low coverage positions in the alignments.  

 

Supplementary Note 3 

Conserved sites specific to α- and β-groups 

While most conserved positions within DUF26-A and -B are either conserved in all DUF26-

containing proteins or specific to individual types,  we identified conserved sites specific to α- or β-

groups (Figure 2c).Some conserved positions surrounding the main cysteine motif distinguish 

members of the α-group from the β-group. These features for α-group include a leucine or 

isoleucine residue in the fourth position after the first cysteine in the DUF26-A and the position of 

the fourth cysteine in the DUF26-B (Figure 2c). Similarly, a conserved threonine following the first 

cysteine in DUF26-B (Figure 2c) is specific to β-group. 
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