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Tandem kinase proteins across the  
plant kingdom
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Ivan Reveguk    4, Hanan Sela    1, Valentyna Klymiuk    1,2,3, Yinghui Li    1,2,5, 
Curtis Pozniak    3, Thomas Wicker    6, Gitta Coaker    7   & Tzion Fahima    1,2 

Plant pathogens pose a continuous threat to global food production. Recent 
discoveries in plant immunity research unveiled a unique protein family 
characterized by an unusual resistance protein structure that combines two 
kinase domains. This study demonstrates the widespread occurrence of 
tandem kinase proteins (TKPs) across the plant kingdom. An examination of 
104 plant species’ genomes uncovered 2,682 TKPs. The majority (95.6%) of 
these kinase domains are part of the receptor-like kinase–Pelle family, which 
is crucial for cell surface responses in plant immunity. Notably, 90% of TKPs 
comprise dual kinase domains, with over 50% being pseudokinases. Over 
56% of these proteins harbor 127 different integrated domains, and over 47% 
include a transmembrane domain. TKP pseudokinases and/or integrated 
domains probably serve as decoys, engaging with pathogen effectors 
to trigger plant immunity. The TKP Atlas we created sheds light on the 
mechanisms of TKP convergent molecular evolution and potential function.

Plants are essential for food production. Unfortunately, crop produc-
tion is impacted by various biotic stresses1. The perpetual interaction 
of plants and pathogens is evident in their defense and counterde-
fense strategies2. Plant immune receptors capable of recognizing 
and responding to pathogen attack include surface-localized pattern 
recognition receptors (PRRs) and intracellular nucleotide-binding 
leucine-rich repeat (NLR) receptors3.

Surface-localized PRRs can recognize a variety of biological pat-
terns present in pathogens as well as extracellular pathogen effector 
proteins3,4. The patterns are called pathogen-associated molecular pat-
terns or microbial-associated molecular patterns and include flagellin, 
lipopolysaccharides and chitin3. PRRs are partitioned into receptor-like 
kinases (RLKs) and receptor-like proteins (RLPs)3. RLKs comprise the 
following three domains: an extracellular ligand-binding domain, a 
transmembrane domain and an intracellular protein kinase domain 
(KD)5. RLPs, in contrast, while having extracellular and transmembrane 
domains, lack a KD within their short cytoplasmic region6.

Plant pathogens modulate plant metabolism and immune 
responses to their benefit by secreting effector proteins into plant 
cells. To combat this, plants employ numerous intracellular NLR recep-
tors capable of recognizing effectors and mounting effector-triggered 
immunity7. NLR activation induces programmed cell death, also called 
the hypersensitive response7. NLRs can directly detect pathogen effec-
tors or indirectly detect modifications of host proteins8. Notably, some 
NLRs, known as NLR-integrated domain (NLR-ID) receptors, incorpo-
rate both strategies within their structure—direct via integrated domain 
and indirect recognition by host protein monitoring8.

Additionally, NLRs can interact with host kinases. The ZAR1 NLR, 
for example, interacts with the effector target, pseudokinase ZED1, 
and is capable of identifying several pathogen effectors9. Downstream 
signaling of PRRs and NLRs overlaps and mutually potentiates each 
other, despite having differing structural characteristics and identify-
ing different pathogen components10. The activation of plant immune 
receptors triggers a series of responses: release of calcium, an elevation 
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of TKPs weakly correlated with genome size (Spearman’s correla-
tion coefficient (ρ) = 0.232, P = 0.018), and no significant differences 
between sequencing technologies were found (ANOVA, P = 0.954; 
Supplementary Table 2).

We also analyzed the TKPs for the presence of integrated non-KDs. 
We identified that 1,180 protein sequences contained only KDs in 
tandem, while 1,496 proteins included integrated domains. These 
integrated domains fused to kinases are mostly associated with plant 
defense systems, such as lectin, leucine-rich repeat and stress–anti-
fungal domains25–28.

We used HMMER with a collection of KD profiles to refine KD 
membership. This analysis classified the 5,723 KDs into ten groups 
comprising 77 subfamilies (Supplementary Table 3). The RLK–Pelle 
group was the most prominent, with 5,472 members (95.6% of the total) 
partitioned into 46 subfamilies. Moreover, the largest subfamilies were 
RLK–Pelle_DLSV (25.3%) and RLK–Pelle_L-Lec (11.7%; Extended Data 
Fig. 1b). The DLSV family comprises the following four moss-specific 
RLKs subfamilies: DUF26, LRR-VIIIb, SD-1 and vWA29,30. The experi-
mentally validated TKPs primarily belonged to the DLSV family in the 
LRR-VIIIb subfamily (Supplementary Table 1).

Prevalence of TKPs among cereal crops
Our analysis included eight species from the Triticeae tribe exhibiting 
a range of ploidy levels from 2× to 6×. Likely due to genome duplication 
events, polyploid species (4×, 6×) harbored several times more TKPs 
than diploid species (Supplementary Table 4).

Despite the difference in TKP counts, they are distributed on all 
chromosomes and spread across all three subgenomes (A, B and D), 
TKPs frequently clustered at the ends of chromosomes, as seen in the 
cases of Aegilops tauschii, Triticum urartu, Triticum turgidum, Triticum 
aestivum and Triticum spelta (Extended Data Fig. 2). Other resistance 
genes (that is NLRs) also show clusters near telomeres, where higher 
recombination rates drive faster evolutionary adaptations31,32.

Variety of kinase families among TKPs
To assess the functionality of the identified tandem kinases, we catego-
rized their domains into ‘likely protein kinase’ and ‘pseudokinase’ based 
on the presence of the following three catalytically important residues 
from the catalytic triad: β3-lysine, HRDAsp and DFGAsp

33(Fig. 2a,b).
Among the analyzed TKPs, 2,372 (90%) are dual kinases. These 

TKPs exhibited various combinations of kinase and pseudokinase 
organization. The most prevalent combination was the presence of 
two KDs, which accounted for 42% (1,002) of all dual kinases. Combi-
nations of KD–PKD and PKD–KD were almost as common, comprising 
41% (989) of the analyzed dual kinases. The remaining 18% (381) of dual 
kinases TKPs contained two PKDs, as illustrated in Fig. 2c. Among the 
identified TKPs, combinations with two KDs from RLK–Pelle_DLSV 
(20%) or RLK–Pelle_L-Lec (10%) were the most frequent, with most 
domains categorized as functional (Fig. 2d). In summary, most TKPs 
from across 104 plant genomes contain a combination of two protein 
KDs (KD–KD or KD–PKD), which belong to the RLK–Pelle_DLSV fam-
ily or RLK–Pelle_L-Lec family. Some compositions (e.g., CrRLK1L-1ー
RLCK-VIIa-2, CrRLK1L-1ーDLSV) were present only in the species from 
Eudicotyledoneae clade (Fig. 2d).

Integrated non-KDs are common in TKPs
We analyzed the TKPs for the presence of integrated domains by scan-
ning against available Pfam HMM profiles. Among the 2,676 TKPs, 1,496 
proteins included integrated domains. These integrated domains, 
such as lectins, leucine-rich repeats and stress–antifungal domains, 
fused to kinases, are mostly associated with plant defense systems25,28. 
We also identified 1,267 (47.3%) TKPs that possess a transmembrane 
domain, a typical structural component of plant RLKs. Notably, 1,132 
(89.3%) of these 1,267 TKPs contained both an integrated domain and a 
transmembrane domain. Numerous species displayed a considerable 

in reactive oxygen species, the activation of MAP kinases and altera-
tions in gene transcription geared towards defense11.

The discovery of the barley stem rust resistance gene Rpg1 and 
the wheat stripe rust resistance gene Yr15 (WTK1) prompted a new 
chapter in plant immunology12,13. Both encode tandem kinase proteins 
(TKPs) with KD–pseudokinase domain (KD–PKD) architecture. So far, 
more than ten cereal TKPs were functionally validated12–22. Two of the 
wheat tandem kinases (WTKs) contain integrated domains annotated 
as von Willebrand factor A (vWA)—Lr9 (WTK6-vWA) governing strong 
resistance to leaf rust and Pm57 (WTK6b-vWA) conferring resistance to 
powdery mildew20,22. The mutation analysis suggests that pathogen per-
ception by TKPs can also involve integrated domains20. The wheat blast 
resistance gene RWT4 specifically recognizes the Magnaporthe oryzae 
effector AvrPWT4, and its kinase activity is essential for defense23. Taken 
together, TKPs emerged as new players in plant immunity.

An initial search of 11 plant genomes, mostly cereals, aiming to 
explore TKP evolution, discovered 92 putative TKPs12. The study in ref. 
12 proposed that multiple KDs originated via duplication or fusion, with 
over half of the predicted kinases likely resulting from gene duplication. 
However, no systematic attempts were made to explore TKP distribu-
tion across a broad range of plant species throughout the plant king-
dom or to provide a comprehensive characterization of their structure, 
origin and potential functional role in plant immunity.

In the present study, we investigated the prevalence and domain 
architecture of TKPs in 104 genomes across the plant kingdom. Over 
half of the discovered TKPs contained a PKD, while 55.9% of all TKPs 
contained a nonkinase integrated domain. This suggests that TKP 
may use their pseudokinases or integrated domains as decoys to trap 
pathogen effectors. The discovery of the TKP protein family as an 
essential player in the plant immune system may reconceptualize our 
understanding of immune receptor activation in plants. Our TKP Atlas 
will serve as a base for future discoveries of TKP convergent molecular 
evolution and function.

Results
Identification of TKPs across the plant kingdom
To date, ten experimentally verified tandem kinases are known (Supple-
mentary Table 1). To assess the prevalence of TKPs in the plant kingdom, 
we searched 104 plant genomes for the presence of protein kinases. In 
our analysis, we incorporated species from the following three classes: 
Monocotyledoneae, Eudicotyledoneae and Magnoliidae, spanning 
ploidy levels from diploid to hexaploid. We particularly focused on 
the 47 agricultural species and model plants like Arabidopsis and Nico-
tiana benthamiana. TKPs represent a protein family due to their similar 
structural composition, identified by the presence of two or more fused 
KDs. Therefore, we identified proteins that contain at least one KD by 
using the ProSITE kinase profile (PS50011). A total of 1,78,376 protein 
kinases were identified, constituting 3.8% of all analyzed proteins.

Next, we identified TKPs from the protein kinases based on the 
presence of two or more fused KDs. In our study of 104 plant genomes, 
we found that the number of TKPs per genome ranged from 1 (Saccha-
rum officinarum x spontaneum) to 346 (Vaccinium corymbosum; Fig. 1). 
In total, we identified 2,682 proteins as TKPs, with the number of KDs 
per gene ranging from two to eight. However, the maximum number 
of KDs in confirmed multikinase proteins reached only five through-
out our literature analyses24. Therefore, we removed six sequences 
from the atlas that contained more than five kinase/pseudokinases 
domains (PKDs), as they are likely annotation errors, leaving 2,676 
TKPs in the subsequent analysis. Plant species differed in the num-
ber and composition of tandem kinases found in their genomes. The 
northern highbush blueberry (V. corymbosum) contained the largest 
number of TKPs in our analyses, with 346, which is twice the amount 
found in William’s lovegrass (Eragrostis tef, 143 TKPs). However, Leersia 
perrieri had the highest percentage of TKPs relative to full proteome 
(0.35%), followed by E. tef (0.34%; Extended Data Fig. 1a). The number 
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presence of kinases likely linked to the membrane, including L. perrieri 
(85 with/55 without transmembrane domain) and E. tef (80/63; Supple-
mentary Table 5). The presence of a transmembrane domain alone does 
not guarantee localization to the plasma membrane, as proteins often 
require initial signal peptides for this process34. We used the SignalP 
6.0 tool to identify these signal peptides. Our findings reveal that not 
every TKP with a transmembrane domain also had detectable signal 
peptides, suggesting alternative pathways for membrane association, 
or limitations in detection of signal peptides (Supplementary Table 5). 

Among the 1,267 TKPs with a transmembrane domain, only 704 (55.5%) 
harbor a signal peptide, suggesting possible evolution from RLKs  
(Supplementary Table 5). Indeed, the individual KDs most frequently 
found in TKPs are also prevalent in RLKs (Fig. 2d).

Surprisingly, over half (55.9%) of identified TKPs contained a 
non-KD. For our analyses, we did not classify a potential transmem-
brane domain as an integrated domain. TKP distribution with and 
without such domains varied across different species. For example, V. 
corymbosum (271 with integrated domain/77 without) and E. tef (92/51) 
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Fig. 1 | A taxonomic tree of 104 plant species was used to generate the TKP 
Atlas showcasing the number of TKPs. The tree comprises 68 dicot species, 
30 monocot species and 7 species from the Magnoliidae clade. The tree is 
based on the NCBI taxonomy, created using the ete toolkit v3.1.2, showcasing 

the total number of TKPs in parentheses48. This tree illustrates qualitative 
branching patterns, excluding distance information. Colored species: lilac, 
monocotyledoneae; yellow, eudicotyledoneae. All of the identified TKPs are 
available on the Zenodo platform (https://doi.org/10.5281/zenodo.13384335).
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displayed a higher proportion of proteins with integrated domain (Sup-
plementary Table 5). In contrast, TKPs without integrated domain were 
more prevalent in T. aestivum (11 with/71 without) and Hevea brasiliensis 
(14/60; Extended Data Fig. 3 and Supplementary Table 5).

We identified a total of 127 different classes of integrated domains 
associated with TKPs. The most prevalent integrated domains were β_
lectin (D-mannose binding lectin; PF01453), LRR_8 (LRR VIII, PF13855), 
and stress–antifungal (or DUF26; PF01657; Fig. 3a). Most integrated 
domains did not follow a strict positional pattern. However, certain 
domains such as WD40 (PF00400), NAF (PF03822) and PP2 (PF14299) 
were found exclusively at the N terminus of the protein (Fig. 3b).

Exploring domain compositions of TKPs with integrated domains, 
it is notable that the prominent members are proteins containing two 
KDs from the RLK–Pelle L-Lec and RLK–Pelle LRR III families (Fig. 4a). 
We also discovered ten TKPs with an integrated heavy-metal-associated 
(HMA, PS50846) domain, including in the characterized TKP RPG1, 
which may be involved in the direct recognition of effectors35,36 (Fig. 4b).

We identified 216 TKPs with integrated domain and presumed 
cytoplasmic localization due to the lack of transmembrane domain 
and signal peptides. These kinases contain integrated domains, such 
as malectin-like, stress–antifungal and legume lectin, that are found 
in RLKs (Fig. 4b).

Phylogeny of different subfamilies of KDs
To investigate whether TKPs emerged via the duplication of a single 
gene or the fusion of distinct genes, we performed a phylogenetic analy-
sis of T. aestivum tandem kinases that contain two KDs from the same 
family. We selected this species because all experimentally validated 
TKPs were found in the Triticeae tribe. We divided the wheat genome 

into different subgenomes A, B and D for phylogenetic tree construc-
tion (Fig. 5). Our findings revealed that most KDs were phylogenetically 
distant from each other and grouped in separate clades. However, some 
fusions were between a domain and its most similar domain suggest-
ing potential duplication (Fig. 5). Collectively, this analysis shows that 
most TKP fusion events in wheat, even within the same kinase family, 
were not the result of gene duplication. This observation is also sup-
ported by the analysis presented in Fig. 6. Thus, duplication may also 
not explain the presence of other integrated domains.

To investigate the coevolution of different kinase families present 
within TKPs, we performed multidimensional scaling analyses for the 
most common families of kinases (L-Lec and DLSV) from all studied 
species. Our research revealed a clear separation of the tandem KDs 
from the L-Lec family into the following four distinct clusters: a cluster 
containing pseudokinases (A), a cluster containing functional kinases 
(B), and two close-by clusters (C and D; Fig. 6a). Interestingly, we found 
that pseudokinases from cluster A are fused to KDs from cluster B, 
suggesting that these two clusters represent one fusion event from 
which many TKPs evolved. Conversely, kinase and PKD from clusters 
C and D did not fuse with domains from other clusters, suggesting a 
tendency for their fusion with very similar domains. The DLSV family 
contains four clusters where fusion events occurred within each cluster 
with only two exceptions. A lack of an apparent pattern within each 
cluster suggests many independent fusion events within very similar 
domains, but most of them are not gene duplications as the fusions are 
not between the most similar domains (Fig. 6b). A histogram for two 
subfamilies was built based on the similarity distance matrix of protein 
kinases (Extended Data Fig. 4). The histograms demonstrate a diverse 
distribution of domain distances within a protein for the two families.
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Discussion
TKPs form an important protein family capable of conferring resist-
ance to diverse fungal pathogens. Here we provide an assessment of 
tandem kinases’ distribution across the plant kingdom. Our results 

demonstrate that the TKP protein family is widespread across the plant 
kingdom. Recently, two tandem KD-PKDs (TKP7 and TKP8) were found 
in sugarcane as the candidate genes for Bru1 brown rust resistance37. 
Wheat blast resistance protein RWT4 can also trigger immunity in rice 
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protoplasts by perceiving the effector AvrPWT4, indicating TKPs can 
be transferred between plant genera22. Therefore, the current TKP Atlas 
sheds light on plant immunity, probably far beyond the Triticeae tribe.

The RLK–Pelle kinase family is the plants’ most extensive group of 
RLKs38. Within the TKP sequences discovered in this work, more than 
95% of the KDs belonged to this family. Our data revealed an almost 
equal number of TKPs with KD–KD versus KD–PKD architectures. 
However, predicting unfunctional kinases based only on their sequence 
is still imperfect and some classified PKDs may possess kinase activ-
ity. The kinase activity of RLKs has been well studied, such as the RLK 
LecRK-IX.2 from Arabidopsis39. However, the TKP’s KD activity was only 
experimentally proved in the following three cases: RPG1, WTK7-TM 
and RWT4 (refs. 21,23,40). For example, the two kinases of WTK7-TM 

were predicted as PKD based on their sequences, but when tested 
experimentally, they were both shown to be functional21. This sug-
gests that different TKPs exhibit diverse kinase activities as should be 
expected for a protein family that evolved by convergent molecular 
evolution and provides similar solutions under selection by pathogen 
stress. Further studies are required to determine the activity and func-
tion of the predicted KDs and PKDs.

Most of the experimentally confirmed functional TKPs are 
cytoplasmic proteins, except for WTK7-TM, which possesses a trans-
membrane domain shown to be essential for protein function21. Fur-
thermore, a quarter of the TKPs in our data had both a transmembrane 
domain and a signal peptide, indicating membrane association34. These 
accumulated data suggest that at least a portion of TKPs are associated 
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with cell membranes and may detect pathogens in this subcellular 
location. Taken together, these data provide an important TKP Atlas 
for the plant community and highlight many facets of TKP evolution 
and function.

Notably, all ten experimentally identified TKPs contained at 
least one domain from the RLK–Pelle family12–22(Supplementary 
Table 1). Our study suggests that many TKPs with two RLK–Pelle L-Lec 
domains resulted from a single ancient fusion event between distant 
family members, persisted across multiple species (monocots and 
dicots). However, the remainder of TKPs with two RLK–Pelle L-Lec 
domains arose from numerous independent fusion events among 
closely related members (Fig. 6). This latter pattern is also typical of 
the DLSV family. RLKs are a large gene family and can be tandemly 
clustered, which could facilitate independent fusion events36. These 
independent events may illustrate convergent molecular evolution, 
particularly if most of the events are associated with plant adap-
tation to biotic stress mechanisms. Different plant species have 
independently evolved similar receptor characteristics to adapt to 
various plant pathogens, as demonstrated for the RLP30 immune 
receptor, which has a role in immunity against pathogens from two  
microbial kingdoms39.

We previously proposed a model for the molecular function of 
TKPs with a combination of active and inactive domains41, assuming the 
PKD serves as a decoy to interact with pathogen components working 
together with the kinase for signal transduction41. However, recently 
it was shown that RWT4 can specifically bind the AvrPWT4 effector in 
both the kinase and pseudokinase regions, leading to the transcription 
of defense genes and inducing cell death23. Moreover, TKPs were shown 
to serve as an unusual class of immune receptors capable of directly 
interacting with pathogen effectors23 and activating an NLR helper to 
trigger immunity42,43.

Another hypothesis for tandem kinase recognition of the effector 
occurs via integrated domains. Like in NLR-ID receptors, the integra-
tion is the decoy domain, which mimics pathogen effector targets, 
enabling direct interception of effector proteins11. Recently, two TKPs 
(WTK6-vWA and WTK6b-vWA) were demonstrated to include an inte-
grated domain20,22. Mutations in these vWA domains resulted in a loss 
of resistance, suggesting that the two integrated domains located 
at the C terminus of these proteins are possibly involved in effector 
recognition20. More than half (56%) of the discovered TKPs contained 
at least one integrated domain, with the most common being betta 

lectin, LRR VIII and stress–antifungal. β-Lectin (legume lectin domain, 
PF00139) is a carbohydrate-binding domain often found in proteins 
involved in plant defense reactions, such as chitinases, glucanases and 
thaumatins25–27. The function of the LRR VIII domain is poorly under-
stood, but LRR domains are associated with plant immune responses, 
often found in immune receptors like LRR-RLKs11. Another integrated 
domain identified in NLR proteins is the HMA domain. Multiple NLRs 
with HMA-integrated domains experimentally verified that the HMA 
domain directly interacts with the effector44. We identified TKPs fused 
with HMA, including the characterized TKP RPG1. Based on this evi-
dence, it is plausible to propose that integrated domains present in 
TKPs could also participate in pathogen perception by acting as decoys 
of pathogen virulence targets.

We identified 637 TKPs with transmembrane domain, signal pep-
tide, and integrated domains (such as stress–antifungal, LysM, β-lectin, 
etc.), which were also found in another family of plant immune recep-
tors—RLKs45. These TKPs probably evolved from RLKs; however, RLKs 
have one KD, whereas tandem kinases have two or more. This might 
indicate an evolutionary separation of functions after gene duplica-
tion or fusion events, leading to the birth of a new type of receptors 
in plants29.

In conclusion, our study provides insights into the diversity of 
TKPs across the plant kingdom. Our analysis revealed a high degree 
of variability in the number of these proteins across different species. 
We also found that many TKPs contain integrated domains, which 
could affect their functional properties. Our findings highlight the 
importance of studying TKPs’ functional properties in plants and 
their potential contribution to plant resistance to pathogens. The 
animal Janus tandem kinases ( JAKs) participate in complex regula-
tory networks governing cell differentiation, tissue regeneration and 
innate immune responses46,47. For example, JAK3 differentially regulates 
Toll-like receptors-mediated inflammatory cytokine production in 
innate immune cells. Plants’ TKPs may be involved in similar processes, 
offering another level of functional diversity.
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Methods
Collection of protein sequence data across the plant kingdom
Annotated protein sequences of 104 plant species were obtained 
from several databases—NCBI, Origin, Giga, JDI, Dryad, PLAZA, GDR 
and Ensembl. We included plants from three different clades in the 
analysis—Magnoliidae (7 species), Monocotyledoneae (30 species) 
and Eudicotyledoneae (68 species; Supplementary Table 2 and Fig. 1).

Identification of tandem kinases among all proteins
Almost 5 million protein sequences (4,707,304) of 104 seed plant spe-
cies were aligned against the protein KD’s profile (PS50011) by ps_scan 
software from ProSITE (https://prosite.expasy.org/). Hits with less than 
150 amino acids were discarded. Putative TKPs were defined as protein 
sequences with two or more protein KDs arranged in tandem; all pro-
teins with a single KD were discarded. Longer alternative transcripts 
were chosen in case of multiple annotated transcripts for one gene.

The annotation of the kinase units of TKPs
To annotate protein KDs at the subfamily level, we extracted sequences 
of all KDs from the iTAK database, which was built on the protein kinase 
classification in ref. 30. Next, we used these sequences to create a profile 
database using HMMER (v3.1b2). Then, we used hmmscan from HMMER 
with our KDs against this database and annotated it based on the most 
substantial entry. Currently, there is no stable definition or defined profile 
for a protein PKD. Therefore, we applied an empirical conservation-based 
approach, targeting catalytically essential residues, namely amino acid 
substitutions that are critical for phosphorylation activity at one of the 
three conserved sites of the ‘catalytic triad’—ATP-binding β3 lysine (K), the 
catalytic aspartate within the catalytic loop (HRD), and the metal-binding 
aspartate of the activation loop (DFG)33. If domains contained mutations 
or deletions in any of the three amino acids, we classified these domains 
as pseudokinases. Multiple sequence alignments (MSA) of all KDs were 
performed by mafft (v7.130). We pulled catalytic triad residues out of the 
MSA and used them to classify sequences as KD/PKD. This was based on 
whether these residues were present or substituted in one or more of the 
extracted positions. Using this definition, we classified domains as likely 
functional kinases or pseudokinases.

Identification and classification of integrated domains fused 
to tandem kinases
We used HMMER with all available Pfam-A profiles to annotate inte-
grated domains fused to tandem kinases. We used the ProSITE tool 
for the annotation of the HMA (PS50846) domain due to its small 
size, which rendered it challenging to identify using HMMER. We also 
predicted transmembrane domains with Phobius and TMHH web 
services, accepting domains identified by both tools. Signal peptides 
in the sequences were identified using SignalP 6.0 (ref. 49). Cellular 
localization of proteins carrying signal peptides was predicted using 
DeepLoc 2.0 (ref. 50). All subsequent analyses were performed in the 
R environment for statistical computing (https://www.r-project.org/).

Phylogenetic and multidimensional scaling analyses
We employed two filters in our dataset to elucidate the complex phy-
logenetic history of tandem kinases. Specifically, we only included 
TKPs possessing two KDs and those exhibiting equivalent annotation 
at the subfamily level for both KDs. We extracted KDs from the filtered 
sequences and grouped them by species and subfamily. We performed 
multiple sequence alignment with mafft (v7.130) and dropped out 
all outlier sequences by Sequence Bouncer with a 10% gap cutoff. We 
constructed phylogenetic trees for tandem kinases with two domains 
from the RLK–Pelle DLSV subfamily from T. aestivum. We constructed 
1,000 bootstrap replicate trees using RAxML to evaluate the robust-
ness of the phylogenetic relationships. Finally, we calculated pair-
wise distances for sequences from several considered subfamilies by 
dist.alignment function from seqinr (version 4.2-16) R package and 

performed multidimensional scaling analyses with R base function 
cmdscale51,52. Then, we constructed a frequency histogram depicting 
the distribution of similarity scores.

Statistical tests
We tested two hypotheses related to our results—first, whether the 
count of TKPs is correlated with species genome size, and second, 
whether the sequencing technology used to create the assembly is 
affecting the TKP counts. For the first hypothesis, we used the Spear-
man correlation test because our data does not follow a normal distri-
bution and lacks linearity (Supplementary Table 2).

To examine whether the sequencing technology used to create 
the assembly is affecting the number of detected TKPs, we divided 
our dataset into the following three groups: (1) genomes sequenced 
using short-read-based technology, (2) long-read-based technology 
and (3) a hybrid of these technologies. We then performed an ANOVA 
test to compare the mean number of TKPs across these groups (Sup-
plementary Table 2).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
We have published a fasta file with all found TKPs on the Zenodo plat-
form with a link: https://doi.org/10.5281/zenodo.13384335 (ref. 53).

Code availability
We have published our code on the Zenodo platform with a link: https://
doi.org/10.5281/zenodo.11118417 (ref. 54).
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Extended Data Fig. 1 | Domain diversity and proportion of TKPs identified from predicted proteomes. a, The proportion of TKPs compared to the total proteome 
size. b, TKPs containing two to five kinase domains and their family membership.
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Extended Data Fig. 2 | Genomic position of TKPs on chromosomes of cereal species. a, Aegilops tauschii 2n = 2x = 14, DD; b, Triticum urartu 2n = 2x = 14, AA; c, 
Triticum turgidum subsp. durum 2n = 4x = 28, AABB; d, Triticum turgidum subsp. dicoccoides 2n = 4x = 28, AABB; e, Triticum aestivum 2n = 6x = 42, AABBDD; f, Triticum 
spelta 2n = 6x = 42, AABBDD. Yellow lines indicate the TKPs positions.
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Extended Data Fig. 3 | A tree with the nine species having the most abundant 
number of TKPs. Bars demonstrate the presence/absence of a transmembrane 
region (TM), a signal peptide (SP) and at least one integrated (nonkinase) 

domain (ID). The tree represents taxonomy, created using the ete toolkit v3.1.2, 
showcasing total TKP counts as a bar chart. This tree illustrates qualitative 
branching patterns, excluding distance information.
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Extended Data Fig. 4 | Distance histogram calculated on domain sequences with matching family annotations. a, For TKPs with two domains from the RLK–Pelle 
Lec family. b, For TKPs with two domains from RLK–Pelle DLSV family. Pairwise distances were calculated for sequences from two subfamilies by dist.alignment 
function from seqinr (version 4.2-16) R package.
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