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Crop diseases caused by pathogens critically affect global food security and plant ecology. Pathogens are well adapted to their host plants and have developed sophisticated mechanisms allowing successful colonization. Plants in turn have taken measures to counteract pathogen attacks resulting in an evolutionary arms race. Recent studies provided mechanistic insights into how two plant Kiwellin proteins from Zea mays mitigate the activity of the chorismate mutase Cmu1, a virulence factor secreted by the fungal pathogen Ustilago maydis during maize infection. Formerly identified as human allergens in kiwifruit, the biological function of Kiwellins is apparently linked to plant defense. We combined the analysis of proteome data with structural predictions to obtain a holistic overview of the Kiwellin protein family, that is subdivided into proteins with and without a N-terminal kissper domain. We found that Kiwellins are evolutionarily conserved in various plant species. At median five Kiwellin paralogs are encoded in each plant genome. Structural predictions revealed that Barwin-like proteins and Kiwellins cannot be discriminated purely at the sequence level. Our data shows that Kiwellins emerged in land plants (embryophyta) and are not present in fungi as suggested earlier. They evolved via three major duplication events that lead to clearly distinguishable subfamilies. We introduce a systematic Kiwellin nomenclature based on a detailed evolutionary reconstruction of this protein family. A meta-analysis of publicly available transcriptome data demonstrated that Kiwellins can be differentially regulated upon the interaction of plants with pathogens but also with symbionts. Furthermore, significant differences in Kiwellin expression levels dependent on tissues and cultivars were observed. In summary, our study sheds light on the evolution and regulation of a large protein family and provides a framework for a more detailed understanding of the molecular functions of Kiwellins.
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Introduction

A better understanding of plant diseases caused by viruses, bacteria, and fungi as well as by oomycetes is critical to improve global food security. In many cases, pathogens employ secreted effector proteins to manipulate the host plant and promote infection (Stergiopoulos and de Wit, 2009; Rocafort et al., 2020). Effectors exhibit a wide range of functions, e.g. they can mask the pathogen, (down)-regulate host defense mechanisms, or target defense enzymes or toxins to render them harmless (Lanver et al., 2018). In turn, plants have evolved various defense mechanisms. Upon pathogen contact, pattern recognition receptors (PRR) in the plant plasma membrane recognize conserved molecules on the surface of the microorganisms, such as flagellin, chitin, or glucans from bacteria, fungi, and oomycetes respectively (Jones and Dangl, 2006; Cook et al., 2015). These microorganism-associated molecular patterns (MAMPs) lead to MAMP-triggered immunity (MTI) (Cook et al., 2015) triggering response mechanisms to restrict damage caused by the pathogen. Plants can furthermore recognize effectors that are secreted or translocated into the plant cytoplasm, resulting in the activation of a second layer of defense, the so-called effector-triggered immunity (ETI) (Du et al., 2016). Both types of responses are tightly interconnected and thus referred to as the plant immune system (Jones and Dangl, 2006; Nguyen et al., 2021). Recently, two studies suggested a crucial role for maize Kiwellins as proteins counteracting pathogen attack (Han et al., 2019; Altegoer et al., 2020).

Two Z. mays Kiwellins specifically bind to the secreted chorismate mutase Cmu1 of the smut fungus U. maydis and inhibit its enzymatic activity (Han et al., 2019; Altegoer et al., 2020). Cmu1 was shown previously to down-regulate salicylic acid synthesis in the host by diverting its substrate chorismate to the phenylpropanoid pathway, thereby decreasing maize resistance to U. maydis (Djamei et al., 2011). Kiwellins were originally identified in kiwifruit (Actinidia spp.) in which they account for about 30% of the total protein content (Tamburrini et al., 2005). Kiwifruit can cause allergies in humans (Fine, 1981; Wang et al., 2019). It was shown that Kiwellin proteins contribute to the allergic response and are recognized by immunoglobulin E (Tamburrini et al., 2005; Ciardiello et al., 2009). The crystal structure of a Kiwellin from Actinidia chinensis revealed that it is a modular protein formed by an N-terminal 4 kDa kissper domain and a C-terminal core domain (Hamiaux et al., 2014). Pore-forming activity was reported for the kissper domain in synthetic lipid-bilayers while the Kiwellin-core-domain contains a double-psi β-barrel fold and a β -hairpin (Tuppo et al., 2008). Kiwellins have a high structural similarity to another class of plant defense proteins termed Barwin. Barwin and Barwin-like proteins are pathogenesis-related (PR) proteins belonging to the PR4 family. This family is divided into two classes, Barwin-like proteins with a chitin-binding domain (class I) and without this domain (class II) (Sinha et al., 2014). These proteins are mainly found in plants but also occur in bacteria, algae, and fungi. The functions of the Barwin domain are manifold. They can bind sugars, cleave RNA and DNA depending on divalent cations, and show antifungal activity (Dabravolski and Frenkel, 2021).

Due to the identification of a biological role of Kiwellins as plant defense molecules and their widespread appearance in the kingdom of plants (Bange and Altegoer, 2019; Han et al., 2019) it was tempting to speculate about an evolutionarily conserved role of Kiwellins as regulators of biotic interactions. Therefore, we set out for a systematic phylogenetic and structural investigation of the Kiwellin protein family to provide a framework for further research on this large yet relatively uncharacterized group of proteins. We provide a detailed phylogenetic reconstruction of Kiwellin evolution based on published proteome data and introduce a nomenclature for these proteins. In addition, we show that many proteins annotated as Kiwellin-like are actually Barwin-like proteins and that Kiwellins are probably restricted to land plants. Finally, we reanalyzed 31 publicly available transcriptome data obtained from plants exposed to biotic and abiotic stresses. This uncovered remarkable transcriptional regulation patterns for Kiwellin encoding transcripts upon interaction of plants with microorganisms. These data hence suggest a crucial role of Kiwellin proteins as modulators of plant-microbe interactions.



Material and methods


Kiwellin annotation

Kiwellins were annotated in all complete reference proteomes provided by UniProt, v2022_01 (Consortium, 2019). We conducted an iterative procedure that combines an initial sequence-based model with a structure-based filtering strategy. Initially, published sequences from Han et al. (2019) were aligned using muscle v3.8.1551 (Edgar, 2004). A profile Hidden Markov Model was built from this alignment using HMMer v3.2.1 (Eddy, 1998) and then used to mine the proteomes of all kingdoms of life (adaptive e-value cutoff based on false positives, see Supplementary Data 1 chapter 4). The resulting proteins were trimmed at the signal peptide cleavage site which was predicted with SignalP v5.0b (Almagro Armenteros et al., 2019) if present within the first half. The region upstream of this site is cleaved in vivo and is thus not relevant for structural prediction. We employed AlphaFold2 v2.0.0 (Jumper et al., 2021) to accurately assess structural elements, which were then used to determine the fold type, see Figure 1. Predicted structures were superimposed with the Kiwellin crystal structure provided by Han et al. (2019) using PyMOL (DeLano and Bromberg, 2004) and compared based on the presence of structural elements, RMSD and overlap (see Supplemental Data 1 chapter 4 for details). In this way, false-positive hits, e.g. Barwin-like proteins, could be distinguished from Kiwellins and Kissper-Kiwellins. The process was iterated multiple times, further improving the profile Hidden Markov Model. We trained separate models for Kiwellins and Kissper-Kiwellins. In parallel, we trained a model for false positives e.g. Barwin-like proteins that allowed us to filter out members of this group already at the sequence-based stages.




Figure 1 | Structure-models of Barwin-like (A), Kiwellin (B), and Kissper-Kiwellin (C) proteins based on consensus sequences of all proteins identified for each group (signal peptide removed). Elements visible in the 3D structure on the top are indicated in a planar visualization on the bottom with identical coloring (green: β-sheets, blue: α-helices, red: loop regions). Highlighted in yellow is the β-hairpin and in red is the kissper domain. Numbered, yellow circles indicate the respective disulfide-boundforming cysteine residues. A loop region with variable length is indicated by *.



In total, we identified 915 Kiwellins in 142 land plants (embryophyta) and one fungal species. No Kiwellins were detected in bacteria, archaea, or viruses/phages. A detailed description of the pipeline can be found in Supplementary Data 1 chapter 4. The implementation of the workflow along with the models generated at the last iteration is available via our GitLab repository, see Data Availability Statement.



Evolutionary reconstruction

The evolution of Kiwellins was reconstructed based on a phylogenetic gene tree that was modeled onto the associated species tree. Phylogenetic conflicts that arise in this process are resolved using a maximum likelihood-based approach concerning speciation, duplication, or loss events within the gene lineages.

First, all 915 Kiwellins with trimmed signal peptides were aligned using muscle v3.8.1551 (Edgar, 2004) to reconstruct the gene tree. The best-fit model for amino acid replacement with respect to the Bayesian information criterion (BIC) was determined using IQ-TREE v2.0.3 (Nguyen et al., 2015). The phylogenetic tree was then reconstructed with 100k bootstrap iterations based on the reported general amino-acid exchange rate matrix (WAG) (Whelan and Goldman, 2001) with a FreeRate model (Yang, 1995) of 8 categories of rate heterogeneity across sites, WAG+R8.

Second, the species tree was compiled based on the Open Tree of Life Synthetic Tree v13.4 (OpenTree, 2019a). The relevant subtree was re-rooted and pruned to the species with annotated Kiwellins within the reference proteomes provided by UniProt using ete3 v3.0.0b34 (Huerta-Cepas et al., 2016) based on the open tree taxonomy v3.3 (OpenTree, 2019b). To reduce the complexity, cultivars/subspecies were merged into a single species node representing all strains. As the Synthetic Tree does not encode distances for any species, these were estimated based on their core proteome. Orthologous proteins were determined using Proteinortho v6.1.1 (Lechner et al., 2011) with a fairly high e-value of 10-20. The 204 orthologous groups that covered all species were aligned using muscle v3.8.1551 (Edgar, 2004). Alignment columns with more than 90% gap content were dismissed, to reduce complexity. The alignments of all orthologous groups were then concatenated to reconstruct a supertree covering the core proteome. The best-fit model for amino acid replacement with respect to BIC was determined using IQ-TREE v2.0.3 (Nguyen et al., 2015). The reported model was JTT (Jones et al., 1992) with a FreeRate model (Yang, 1995) of 9 categories of rate heterogeneity across the site and empirical base frequencies, JTT+F+R9. It was used to reconstruct the phylogenetic tree, constrained by the topology of the species tree.

Next, GeneRax v2.0.4 (Morel et al., 2020) was used for a species-tree-aware Maximum Likelihood-based gene family tree inference using the UndatedDL reconciliation model (including speciation, duplication and loss events). 20 iterations were performed to reconcile the gene and species trees. This evolutionary reconstruction was then visualized using iTOL v6 (Letunic and Bork, 2021). It forms the foundation of the Kiwellin nomenclature.



Nomenclature

Based on early duplication events, three major Kiwellin groups were identified Kwl1, Kwl2, and Kwl3. Kwl1 is closest to the lowest common ancestor node (LCA) that was predicted in the analysis and thus represents the primal Kiwellin subfamily. Kwl3 is the most recent subfamily. Within these major groups, the following duplication events with a representative number of species covered were used to further refine subgroups, e.g. Kwl1-1, Kwl1-2, and so on. Paralogs within species are then numbered (ascending by age/distance to LCA) using letters, e.g. Kwl1-1a, Kwl1-1b, and so on. A notable exception is Kwl3-1 which was grouped based on a speciation rather than a duplication event. However, this subfamily is specific to Liliopsida and was therefore threaded separately.

To ease reading and summarize our findings, species were matched to taxonomic groups according to the NCBI taxonomy (Sayers et al., 2021). These groups are referred to by a three-letter code. The abbreviations used here are as follows: Fungi (FUN), Bryophyta (BRY), Lycopodiopsida (LYC), Amborellales (AMB), Liliopsida (LIL), Ranunculales (RAN), Magnoliidae (MAG), Saxifragales (SAX), Rosids (ROS), Caryophyllales (CAR), and Asterids (AST).



Consensus

Kiwellin sequences with trimmed signal peptides were grouped according to their respective major subfamilies (Kwl1, Kwl2, Kwl3, see ‘Nomenclature’ above). As most but not all Kwl1 Kiwellins contain a kissper domain, this subfamily was further divided in Kissper-Kwl1 and Kwl1 (without kissper). To emphasize the major differences, Barwin-like proteins identified through the Barwin-Model (see ‘Kiwellin annotation’ above) were added as an additional group. Note that this set is biased as it was constructed from false positive Kiwellin annotations to discriminate Barwin-like proteins from Kiwellins already at the sequence level. The groups were aligned using muscle v3.8.1551 (Edgar, 2004). Alignment columns with more than 90% gap content were dismissed, to reduce complexity.

A consensus sequence was calculated for each group and visualized using jalview v2 (Waterhouse et al., 2009). The conservation score of the Kiwellin consensus sequences was calculated following Livingstone and Barton (1993). 1 to 9 indicates property conservation of the alignment column in ascending order. Full property-related conservation is indicated by +, perfect amino acid conservation by *. Physico-chemical properties are highlighted based on the color schema provided by Larkin et al. (2007) (known e.g. from clustalX). The full alignments are available via our GitLab repository, see Data Availability Statement.



Transcriptomics

Publicly available RNA-seq data sets in NCBI SRA (Sayers et al., 2021) were identified that were created to study either pathogenic or symbiotic interactions in at least two biological replicates. A complete list is compiled in the Supplemental Data. The amino acid sequences of the respective Kiwellins were mapped to the respective transcripts either based on the NCBI transcriptome (Sayers et al., 2021) or, if not available, based on the cDNA sequences provided by Ensembl Plants (Yates et al., 2022) using Proteinortho in autoblast mode (to match translated DNA/RNA with amino acid sequences) with a relaxed minimal sequence coverage of 20% and rather strict minimal percent identity of 90% and e-value threshold of 10-50, see Supplementary Data 3.

RNA-seq libraries were quality trimmed using trim_glalore v0.4.4 Krueger et al. (2021) and sequencing adapters were removed using cutadapt v2.3 (Martin, 2011). For paired-end sequenced experiments, the mate reads are omitted. Reads were mapped to the transcriptome of the plant under study and its pathogenic or symbiotic partner organism if available using bwa v0.7.17 Li (2013) with default parameters. The average number of mapped transcripts per data set can be found in Supplementary Data 3. It was not always possible to assign a read to a single transcript due to close sequence similarity. In these cases reads with multiple hits were accounted proportionate to the targets. However, we conservatively neglected reads that were mapped to a Kiwellin and a non-Kiwellin transcript to avoid linking measured expression of two or more genes between both groups.

Differential gene expression analysis was performed using DESeq2 v1.22.2 (Love et al., 2014). To reduce background noise, transcripts with less than 20 reads combined for all replicates and conditions were neglected. Technical replicates were collapsed using the collapseReplicates routine. For each dataset, we picked relevant replicates and conditions to compare control or mock-treated versus infected or treated in pairwise analyses (Wald test). A detailed listing is provided in the Supplemental Datas 1, 3. Transcripts with a baseMean (a proxy for overall expression strength) above 80 were considered highly expressed. Only significantly regulated Kiwellin transcripts with a P-value below 5% and an absolute log2-fold-change of at least 1 were considered for further evaluation.




Results


Structural characteristics of Kiwellins, Kissper-Kiwellins and Barwin-like proteins

To get insights into the Kiwellin family of proteins we first worked out the structural characteristics. Approaches used to identify Kiwellins so far did not include this parameter to separate this protein family from Barwin-like proteins. Figure 1 highlights distinct structural features. Over 90% of the identified Kiwellins contain a signal peptide and thus can be secreted from the cell via the conventional pathway. The core of a Kiwellin protein is about 110 aa long. It consists of three α-helices and six parallel and antiparallel connected β-strands, that form a so-called double-psi β-barrel. This type of fold is also characteristic for the superfamily of Barwin-like proteins (Figure 1B). Two disulfide bonds between the two smallest β-strands β5 and β6 provide additional stability. The long flexible loop connecting α1 and β3 is fixed to the barrel by another disulfide bridge, which is anchored between β1 and β2.

In contrast to Barwin-like proteins, Kiwellins have an additional N-terminal extension of about 25 to 45 aa (Figure 1B). This domain consists of two β-strands connected by a loop. The loop region between β3’ and β4’ is highly variable. It is stabilized by disulfide bridges at both ends of the sheets that allow linkage of the extension with external loops of the β-barrel. Another disulfide bridge connects the loop located between the two β-strands that form the β-hairpin to the loop between β5 and β6, likely to connect this flexible and long loop to the core of the protein. We will refer to this N-terminal region as the Kiwellin-extension (compared to Barwin-like proteins).

The second class of Kiwellins, the so-called Kissper-Kiwellins (Ciardiello et al., 2008) include one further N-terminal extension of about 40 aa (Figure 1C). This domain is enriched in disulfide bridges and short regions of secondary structure elements (Ciardiello et al., 2008; Hamiaux et al., 2014). Notably, the loop connecting β3’and β4’ is significantly shorter in Kissper-Kiwellins, it decreases from 15 aa in Kiwellins to only 2 aa in Kissper-Kiwellins. This changes the arrangement of disulfide bridges in the Kiwellin-extension. The shorter loop provokes the absence of disulfide bridge 5 found in other Kiwellins and influences anchoring of disulfide bridge 4 in Kiwellins (compare the disulfide-bound forming cysteine residues 4, 4’, and 5 in Figures 1B, C). Three disulfide bridges are formed in the Kiwellin extension to stabilize the small fold (compare cysteine residues 5’, 6, and 7).



The evolution of Kiwellins

We reconstructed the phylogeny of Kiwellins and reconciled this data in the respective species tree to estimate duplication, speciation, and loss events along the evolution of this protein family. A summarized illustration is shown in Figure 2. The complete phylogenetic reconciliation including an annotation of duplication, speciation, and loss events can be found in Supplemental Data 2. The root of the tree was automatically estimated. It is located between the evolutionary oldest species in Bryophyta and Lycopodiopsida and the putative fungal prediction which we show here for the sake of completeness. We propose that Kiwellins close to the root represent the primal instances of this protein family.




Figure 2 | Left panel: Cladogram of the relevant taxonomic groups. The number of respective species in our data set is indicated in brackets. Right panel: Summary of the phylogenetically reconciled Kiwellin tree. The edge color and numbers refer to bootstrap percentages. Evolutionary events are indicated by a circle (speciation) or a square (duplication). Pie charts visualize the species coverage. Groups that mostly contain Kissper-Kiwellins are indicated (Kissper).



Our analysis revealed three initial duplication events and we, thus, distinguish three major Kiwellin groups: Kwl1, Kwl2, and Kwl3 (see Materials and methods for details). Kwl1 is the most ancient group probably representing the original Kiwellin subfamily. It is present in most taxonomic groups and is enriched in evolutionary older groups. It is found in younger groups as well e.g. in rosids and asterids but was frequently lost. Out of 205 Kwl1 proteins, 137 contain a kissper domain. This domain is restricted to the Kwl1 subfamily. The enrichment of this additional domain in a specific group of plants was not observed. Notably, Kissper-containing Kiwellins are completely missing in LIL. Kiwellins with and without kissper domain are phylogenetically grouped next to each other. An alternative phylogenetic analysis based on Kiwellins with truncated kissper domains resulted in a comparable phylogeny (Figure S1), indicating that these longer sequences did not alter the phylogenetic reconstruction significantly.

The Kwl1 group spans 87 species including the oldest embryophyta Physcomitrium patens and Selaginella moellendorffii and five taxonomic groups BRY, LYC, LIL, ROS, and, AST. The Kwl2 subfamily contains 202 proteins and is restricted to a limited number of taxons. This subfamily is probably derived from a specific duplication found only in LIL, AMB, and MAG. Compared to the other groups LIL species predominantly contain Kwl2. Kwl3 is the largest group, comprising 508 Kiwellins in 115 species covering the six taxonomic groups ROS, AST, RAN, SAX, CAR, and LIL. For all taxonomic groups except LIL, Kwl3 is the overall youngest but also the most abundant subfamily.



Sequence and structure conservation of Kiwellin subfamilies

The evolutionary reconciliation of Kiwellins identified three major subfamilies, Kwl1, Kwl2, and Kwl3. Kwl1 can be divided into two subgroups: one with and another without the kissper domain. Figure 3 shows a sequence-based alignment based on consensus sequences. While Kiwellin sequences are highly conserved, the subfamilies can be discriminated by the length of the variable loop region between β3’ and 4’ (Figure 4). In particular, this loop is short in Kissper-Kiwellins (median of only two amino acids). For Kwl1 this loop has a median length of 14, Kwl2 17, and Kwl3 20 amino acids. While cysteines are highly conserved, the disulfide bridge pattern differs between Kiwellins with and without the kissper domain since the loop region in the Kissper-Kiwellins is shortened and thus contains only one cysteine. For Kiwellins without the kissper domain, the loop is extended. Hence, a total of six cysteines are found that form three additional disulfide bridges. Overall, the loop appears to be a modular region with the lowest overall sequence conservation, e.g. significantly lower than the barrel-giving β-sheets (one-sided Wilcoxon rank-sum test, p<0.02). Notably, this region is not present at all in BLs. Similarly, the loop between β5 and β6 is usually shorter in BLs. Both features make it possible to distinguish BL and Kiwellins. While this is sufficient in most cases, about one-third of the BLs contain a loop similar to Kiwellins (Figure S2). Notably, neither the length nor the sequence composition of this region did impact the structure predictions.




Figure 3 | Aligned consensus sequences (without signal peptide) with secondary structure information of the Kiwellin subfamilies and a set of 391 BL proteins for reference. The conservation score of the consensus alignment for all Kiwellins is indicated above. The family-specific conservation is shown below the respective sequence: − (mostly gaps), 0…9, + (property conservation, ascending), ∗ (perfect conservation). Amino acids are colored according to their physicochemical properties. Positions and secondary structure elements were drawn corresponding to Kissper-Kwl1. Green represents β-sheets, blue α-helices. Numbered, yellow circles indicate the cysteine residues forming disulfide bounds.






Figure 4 | The consensus structure of the loop connecting β3′ and β4′ in the β-hairpin. The Kiwellin-groups are highlighted by different colors: red: Kissper-Kwl1, green: Kwl1, magenta: Kwl2, yellow: Kwl3. The bottom right: a schematic overview of (Kissper-)Kiwellins. Green arrow: β-sheet, blue rectangle: α-helix, yellow box: zoomed region.



The amino acid sequences in the remaining secondary structure elements are strongly conserved. In particular, the β-sheets and the α-helices located in the barrel β1–β7 and α1–α3 are significantly conserved relative to the adjacent unstructured regions (one-sided Wilcoxon rank-sum test, p<0.05). Most of the amino acid positions in the secondary structure elements of the barrel are entirely conserved (*) especially β2, α1, β5 and β6. Less conservation was observed for other elements in the barrel. For example, α3, β3 and β7 have some positions with low conservation scores compared to the overall consensus, as well as in the individual subfamilies (e.g. position 1, 2 in α3 or 5 in β7).

Of interest, we identified 61 additional proteins containing a kiwellin domain as part of a larger protein distributed over 33 species with no clear taxonomic limitation. About half (30) of those proteins are considerably larger (three to four times), still, no further domain could be identified. 26 hits are duplications of the kiwellin domain (Figures S3A, B). In two cases, triplications were found (Figure S3C). Similar domain duplications were also found for Kissper-Kiwellins (Figure S3D). All identified fusion proteins are listed in Supplementary Data 3.



Dissemination

A species-wise view of Kiwellin subfamilies (Figure 5) shows that Kwl2 is exclusively found in LIL where it is typically present, apart from some Oriza cultivars. LIL species on the other hand do not encode any Kissper-Kiwellins. We observed two major Kiwellin loss events coinciding with a loss of BLs in the order of Brassicales (e.g. A. thaliana) as well as the division of Marchantiophyta. The latter is only represented by two species in our data set. Thus, a general conclusion cannot be drawn at this stage. Brassicales are represented by thirteen species. Kiwellins are present in species sharing a common ancestor with this group (e.g. E. grandis). Therefore, a loss event is likely and in line with a reported whole genome triplication in the group, followed by many loss events in members of Brassicaceae (Moghe et al., 2014).




Figure 5 | Species tree cladogram. The inner circle encodes taxonomic groups. The outer circle indicates if a species is found in the Kiwellin group Kwl1, Kwl2 or Kwl3. K+: Kwl1 contains Kissper-Kiwellins, K: only Kissper-Kwl1, *: contains subspecies/cultivars, Ⓛ: putative loss event.



The Kiwellin subfamily Kwl2 is lost in the younger taxonomic groups of ROS and AST, while the evolutionary older Kwl1 including the Kissper-Kwl1 is still present. Thus, Kwl2 was probably lost in the intermediate group of LIL. A loss of the otherwise predominant Kiwellin subfamily Kwl3 is found in the order of Cucurbitales (ROS).

We observed a median of five Kiwellins in the larger taxonomic groups LIL, ROS, and AST, however, with a significant difference in numbers at the genus level and, strikingly, already at the level of breeds and cultivars. This can be explained by the degree of genome expansion. One measure for this feature is the unreplicated haploid nuclear genome amount also known as 1C-value (Soltis et al., 2013). Minor genome expansion is reported in CAR, SAX, and AST while large expanded genomes are found in some clades, especially within LIL which is found to show an exceptionally large range of 1C-values compared to the other taxonomic groups (Leitch et al., 1998). The reported 1C ranges of AST and ROS are similar (AST: 0.3-24.8pg, ROS: 0.1-16.5pg). This coincides with the number of Kiwellins occurring in these groups (AST: 1-24 and ROS: 1-17). SAX and CAR are reported to exhibit lower 1C ranges and as well contain a below-median number of Kiwellins.

The allotetraploid pasta wheat T. turgidum, one of the oldest domesticated crops, is known for its potential to obtain resistance to biotic and abiotic stresses. It encodes the second-highest number of Kiwellins (28). The bread wheat T. aestivum (LIL) has the highest number of Kiwellins observed in our data set (52). Most belong to the Kwl2 subfamily. Notably, T. aestivum is an allohexaploid composed of the three species T. urartu, A. tauschii and an unknown close relative to A. speltoides (not in this analysis) (Feldman and Levy, 2012). T. urartu and A. tauschii contain Kiwellins above the median and predominantly of type Kwl2. It is thus reasonable to assume that T. aestivum kept most of the Kiwellins from the donor species. In contrast, T. urartu harbors a diploid genome (Liu et al., 2017) and codes for nine Kiwellins.



Screening and consolidation

A total of 20,630 full proteomes was screened for Kiwellins (see Materials and methods for details). None of the sequence-based predictions could be structurally verified in Bacteria, Archaea, or Viruses/Phages. Except for a single instance, no Kiwellins were found in the 783 fungal species in our data set. The single hit detected in Fungi is from Blyttiomyces helicus (A0A4P9WPM3), a saprophyte, which grows on pollen and cannot be cultured so far (Ahrendt et al., 2018). Given the phylogenetic position of this gene in our reconciliation, horizontal gene transfer from a plant or contamination is unlikely. The remaining 915 Kiwellins were identified in 142 land plants (embryophyta) (Figure 6).




Figure 6 | Kiwellins detected among specified species. The black horizontal line indicates the overall median of five Kiwellins per proteome. Colors indicate Kiwellin groups. Dark-turquoise: Kwl1, light-turquoise: Kissper-Kwl1, green: Kwl2, magenta: Kwl3.



The set of ‘Kiwellin-like’ proteins provided by InterPro (IPR039271) contains 2,362 entries that overlap to a large extent with our source data set of full proteomes (Blum et al., 2021). While it covers all Kiwellin entries identified here, it also contains many BL proteins and several unrelated proteins that we could not verify as Kiwellins. In total, we estimate only about half of the set to represent canonical Kiwellins. The published Kiwellin structure from Actinidia chinensis (PDB: 4PMK/Uniprot: P85261) corresponds to Kwl1-2a according to our nomenclature (Hamiaux et al., 2014). The crystal structures of ZmKWL1a (PDB: 6FPG/Uniprot: A0A1D6GNR3) and ZmKWL1b (PDB: 6TI2/Uniprot: K7U7F7) from Zea mays correspond to Kwl3-1b and Kwl2-2d (Han et al., 2019; Altegoer et al., 2020). ZmKWL4 (Uniprot: A0A1D6GNR6) corresponds to Kwl2-2e and ZmKWL6 as well as ZmKWL12 are identified as BL proteins. Similarly, a fungal rust effector protein that suppresses cell death in plants was found to be a BL protein as well (Jaswal et al., 2021). The structure from Actinidia deliciosa (PDB: 4X9U/Uniprot: P84527) was not recovered as the species is not part of the data set (Offermann et al., 2015). Nevertheless we identified this protein as a Kissper-Kwl1, orthologous to Kwl1-2a from Actinidia chinensis.



Meta-analysis of Kiwellin expression in biotic and abiotic interactions of plants

Kiwellins have been identified as relevant defense proteins against the pathogenic fungus U. maydis (Han et al., 2019). Moreover, it has also been suggested that Kiwellins show tissue-specific expression patterns (Altegoer et al., 2020). To gain a broader view of how Kiwellin proteins are expressed in various situations, we performed a meta-analysis of publicly available transcriptome datasets from NCBI SRA. We focused on experiments in which Kiwellin-containing land plants were exposed to either pathogens or symbionts. Moreover, we only selected datasets, which were documented by a publication, comprising at least two biological replicates, contained unambiguous sample and experimental descriptions, and produced reliable FastQC scores (further details in Supplementary Data 1 chapter 5). A total of 31 data sets (out of 70 initially selected) met these criteria (Table 1). 14 out of the 31 data sets showed strong expression levels, as well as significant changes in Kiwellin mRNA levels in response to interactions with symbiotic or pathogenic species. A detailed listing of individual findings and full experimental descriptions as well as the full workflow description is provided in Supplement Data 1 chapter 5. Overall, our meta-analysis revealed that strongly expressed Kiwellins are present in each of the three subfamilies Kwl1, Kwl2, and Kwl3. About half of these Kiwellins show a significant response upon the interaction of the analyzed plant species with the respective interaction partner, being either a pathogen or a symbiont (Table 1). Specifically, we detected strong and significant Kiwellin responses in 7 out of the 21 data sets analyzing a plant-pathogen interaction (see Figure S7). For the interaction of a plant with its symbiont, we have also detected strong expression levels and regulation of Kiwellin transcripts, however, only in 5 out of 15 experiments (see Figure S7). These findings might indicate a role of the Kiwellin in the interaction of plants with the cognate pathogens and symbionts as well. Taken together, our meta-analysis supports the idea that Kiwellins represent a regulatory layer in the plant-microbe interactions, although additional experiments are required to further consolidate this notion. We would also like to note that we observed a tissue-specific expression difference in three distinct species M. truncatula, M. acuminata and T. aestivum in roots compared to leaves and one in nodules compared to roots. Notably, in wheat Kwl2 and Kwl3 are enriched in roots, while Kwl1 seems to be more prevalent in leaves. These findings are in line with the previously recognized tissue-specific expression patterns of the maize Kiwellins (Altegoer et al., 2020). Altogether, our observations might suggest that the differential expression of Kiwellins in tissues is a general feature of land plants. Moreover, we also observed that Kiwellins can be upregulated during water limitation, which might suggest that also abiotic factors are able to induce a Kiwellin response (Riahi et al., 2019).


Table 1 | Overview of strongly expressed and significantly regulated Kiwellin groups among all species with RNA-seq data sets.






Discussion

Plants have developed numerous strategies to cope with abiotic and biotic stresses caused by e.g. drought or viral, bacterial, fungal, or herbivore pathogens (Draffehn et al., 2013; Quintana-Camargo et al., 2015; Mosquera et al., 2016). Kiwellin encoding genes have been shown to be regulated upon these challenges e.g. (Huang et al., 2017; Fiorilli et al., 2018; Lanver et al., 2018). Recent studies demonstrated that two Kiwellins from maize specifically target a secreted effector protein from Ustilago maydis (Han et al., 2019; Altegoer et al., 2020) making this protein family an prominent new candidate to better understand plant-microbe interactions.

Our study introduces a unified nomenclature and Kiwellin phylogeny to guide future research on Kiwellin proteins. Combining structural predictions and sequence-based analysis we can clearly distinguish between Kiwellins and BL proteins. Interestingly, Kiwellins appear to be a unique invention of land plants despite one singular hit found in the fungal kingdom. Further investigation will be required to understand the evolution of this putative Kiwellin. Our structural comparison suggests that Kiwellins are derivatives of BL proteins. Starting from the BL fold, Kiwellins may have evolved, for example, by extending the N-terminus, which may serve as a surface extension of the protein to perform specific functions.

Another feature present in many Kiwellin proteins is the kissper domain. Out of 915 Kiwellins identified in our study, 143 proteins harbor a kissper domain. It was shown in experiments that the Actinida deliciosa Kissper-Kiwellin can be cleaved into two domains kissper and kiwellin by actinidain, a cysteine protease highly abundant in kiwifruits in vitro (Tuppo et al., 2008). Structural comparisons have shown that the short kissper peptide has high similarities to cysteine-rich motifs such as the epidermal-growth-factor-like motif, or toxins from animals (Ciardiello et al., 2008). This region, which is only 40 amino acids long, contains 6 cysteines and can form 3 disulfide bridges. Remarkably, the kissper peptide exhibits pH-dependent and voltage-gated ion channel-forming activity in synthetic lipid bilayers (Ciardiello et al., 2008; Meleleo et al., 2012; Ciacci et al., 2014). The biological role of the kissper domain has not been elucidated. Suitable model systems to study the potential role of Kissper-Kiwellins for the interaction of plants with pathogenic or symbiotic microbes could be Cucumis sativus and Glycine max. Both are established model systems.

All three Kiwellin groups show significant responses as well as strong expression upon the interaction of plants with microbes. Therefore, we speculate that members of all Kiwellin classes may function as modulators of biotic interactions. Hence, manipulation of Kiwellins or Kiwellin expression might provide a novel means to develop new disease-resistant plants or plants with improved symbiotic capabilities e.g. for nitrogen-fixing bacteria. Suezawa et al. (2017) investigated the performance (a.o. photosynthetic rate, fruit quality, crop yield) of A. chinensis under poor drainage grafted on rootstocks of different Actinidia species. The best results were observed with A. rufa rootstocks, in which Kiwellins are highly abundant. Furthermore, Kisaki et al. (2019) showed increased tolerance to bacterial blossom blight in a hybrid breed of A. chinensis and A. rufa. This coincides with the difference in Kiwellins abundance between A. rufa (24 proteins) and A. chinensis (4 proteins).



Conclusion

Kiwellins have distinct structural characteristics that need to be addressed when annotating new proteins of this family. Otherwise especially BL proteins are likely to be missannotated as Kiwellins as shown in examples from literature and a protein database. In addition, we identified three evolutionary distinct subfamilies that can be distinguished a.o. based on the length of the Kiwellin loop at the β-hairpin. We hypothesize that Kiwellins are evolutionarily derived from BL proteins that belong to the pathogen-related family 4. They may have additional functions in plant immune response due to the N-terminal extensions. The provided nomenclature and grouping of Kiwellins along with evidence from transcriptomic data indicating Kiwellin proteins as mediators of plant-microbe interactions will aid to guide further research in the fields of plant-pathogen and -symbiont interactions.



Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: https://www.ncbi.nlm.nih.gov/sra IDS: PRJEB4211, PRJNA10698, PRJNA116, PRJNA122, PRJNA14007, PRJNA17973, PRJNA182750, PRJNA190909, PRJNA20061, PRJNA20263, PRJNA207554, PRJNA225997, PRJNA225998, PRJNA232045, PRJNA232125, PRJNA238126, PRJNA240798, PRJNA241430, PRJNA243, PRJNA245122, PRJNA246165, PRJNA257217, PRJNA261643, PRJNA262552, PRJNA262907, PRJNA263939, PRJNA268357, PRJNA268358, PRJNA28131, PRJNA282644, PRJNA285087, PRJNA29019, PRJNA293435, PRJNA29797, PRJNA301363, PRJNA315994, PRJNA316327, PRJNA319578, PRJNA319678, PRJNA326436, PRJNA328963, PRJNA33471, PRJNA341501, PRJNA342685, PRJNA342701, PRJNA34677, PRJNA350852, PRJNA355166, PRJNA371634, PRJNA376605, PRJNA376608, PRJNA38691, PRJNA389730, PRJNA394209, PRJNA394242, PRJNA394253, PRJNA395588, PRJNA396054, PRJNA396063, PRJNA397875, PRJNA407962, PRJNA418295, PRJNA432228, PRJNA438537, PRJNA453230, PRJNA453787, PRJNA471752, PRJNA476953, PRJNA482138, PRJNA48389, PRJNA492326, PRJNA49677, PRJNA50439, PRJNA506972, PRJNA524157, PRJNA525136, PRJNA534520, PRJNA560384, PRJNA574457, PRJNA576248, PRJNA580467, PRJNA631757, PRJNA633601, PRJNA638679, PRJNA655717, PRJNA66163, PRJNA673911, PRJNA689611, PRJNA691360, PRJNA698663, PRJNA702515, PRJNA702529, PRJNA713846, PRJNA737421, PRJNA74771, PRJNA764258, PRJNA774802, PRJNA796348. The tools and data sets (tables, sequences, structure predictions) generated for this study can be found in the uni marburg gitlab repository (https://gitlab.uni-marburg.de/synmikro/ag-lechner/kiwellins).



Author contributions

GB conceived the study. ML supervised the project and drafted the manuscript. PK carried out the bioinformatic analyses and collected public RNA-seq data sets. PK, MC, and FA evaluated and verified structures. GB, ML, JF, and FA revised the manuscript. All authors wrote, read, and approved the final manuscript.



Funding

This research was partly funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) – 460129525, NFDI4Mircobiota. GB thanks the European Research Council (ERC) for support through the project “KIWIsome” (Grant agreement number: 101019765).



Acknowledgments

We thank Clemens Thölken for fruitful discussions and Marlina Putri Indrayani for the graphic design of the plant pictograms. Computationally intensive calculations including structure prediction and evolutionary reconciliation were possible thanks to the HPC cluster MaRC3 located at the Philipps-University Marburg.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1034708/full#supplementary-material

Supplementary Data Sheet 1 | Additional figures and detailed algorithmic description (PDF). chapter 1, S1 Gene tree with and without truncated Kissper-Kiwellins. chapter 2, S2 Weblogo of consensus sequences. chapter 3, S3 Examples of kiwellin domain duplications and triplications. chapter 4 Detailed description of the kiwellin identification pipeline. S4 RMSDPMAS examples. S5 Range of descriptors used in find_kwl. S6 Kiwellin identification pipeline. chapter 5 Detailed RNA-seq results. S7 Workflow for re-evaluated RNA-seq data.

Supplementary Data Sheet 2 | Fully reconciled Kiwellin evolution (PDF).

Supplementary Data Sheet 3 | Listings, e.g. proteomes, RNA-seq sources, Kiwellin annotations (XLSX).



Abbreviations

Kwl, Kiwellin; dpi, days post-infection; hpi, hours post-infection; LCA, lowest common ancestor; BL, Barwin-like; DPBB, double-psi β-barrel; FUN, Fungi; BRY, Bryophyta; LYC, Lycopodiopsida; AMB, Amborellales; LIL, Liliopsida; RAN, Ranunculales; MAG, Magnoliidae; SAX, Saxifragales; ROS, Rosids; CAR, Caryophyllales; AST, Asterids.



References

 Ahrendt, S. R., Quandt, C. A., Ciobanu, D., Clum, A., Salamov, A., Andreopoulos, B., et al. (2018). Leveraging single-cell genomics to expand the fungal tree of life. Nat. Microbiol. 3, 1417–1428. doi: 10.1038/s41564-018-0261-0

 Almagro Armenteros, J. J., Tsirigos, K. D., Sønderby, C. K., Petersen, T. N., Winther, O., Brunak, S., et al. (2019). Signalp 5.0 improves signal peptide predictions using deep neural networks. Nat. Biotechnol. 37, 420–423. doi: 10.1038/s41587-019-0036-z

 Altegoer, F., Weiland, P., Giammarinaro, P. I., Freibert, S.-A., Binnebesel, L., Han, X., et al. (2020). The two paralogous kiwellin proteins kwl1 and kwl1-b from maize are structurally related and have overlapping functions in plant defense. J. Biol. Chem. 295, 7816–7825. doi: 10.1074/jbc.RA119.012207

 Bange, G., and Altegoer, F. (2019). Plants strike back: Kiwellin proteins as a modular toolbox for plant defense mechanisms. Communicative Integr. Biol. 12, 31–33. doi: 10.1080/19420889.2019.1586049

 Blum, M., Chang, H.-Y., Chuguransky, S., Grego, T., Kandasaamy, S., Mitchell, A., et al. (2021). The interpro protein families and domains database: 20 years on. Nucleic Acids Res. 49, D344–D354. doi: 10.1093/nar/gkaa977

 Ciacci, C., Russo, I., Bucci, C., Iovino, P., Pellegrini, L., Giangrieco, I., et al. (2014). The kiwi fruit peptide kissper displays anti-inflammatory and anti-oxidant effects in in-vitro and ex-vivo human intestinal models. Clin. Exp. Immunol. 175, 476–484. doi: 10.1111/cei.12229

 Ciardiello, M. A., Giangrieco, I., Tuppo, L., Tamburrini, M., Buccheri, M., Palazzo, P., et al. (2009). Influence of the natural ripening stage, cold storage, and ethylene treatment on the protein and ige-binding profiles of green and gold kiwi fruit extracts. J. Agric. Food Chem. 57, 1565–1571. doi: 10.1021/jf802966n

 Ciardiello, M. A., Meleleo, D., Saviano, G., Crescenzo, R., Carratore, V., Camardella, L., et al. (2008). Kissper, a kiwi fruit peptide with channel-like activity: Structural and functional features. J. Pept. Science: Off. Publ. Eur. Pept. Soc. 14, 742–754. doi: 10.1002/psc.992

 Consortium, U. (2019). Uniprot: a worldwide hub of protein knowledge. Nucleic Acids Res. 47, D506–D515. doi: 10.1093/nar/gky1049

 Cook, D. E., Mesarich, C. H., and Thomma, B. P. (2015). Understanding plant immunity as a surveillance system to detect invasion. Annu. Rev. Phytopathol. 53, 541–563. doi: 10.1146/annurev-phyto-080614-120114

 Dabravolski, S. A., and Frenkel, Z. (2021). Diversity and evolution of pathogenesis-related proteins family 4 beyond plant kingdom. Plant Gene 26, 100279. doi: 10.1016/j.plgene.2021.100279

 DeLano, W. L., and Bromberg, S. (2004). Pymol user’s guide Vol. 629 (DeLano Scientific LLC).

 Djamei, A., Schipper, K., Rabe, F., Ghosh, A., Vincon, V., Kahnt, J., et al. (2011). Metabolic priming by a secreted fungal effector. Nature 478, 395–398. doi: 10.1038/nature10454

 Draffehn, A. M., Li, L., Krezdorn, N., Ding, J., Lübeck, J., Strahwald, J., et al. (2013). Comparative transcript profiling by supersage identifies novel candidate genes for controlling potato quantitative resistance to late blight not compromised by late maturity. Front. Plant Sci. 4, 423. doi: 10.3389/fpls.2013.00423

 Du, Y., Stegmann, M., and Villamil, J. C. M. (2016). The apoplast as battleground for plant–microbe interactions. New Phytol. 209, 34–38. doi: 10.1111/nph.13777

 Eddy, S. R. (1998). Profile hidden markov models. Bioinf. (Oxford England) 14, 755–763. doi: 10.1093/bioinformatics/14.9.755

 Edgar, R. C. (2004). Muscle: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 32, 1792–1797. doi: 10.1093/nar/gkh340

 Feldman, M., and Levy, A. A. (2012). Genome evolution due to allopolyploidization in wheat. Genetics 192, 763–774. doi: 10.1534/genetics.112.146316

 Fine, A. J. (1981). Hypersensitivity reaction to kiwi fruit (chinese gooseberry, actinidia chinensis). J. Allergy Clin. Immunol. 68, 235–237. doi: 10.1016/0091-6749(81)90189-5

 Fiorilli, V., Vannini, C., Ortolani, F., Garcia-Seco, D., Chiapello, M., Novero, M., et al. (2018). Omics approaches revealed how arbuscular mycorrhizal symbiosis enhances yield and resistance to leaf pathogen in wheat. Sci. Rep. 8, 1–18. doi: 10.1038/s41598-018-27622-8

 Hamiaux, C., Maddumage, R., Middleditch, M. J., Prakash, R., Brummell, D. A., Baker, E. N., et al. (2014). Crystal structure of kiwellin, a major cell-wall protein from kiwifruit. J. Struct. Biol. 187, 276–281. doi: 10.1016/j.jsb.2014.07.005

 Han, X., Altegoer, F., Steinchen, W., Binnebesel, L., Schuhmacher, J., Glatter, T., et al. (2019). A kiwellin disarms the metabolic activity of a secreted fungal virulence factor. Nature 565, 650–653. doi: 10.1038/s41586-018-0857-9

 Huang, H., Nguyen Thi Thu, T., He, X., Gravot, A., Bernillon, S., Ballini, E., et al. (2017). Increase of fungal pathogenicity and role of plant glutamine in nitrogen-induced susceptibility (nis) to rice blast. Front. Plant Sci. 8, 265. doi: 10.3389/fpls.2017.00265

 Huerta-Cepas, J., Serra, F., and Bork, P. (2016). Ete 3: reconstruction, analysis, and visualization of phylogenomic data. Mol. Biol. Evol. 33, 1635–1638. doi: 10.1093/molbev/msw046

 Jaswal, R., Rajarammohan, S., Dubey, H., Kiran, K., Rawal, H., Sonah, H., et al. (2021). A kiwellin protein-like fold containing rust effector protein localizes to chloroplast and suppress cell death in plants. bioRxiv. doi: 10.1101/2021.08.20.456821

 Jones, J. D., and Dangl, J. L. (2006). The plant immune system. nature 444, 323–329. doi: 10.1038/nature05286

 Jones, D. T., Taylor, W. R., and Thornton, J. M. (1992). The rapid generation of mutation data matrices from protein sequences. Bioinformatics 8, 275–282. doi: 10.1093/bioinformatics/8.3.275

 Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Tunyasuvunakool, K., et al. (2021). “Highly accurate protein structure prediction with AlphaFold. Nature .596, 583–589. doi: 10.1038/s41586-021-03819-2

 Kisaki, G., Shimagami, T., Matsudaira, K., Tsugi, Y., Moriguchi, K., Nakashima, K., et al. (2019). A kiwifruit cultivar crossbred with actinidia chinensis and actinidia rufa has practical tolerance to pseudomonas syringae pv. actinidiae biovar 3. J. Plant Pathol. 101, 1211–1214. doi: 10.1007/s42161-019-00349-9

 Krueger, F., James, F., Ewels, P., Afyounian, E., and Schuster-Boeckler, B. (2021). FelixKrueger/TrimGalore: v0.6.7. doi: 10.5281/zenodo.5127899

 Lanver, D., Müller, A. N., Happel, P., Schweizer, G., Haas, F. B., Franitza, M., et al. (2018). The biotrophic development of ustilago maydis studied by rna-seq analysis. Plant Cell 30, 300–323. doi: 10.1105/tpc.17.00764

 Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A., McWilliam, H., et al. (2007). Clustal w and clustal x version 2.0. bioinformatics 23, 2947–2948. doi: 10.1093/bioinformatics/btm404

 Lechner, M., Findeiß, S., Steiner, L., Marz, M., Stadler, P. F., and Prohaska, S. J. (2011). Proteinortho: detection of (co-) orthologs in large-scale analysis. BMC Bioinf. 12, 1–9. doi: 10.1186/1471-2105-12-124

 Leitch, I. J., Chase, M. W., and Bennett, M. D. (1998). Phylogenetic analysis of dna c-values provides evidence for a small ancestral genome size in flowering plants. Ann. Bot. 82, 85–94. doi: 10.1006/anbo.1998.0783

 Letunic, I., and Bork, P. (2021). Interactive tree of life (itol) v5: an online tool for phylogenetic tree display and annotation. Nucleic Acids Res. 49, W293–W296. doi: 10.1093/nar/gkab301

 Li, H. (2013). Aligning sequence reads, clone sequences and assembly contigs with bwa-mem. arXiv. doi: 10.48550/arxiv.1303.3997

 Liu, W., Maccaferri, M., Chen, X., Laghetti, G., Pignone, D., Pumphrey, M., et al. (2017). Genome-wide association mapping reveals a rich genetic architecture of stripe rust resistance loci in emmer wheat (triticum turgidum ssp. dicoccum). Theor. Appl. Genet. 130, 2249–2270. doi: 10.1007/s00122-017-2957-6

 Livingstone, C. D., and Barton, G. J. (1993). Protein sequence alignments: a strategy for the hierarchical analysis of residue conservation. Bioinformatics 9, 745–756. doi: 10.1093/bioinformatics/9.6.745

 Love, M., Anders, S., and Huber, W. (2014). Differential analysis of count data–the deseq2 package. Genome Biol. 15, 10–1186. doi: 10.1186/s13059-014-0550-8

 Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. J. 17, 10–12. doi: 10.14806/ej.17.1.200

 Meleleo, D., Gallucci, E., Notarachille, G., Sblano, C., Schettino, A., and Micelli, S. (2012). Studies on the effect of salts on the channel activity of kissper, a kiwi fruit peptide. Open Nutraceuticals J. 5, 136–145. doi: 10.2174/1876396001205010136

 Moghe, G. D., Hufnagel, D. E., Tang, H., Xiao, Y., Dworkin, I., Town, C. D., et al. (2014). Consequences of whole-genome triplication as revealed by comparative genomic analyses of the wild radish raphanus raphanistrum and three other brassicaceae species. Plant Cell 26, 1925–1937. doi: 10.1105/tpc.114.124297

 Morel, B., Kozlov, A. M., Stamatakis, A., and Szöllősi, G. J. (2020). Generax: a tool for species-tree-aware maximum likelihood-based gene family tree inference under gene duplication, transfer, and loss. Mol. Biol. Evol. 37, 2763–2774. doi: 10.1093/molbev/msaa141

 Mosquera, T., Alvarez, M. F., Jiménez-Gómez, J. M., Muktar, M. S., Paulo, M. J., Steinemann, S., et al. (2016). Targeted and untargeted approaches unravel novel candidate genes and diagnostic snps for quantitative resistance of the potato (solanum tuberosum l.) to phytophthora infestans causing the late blight disease. PloS One 11, e0156254. doi: 10.1371/journal.pone.0156254

 Nguyen, Q.-M., Iswanto, A. B. B., Son, G. H., and Kim, S. H. (2021). Recent advances in effector-triggered immunity in plants: new pieces in the puzzle create a different paradigm. Int. J. Mol. Sci. 22, 4709. doi: 10.3390/ijms22094709

 Nguyen, L.-T., Schmidt, H. A., Von Haeseler, A., and Minh, B. Q. (2015). Iq-tree: a fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 268–274. doi: 10.1093/molbev/msu300

 Offermann, L. R., Giangrieco, I., Perdue, M. L., Zuzzi, S., Santoro, M., Tamburrini, M., et al. (2015). Elusive structural, functional, and immunological features of act d 5, the green kiwifruit kiwellin. J. Agric. Food Chem. 63, 6567–6576. doi: 10.1021/acs.jafc.5b02159

 OpenTree, Redelings, B., Sanchez Reyes, L. L., Cranston, K. A., Allman, J., Holder, M. T., McTavish, E. J., et al (2019a). Open Tree of Life Synthetic Tree (12.3). Zenodo. doi: 10.5281/zenodo.3937742

 OpenTree, Cranston, K. A., Redelings, B., Sanchez Reyes, L. L., Allman, J., McTavish, E. J., Holder, M. T., et al (2019b). Open Tree of Life Taxonomy (3.2). Zenodo. doi: 10.5281/zenodo.3937751

 Quintana-Camargo, M., Méndez-Morán, L., Ramirez-Romero, R., Gurrola-Díaz, C. M., Carapia-Ruiz, V., Ibarra-Laclette, E., et al. (2015). Identification of genes differentially expressed in husk tomato (physalis philadelphica) in response to whitefly (trialeurodes vaporariorum) infestation. Acta physiologiae plantarum 37, 1–19. doi: 10.1007/s11738-015-1777-z

 Riahi, J., Amri, B., Chibani, F., Azri, W., Mejri, S., Bennani, L., et al. (2019). Comparative analyses of albumin/globulin grain proteome fraction in differentially salt-tolerant tunisian barley landraces reveals genotype-specific and defined abundant proteins. Plant Biol. 21, 652–661. doi: 10.1111/plb.12965

 Rocafort, M., Fudal, I., and Mesarich, C. H. (2020). Apoplastic effector proteins of plant-associated fungi and oomycetes. Curr. Opin. Plant Biol. 56, 9–19. doi: 10.1016/j.pbi.2020.02.004

 Sayers, E. W., Beck, J., Bolton, E. E., Bourexis, D., Brister, J. R., Canese, K., et al. (2021). Database resources of the national center for biotechnology information. Nucleic Acids Res. 49, D10. doi: 10.1093/nar/gkaa892

 Sinha, M., Singh, R. P., Kushwaha, G. S., Iqbal, N., Singh, A., Kaushik, S., et al. (2014). Current overview of allergens of plant pathogenesis related protein families. Sci. World J. 2014, 543195. doi: 10.1155/2014/543195

 Soltis, D. E., Soltis, P. S., Bennett, M. D., and Leitch, I. J. (2013). Evolution of genome size in the angiosperms. Am. J. Bot. 90, 1596–1603. doi: 10.3732/ajb.90.11.1596

 Stergiopoulos, I., and de Wit, P. J. (2009). Fungal effector proteins. Annu. Rev. Phytopathol. 47, 233–263. doi: 10.1146/annurev.phyto.112408.132637

 Suezawa, K., Fukuda, T., Mizutani, R., Yamashita, T., Otani, M., Abe, M., et al. (2017). Field performance of tetraploid Actinidia chinensis' Sanuki Gold' on Actinidia rufa rootstocks. Acta Horticulturae, Vol. 1218. 413–418. doi: 10.17660/ActaHortic.2018.1218.57

 Tamburrini, M., Cerasuolo, I., Carratore, V., Stanziola, A. A., Zofra, S., Romano, L., et al. (2005). Kiwellin, a novel protein from kiwi fruit. purification, biochemical characterization and identification as an allergen. Protein J. 24, 423–429. doi: 10.1007/s10930-005-7638-7

 Tuppo, L., Giangrieco, I., Palazzo, P., Bernardi, M. L., Scala, E., Carratore, V., et al. (2008). Kiwellin, a modular protein from green and gold kiwi fruits: evidence of in vivo and in vitro processing and ige binding. J. Agric. Food Chem. 56, 3812–3817. doi: 10.1021/jf703620m

 Wang, J., Vanga, S. K., McCusker, C., and Raghavan, V. (2019). A comprehensive review on kiwifruit allergy: pathogenesis, diagnosis, management, and potential modification of allergens through processing. Compr. Rev. Food Sci. Food Saf. 18, 500–513. doi: 10.1111/1541-4337.12426

 Waterhouse, A. M., Procter, J. B., Martin, D. M., Clamp, M., and Barton, G. J. (2009). Jalview version 2–a multiple sequence alignment editor and analysis workbench. Bioinformatics 25, 1189–1191. doi: 10.1093/bioinformatics/btp033

 Whelan, S., and Goldman, N. (2001). A general empirical model of protein evolution derived from multiple protein families using a maximum-likelihood approach. Mol. Biol. Evol. 18, 691–699. doi: 10.1093/oxfordjournals.molbev.a003851

 Yang, Z. (1995). A space-time process model for the evolution of dna sequences. Genetics 139, 993–1005. doi: 10.1093/genetics/139.2.993

 Yates, A. D., Allen, J., Amode, R. M., Azov, A. G., Barba, M., Becerra, A., et al. (2022). Ensembl genomes 2022: an expanding genome resource for non-vertebrates. Nucleic Acids Res. 50, D996–D1003. doi: 10.1093/nar/gkab1007


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Klemm, Christ, Altegoer, Freitag, Bange and Lechner. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-13-1034708-g005.jpg
mFUN - Fungi
mBRY - Bryophyta

\
\|\\
n
‘I
|
]

e — K™: contains Kissper-Kiwellins
=LYC - Lycopodiopsida ’é‘/ o B Q\# K : only Kissper-Kiwellins
SMAC - Macoclidas B T 2 | - * . contains subspecies/culti
“MAG - Magnoliidae o ‘, - NN IS StbspeciesiGuiivans
WLIL - Liliopsida 3 3 2885353 -
®m RAN - Ranunculales 2 53839 §§ >3
- CAR - Caryophyllales T @ %%;%%2233 2§§ ch
lAST-asteyids g%\%%N%-%—é;%g%;%%-ggg-

o6 Sadiragales /7 o, S %% %% 255333 L33 5REE
u - rosids ) 5, L2 2% T8 S =.
12% ERSACRAR LR
: T TR T e
s, o, % 2, % % % S %3
o, Py 85 B B %D
2. 2 X, 8,8 Y % Triticea
0&/49 &/{9/ By, % %90) Z
s, T, 20, 7, RS P
7 0 % ® >
/))y % Q -0 Q
s P ) Q
é@/fb 25 % 5
“pf S,
%
- 2,
. .
Uy \\\\ s ] n
on S’bas X ‘\(\f:‘;\ian us &
W, er
en;, “ (S porc®® <
aca S as\© sesam - mpetigi
Oensis —_ Handroanth L \
| Mestica Magnoliopsida i splendens
Malus baccata SN\ X Tracheophyta he quttata lx
5" Pyrus ussuriensi X Embryophyta lamiiid Erythranthe 9 :
I Rosa chi o " "LCA amids Coffea arabica ) |7<
X osa cninensis les X . ) Coffea ca :
Parasponia andersonii RosH (L) Marchantiophyta eudicotyledons nephora
xl\ Trema orientale
is sativa
: cannabis S8
tabilis
x‘ * Morus Not<
: g jujub@® G
:4‘ zizmh”? Je\o" "%b,, y
: &
0‘5\65 & @G/»
%55,
/ce/
68%7
GosSYp"“m@
o)
Q=
Qe ©
=% %
SIS ; OG\G%,,% R
OO SRS oL
. <.
RS SIS e e o028 % %23 % &
O N N S S %] s .
ki ’ F O s a888339%%82282%23%%3%3
N V¥ oS00y 8528828333552 325%
AN WO AR S LR A )
J,s\ T §5§T7858s5§5333835%22% 2
\ T LS SIS < S =28 23223 Q9 2
N & SOSE§§ 88233 S EAL N
NS M § Feriitsis %
y NS a N
TN £78 5833823 Sr
@] S = =t =: / \)\
7 ,\/~\ ‘ © 8 3 : ’
~ -~ . » gl ” N
N ’\: —/ 57
—

¥

1
(
L
|





OEBPS/Images/fpls.2022.1034708_cover.jpg
& frontiers | Frontiers in Plant Science

Evolutionary reconstruction,

nomenclature and functional

meta-analysis of the Kiwellin
protein family





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Evolutionary reconstruction, nomenclature and functional meta-analysis of the Kiwellin protein family

      

        		

          Introduction

        



        		

          Material and methods

        

          		

            Kiwellin annotation

          



          		

            Evolutionary reconstruction

          



          		

            Nomenclature

          



          		

            Consensus

          



          		

            Transcriptomics

          



        



        



        		

          Results

        

          		

            Structural characteristics of Kiwellins, Kissper-Kiwellins and Barwin-like proteins

          



          		

            The evolution of Kiwellins

          



          		

            Sequence and structure conservation of Kiwellin subfamilies

          



          		

            Dissemination

          



          		

            Screening and consolidation

          



          		

            Meta-analysis of Kiwellin expression in biotic and abiotic interactions of plants

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-13-1034708-g002.jpg
Kwil-1 (51)

Taxonomic Groups Kwil1l-BRY (2)
> 0O .- ‘
. > O o > -
P M FUN - Fungi (783 ~
: gi (783) % : ' m
5 BRY+LYC (2) - 3
; Bryophyta+Lycopodiopsida 47(9% 2
. S >
N AMB+MAG (2) - A oy S
o Amborellales+Magnoliidae L,(C:)A__"___O ® Kwll-2..5
ccg - LIL - Liliopsida (34) X % 7 - (151)
>0 §¥ Kissp 7]
= '% RAN - Ranunculales (5) Kwli1-FUN (1) = /wall 7 O ‘
L = pa N
= SAX - Saxifragales (1) E @ Kwi2-1..2 © 5
(@)
G (202) Kwil2 <
= ROS - rosids (90) / \&KW|3 _—
; z > ¢
= CAR - Caryophyllales (3)
©
()
> AST - asterids (32) S, ‘o
) Ll /
= Kwi3-1 (30)
3
—
=
Events Bootstrap values Kwi3-3..9 (408) & 5 Kwi3-2 (70)
L 50% 75% 100% 0 0
[] duplication | 3 ‘ 0 o q n ]
(O speciation Distance 14 < o <
0.25 X LU X 14
=
< (O & < (O =





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-1034708-g004.jpg
4 kissper [B-hairpin DPBB





OEBPS/Images/fpls-13-1034708-g006.jpg
FUN % % % % LIL RAN SAX CAR AST
7w = > iopsi 0 w0 '
= g § . § Lycopodiopsida 52 5 3 5 asterids . T
23 538 3 z S W
5 55 & £ S 2 ~ Kissper-Kwl1l
8. § % g 8 g . KW|2
> ? B

median 5

5 O > (o \ez\ ((\9 (\,@’b\\'b\'b\‘o z,@ fofo\\(ofo\ $ QN 0 6\ fo (o(o 'o'o,@ (o(o@
5 0‘9’0 & Qé N 0@‘5\09% \%\B\% 3 %\o q e(\ 9\7’ (?}o %\ N <c 2o \c QR :\ O &\ 6° (t(@* R ?:Q &?\ 0\ e(\\(- \)Q@ (\ (\(\ ,o @“Q o)fo X \) 5 °f<>\‘4’ QK\ 2 vé 6\ \(’\)09\)
(;,9\(\ ((\Q \\?}\ {\(‘f‘o @(\ 6,@(9(2\ 1%&(’9@’8&006% (\0(\06 A ,bQC)((\o d\j) Q ‘\6@*@ (\Q X Q'b (::\\\\(\o\(@ PN ‘9’& /l/e’b COZ‘\(;(%\(\\\\& &(,(‘5\ (Oo‘o\e ‘(\\1\\6\60’06\66}(‘@0 00‘(\\(,;’&0(\@ ; %ecéé&eq&cz‘%%%% @ (0\(, \‘\4 ‘0 ?(/:\\ Qe’ \;O
S R R AN RN R AL AR (o@ RN PG (o (0 fo&\\\\ ‘{\Cc AR ax, & O
37 & O 0 WEWN N6 NGoANeY & oo P o 6&\’0&66 & @R A @ P I \><° 22 RN Q'»g» o(\é"é\\g
\0(0 Od\\ \’0((\ (Q/\ \)((\ e%s\ﬁ 6\0 (’b \\)\o\\)&(\\@e é@'b \ (6\/%\\) @\) 9 \ 5 % \ {0 \)\\.(\ 6@& e}\)& OQ’ N3 QO ’0(\ VS ((\ X Q@ (9\ 0;{\ ‘(\(,0(9\\\’0(\\/ \‘. \}c),&ﬂggd\((\ (\\)((\
O N 0O Ll AN ©G%S QO ,\Q/\ﬁ RN - PR o C ‘9 QQ & NS \(,(,\ ARG
NIRRT RS SR QN Q0 v R & @ v oY K $\ NOMOANLS
My & & & 07PN Oryza QN o (O & 'S
M L0 B QY D A\ > 0
AN @ B 0% Q7 @ O O
C 9) \Y \e@
20 ROS
rosids
10
median 5
(\6@ (9\6) X &\4 (\9 \)9 \o @\’b 66’\ &(\ @ ((\ (0 d\ 6\’0(\\ ((\\(;o 6\6 D Q\'b’o’@ 0’0 x@ (\‘0@ \\\6 (\\\ (\9 ® (Q (0 Xé 9\9 \,’b 6\‘) 6\\@\90 7 e(b 'b
q& <\<\ e}\& S QIR g) AN %+ s @00 RSN NGy RO ENA 2 BN M N N\ c\ R
o@oﬂ"”oﬂ‘? % \"279 S ?{90 Q0 R ‘66@ 2 Q \° ° B (\?0 “\*3\ ) K\‘& SIS ?’\ ‘@o N §o Yol %ﬂ\"o A8 &0‘062\6%0%‘5\ %S de? < (,o\) °<<‘(° @% 00 d‘ 2O \6 O \\) A%
ORANANAL Q (—) (9 2 \ 0 9 \(\ 5 2 5 :
d’%%\(,(‘:,o\’o@% ¥t 6(}\@0 XX % 0@(\2\ o0 @ R : 6* ) O & {\\’0\; 6&? o) ’<>\°\>‘?$\°y”q°yg\°’°o‘°\®2\°% MR * 6 9% % g\ Q\N\" QS
@R LEQC O 8™ Mo 0° N ARG \fo CANERSR PN NS Q QS 6 OQ
QW > O @(Joﬂ & < SO ENE L @ TPrunus % q~\
& ¢ Gossypium i W 7% ?

O)





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-13-1034708-g003.jpg
consensus
conservation

Kissper-Kwll
Kwil
Kwl2
Kwi3

consensus
conservation

BL - fiPA

Kissper-Kwl1
Kwil

Kwl2
Kwl3

kiSSper domain B-hairpin jalview conservation score
low: -0123456789+%* :high

al’ B1' B2' B4’
structure elements
[ ] alpha-helix
, ’ , , , , ’ [ | beta-sheet
_________________________________________________________________ 3%73%78%0%%%x*884 Clustal X color scheme
20 © hydrophobic
. | 50 60 . 70 20 M positive charge
|ssl HKTLNDngQL IgINlKINDDlDV.TH IIS_N oPBeTLT -t KlKS-Q s8 W negative charge
034[+/446+5668+*3+++7*7346/+H7+++49+854(+/34611111155/*/454+843|k------------------- 28156+494*+598++ W polar
Q TLR-Ps---GHsld- - - - - KAGQsNP O] conserved cysteines
00[*255+391 -« - - -« - = <|-|------- 2142463692**38532 = glycines
v R-Y.-K---S. N NKSNDS EDIGKRYPQ vl 2B W prolines
+3+459+4+3+4---7+-445465374++24454%++94/k/+*+9883 M aromatic
- QTIElKPBIGK IRGKKPPPG - QEINQENDS KEGKFNTT VB sH unconserved
A3+ +++492+411235-64#2001557++32+62%6793[+++38843

B-barrel

B1 ® B2 ol D B3 B4 B5 T @ B6 a2 a3 B7

kK k50%0%7 %0607 * 5%k *k5%kkkkk749%k58664 % kkkkkk*kO5%88*,*%765%0%8+ -k k*k*k*k5%k 7 hkhkhkkkk,x]4%*k*490%x568% % % 5%k*k*k*k*k+*3%*x*x4%%*%x953-86%4669%%*%54

100 110 120 130 1|70 . 180 200
v K DBl K-KIIIDT NVGEVP VWEID A
103112211202+003347835139854142988++83793351+241+692-2254762+5++++5200+ ---------- 2184957+249+4584952-62+132943200
KA K LEENNDE S E R R D AVWS ALGILN K - BV v VBIVEIWEMA
+3+3++5+7+633313357+2(++45982657298+++++%9534+5/*%(37596+6839+9883+9+++8 +3889+8++38++34+4+72-64+3349+++01
A VMELNDFDEGGDGG FH N FER NN | VDABQAVWDALG | TGEDVGEYD | WA

+2%50%6+8%42+333%53+3[k%x429+198538+**k*k+%% 023 +3%*342904943-5%6883++***Bkkx 864 +k|+33%+457%/kx[13+ 0 +*%+%16%%43%3906-374%22298%543

WA v LIS FE K« oEMA v GIclol A BN F w KALBLDG - N VGME K| WED &
+3+49+9+++43+5++++4+4[+k549+2+345++++*%8++73754++5849994+-746886+9 %k ++k[k|+++5+k+30+8987*+27+3++++5+++5++5+23-49+4329+%+93
BRATLELNSFEx LNNIITIISG - NGRSV KA ™ KAVWKALGVPEDDWGELD I FWSD A

+2++9++++3+++5+++954351+35794+83 3

+4+4++++8+42549++83+3|473598587369++++++% 904233 +*25394+4+-++6884+6+++++++53+++34+598++





OEBPS/Images/table1.jpg
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Bryophyta (BRY) P. patens P* - - - /1

Liliopsida (LIL) M. acuminata - - SET - 2/3
Z. mays - - Pl* Pl* Pt ST 2(+1%)/ 5

T. aestivum = PISIT PISIT St T 3/4

O. sativa - Pl (9] (%) 1/2

asterids (AST) S. lycopersicum = = N st 13

S. tuberosum (9] (9] (9] 0/1
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Caryophyllales (CAR) C. quinoa = = - (9] 0/1
rosids (ROS) G. max PTSI*T* - - (9] 1(+1%)/5

C. sativus St Pt 51 - = 2/2

M. truncatula (9] - - STATT 212

C. melo Q = = = 0/1

I 14 (+4%)/31

Kwl1*: Kissper-Kwll, P: pathogenic interaction, $: symbiotic interaction, T: tissue-specific, A: abiotic stress. —: Kiwellin group not present in this species, @: no Kiwellin found with
significant regulation, 1: up-regulated, |: down-regulated, {: up and down-regulated (compared to the respective control), *: weakly expressed but with significant differences, #: number of
independently collected data sets with significantly regulated and strongly expressed Kiwellins.
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