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ABSTRACT

Plants have evolved elaborate defense systems against pathogens. There are
various gene families playing roles for defense response. To date, genome data of
plants from green algae to angiosperms are available and they allow us to identify and
compare certain gene families that we are interested in. Here, I performed genomewide identification and evolutionary analyses of two gene families related to plant
disease resistance; nucleotide-binding and leucine rich repeat (NLR) and Autophagy
(ATG). NLRs are known to recognize effectors from pathogens and induce
downstream signaling for defense responses. ATGs play roles in degradation and
recycling of intracellular materials and are related to programmed cell death (PCD).
Among ATG gene family, ATG4 cleaves ATG8 for genesis of autophagosome and
subsequent process.
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The numbers of NLRs were diverse even among related species, pepper, tomato
and potato. Phylogenetic and clustering analysis classified them into 14 subgroups.
Among them, certain subgroups of NLRs in pepper were dramatically expanded and
subgroup- or species-specific duplication after speciation might result in divergent
evolution of NLRs in Solanaceae. In addition, computational prediction and
degradome analysis revealed that some of NLRs were regulated by microRNAs
(miRNAs). Interestingly, a novel miRNA targets many NLRs which belong to the
expanded subgroup (CNL-G1) in pepper. This indicates that miRNAs are one of the
most important regulators of NLRs and have evolved to regulate diverse NLRs. In
addition, conserved or novel miRNAs might regulate NLRs by producing secondary
small RNAs, such as phased siRNAs (phasiRNAs).
In contrast, ATG4 and ATG8 for genesis of autophagosome showed mostly
conserved sequences and the numbers of exons among 18 plants, although the
number of genes was different. ATG8s were divided into 3 subgroups and most of
them appear to be duplicated by whole genome duplication or dispersed duplication.
Cross-kingdom processing activity of ATG8s by ATG4s revealed that yeast and plant
ATG4s can cleave ATG8s from both yeast and plants, while human ATG4 can cleave
ATG8s from human, yeast, and plants. Identification, classification and evolutionary
analyses of these gene families might provide important information for functional
study of the genes.
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GENERAL INTRODUCTION
Since the first plant genome of Arabidopsis thaliana was published, hundreds
of plant genomes have been sequenced or in progress (Arabidopsis Genome,
2000). Plants whose genome has been sequenced range from lower plants like
green algae to higher plants. Most of published genomes are from angiosperms
while gymnosperms and ferns have not been extensively sequenced yet. The
recent whole genome data offer us an opportunity to explore various gene families.
From the genome sequencing data, genome-wide analyses on a number of genes,
repeat sequences and gene density within the species are available. Furthermore,
comparative analyses of specific gene families among relative species and DNA
change-based evolutionary studies are also possible. Mining of valuable
information from genomes and finding their biological meaning are important to
understand the systems and mechanisms in life.
There are various gene families playing important roles in plant innate
immunity. Plants have developed defense systems against pathogens such as
bacteria, fungi and viruses. The plant innate immunity is composed of two
systems; pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI)
and effector-triggered immunity (ETI) (Jones and Dangl, 2006). PTI is induced by
detection of PAMPs of pathogens by pattern recognition receptors (PRRs) on the
cell surface while ETI is mediated by recognition of effectors secreted from
pathogens by the resistance gene (R gene) in the cell (Zipfel, 2014; Cui et al.,
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2015). The interaction between the effector and the R gene triggers subsequent
downstream signals for defense response. From then, plants acquire resistance and
show defense response such as programmed cell death (PCD) in the infected
region (Chisholm et al., 2006). This rapid local cell death is called hypersensitive
response (HR). Meanwhile, autophagy process is involved in PCD during defense
response (Teh and Hofius, 2014). There seem to be complex components
regarding the activation of autophagy including recognition of effectors by R
genes (Hofius et al., 2009).

Nucleotide-binding and leucine-rich repeat (NLR) in plant defense system
Most of R genes belong to the NLR gene family. They have specific domains;
Nucleotide-binding (NB) and leucine-rich repeat (LRR). NLRs are divided into
TNL and non-TNL according to the existence of Toll and Interleuckin 1 Receptors
(TIR) domain in their N-termini. Most of non-TNL types have sequences
consisting of a coiled-coil (CC) structure at their N-termini (CNL). These two
classes of NLRs show different phylogenetic distribution and downstream
signaling pathways (Tarr and Alexander, 2009). In addition, NB domains also can
be divided into three sub-domains; NB, ARC1 (APAF-1, Resistance genes, and
CED-4 1), and ARC2 (Lukasik and Takken, 2009; Takken and Goverse, 2012).
There are conserved motifs such as a p-loop, kinase2, GLPL, MHD, RNBS-A to
D in the NB domain indicating important roles of these regions.
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Each domain in NLR proteins might have distinct functions for defense
responses (Takken and Goverse, 2012). For example, the NB domain has ATP
binding activity while the LRR domain is involved in the detection of pathogens
and components of signal transduction. N-terminal domains seem to be needed for
interaction with signaling components. In general, NLR proteins operate as
molecular switches; between the ADP-bound “off” state and ATP-bound “on”
state (Collier and Moffett, 2009). TIR, CC, and LRR domains might interact with
the NB domain inhibiting exchange from ADP to ATP in the absence of pathogen.
A conformational change from “off” to “on” state induces downstream signaling
following pathogen infection (Cui et al., 2015). Taken together, NLRs have a
unique combination of domains and motifs comprising certain structures to
recognize effectors and induce downstream signaling for defense response.

Small RNAs in plant defense system
Small RNA-mediated gene silencing is one of the gene regulatory systems
conserved in eukaryotes. In plants, small RNAs are 20~24 nucleotides in length.
They play important roles in diverse biological processes, such as growth and
development, hormone synthesis, and response to biotic and abiotic stress (JonesRhoades et al., 2006; Sunkar et al., 2007; Voinnet, 2008). Small RNAs are divided
into two classes according to their origin and biogenesis; hairpin RNAs (hpRNAs)
including microRNAs (miRNAs) and small interfering RNAs (siRNAs) (Axtell,
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2013). Small RNAs are produced from transcripts forming a hairpin structure or
double-stranded RNA (dsRNA) precursors and processed by Dicer-like proteins
(DCL) in plants. The processed small RNAs are associated with Argonaute (AGO)
to repress target genes. In plants, target repression is generally processed by the
cleavage of transcripts at the post-transcriptional level while translational
repression is a primary mechanism of small RNAs in animals. Among siRNAs,
secondary small RNAs produced by the cleavage of transcripts and synthesized
into dsRNA by RNA-dependent RNA polymerase (RDR) are called trans-acting
siRNA (tasiRNA) or phased-siRNA (phasiRNA) (Fei et al., 2013).
miRNAs play roles in various biological phenomena including growth,
flowering, and plant defense response (Jones-Rhoades et al., 2006; Fei et al.,
2016). In particular, miRNAs seem to be involved in both PTI and ETI. In
Arabidopsis, PAMP induces the accumulation of miR393, which targets F-box
auxin receptors, TIR1, AFB2, and AFB3 (Navarro et al., 2006). Suppression of
auxin signaling by miR393 might result in enhanced PTI. In addition, miR160atargeted auxin response factors positively regulated callose deposition induced by
PAMP such as flg22 (Li et al., 2010). While miRNAs play roles in PTI via
regulation of hormone signaling, they also target NLR genes for ETI. For example,
miR1507, miR2109, and miR2118 target several hundred NLR genes and trigger
phasiRNAs in Medicago truncatula (Zhai et al., 2011; Fei et al., 2015). In
Solanaceae plants such as tomato, potato, and tobacco, miR482, miR5300,
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miR6019, and miR6027 were identified to target NLR genes and triggered
phasiRNAs (Li et al., 2012; Shivaprasad et al., 2012). In addition, four R genes
targeted by tomato miR482 or miR5300 are involved in disease resistance to the
wilt fungus Fusarium oxysporum (Ouyang et al., 2014). Taken together, miRNAs
and phasiRNAs produced by miRNAs might suppress a wide range of genes
related to the plant defense system.

Autophagy in plant defense system
Autophagy is a major pathway for degradation and recycling of cellular
materials. Several types of autophagy have been reported, and microautophagy
and macroautophagy have been observed in plants (Liu and Bassham, 2012).
Macroautophagy, hereafter referred to as autophagy, forms double membrane
structures

called

autophagosomes.

Upon

induction

of

autophagy,

the

autophagosome forms around the materials (cargo) to be degraded, and the
autophagosome delivers them to the vacuole. In plants, the autophagosome fuses
directly with the vacuole. There are more than thirty genes involved in the
autophagy system in yeast, and the mechanisms are thought to be conserved in
plants and animals.
Autophagy has essential functions in starvation, development, senescence,
and biotic and abiotic stresses. Especially, roles of autophagy in plant defense
systems regarding to HR-PCD have become arising issues. For example,
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ATG6/BECLIN 1 plays a role in the restriction of HR-PCD site following
pathogen infection in Arabidopsis and Nicotiana benthamiana, indicating
autophagy as a pro-survival mechanism (Liu et al., 2005; Patel and Dinesh-Kumar,
2008). In contrast, HR-PCD mediated by TNL signaling is suppressed within 25
hours in knockout mutants of atg7-1 and atg9-1 (Hofius et al., 2009). However,
further functional studies on autophagy related to plant defense systems including
PCD are remain to be performed. Autophagy might play important roles in proper
execution of defense responses, such as the limitation of pathogen growth and
induction of cell death against pathogen infection.

This study is focused on two gene families playing important roles in the
plant defense system; nucleotide-binding and leucine-rich repeat (NLR) and
Autophagy (ATG). Genome-wide identification and classification were conducted
and their evolutionary relationships were analyzed. In addition, relationships
between microRNAs and NLRs were explored regarding to coevolution. Studies
are focused on the following topics:
Chapter 1: Genome-wide identification and evolutionary classification of
NLRs in Solanaceae crops
Chapter 2: Regulation and coevolution between NLRs and microRNAs in
Solanaceae crops
Chapter 3: Comparative analyses of ATG4 and ATG8 in the plant lineage and
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cross-kingdom processing of ATG8 by ATG4
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CHAPTER 1

Genome-wide identification and evolutionary
classification of NLRs in Solanaceae crops
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ABSTRACT
Plants have evolved elaborate innate immune systems against invading
pathogens. Among them, intracellular immune receptors known as nucleotidebinding leucine-rich repeat (NLR) play critical roles in effector-triggered
immunity (ETI) regarding to plant defense. Here, genome-wide identification and
classification of NLR-coding sequences from genomes of pepper, tomato, and
potato were performed using the same criteria and compared their features for
duplication and evolution. A total of 267, 443, and 755 NLR-encoding genes were
identified in the genome of tomato, potato, and pepper, respectively. Phylogenetic
analyses of Solanaceae NLRs revealed that the majority of NLR super family
were grouped into 14 subgroups, including one TIR-NB-LRR (TNL) and 13 nonTNL subgroups. Interestingly, specific subgroups were expanded in each genomes
and the expansion was prominent in pepper showing subgroup-specific physical
clusters. Comparative analysis of duplication showed distinct patterns within
pepper or among Solanaceae plants suggesting subgroup- or species-specific
duplication events after speciation, which might result in divergent evolution.
Taken together, genome-wide analyses of NLR family and insights of their
evolutionary history in Solanaceae could provide powerful resources for
understanding evolutionary mechanisms and characterization of R genes for
breeding disease resistance crops.
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INTRODUCTION
Both plants and animals have their own immune systems against invading
pathogens, and the proteins which belong to the STAND (signal-transduction
ATPases with numerous domains) superfamily play important roles in their
immune system (Maekawa et al., 2011). In plants, the defense system can be
divided into two barriers (Chisholm et al., 2006; Dangl et al., 2013). First, pattern
recognition receptors (PRRs) located in plasma membrane recognize the
conserved pathogen-associated molecular patterns (PAMPs) of pathogens such as
flagellin and chitin. The recognition induces broad-spectrum resistance, called
PAMP-triggered immunity (PTI). To suppress the PTI, most of the pathogens have
evolved to deliver virulence proteins known as effectors into host cells. In
response, plants having second barrier, corresponding intracellular immune
receptors, induce effector-triggered immunity (ETI). Plants and pathogens are
thought to be evolved to emasculate each other (Jones and Dangl, 2006). Plant
genomes contain numerous genes encoding intracellular immune receptors, which
directly or indirectly recognize effectors, and the recognition mediates various
downstream defense mechanisms such as localized programmed cell death called
hypersensitive response (HR). These intracellular immune receptors are known as
resistance (R) proteins and the first R protein was cloned from plants (Bent et al.,
1994; Whitham et al., 1994)
Most of known intracellular immune receptors in plants are belong to
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nucleotide-binding site and leucine-rich repeat (NLR) superfamily (Eitas and
Dangl, 2010; Lee and Yeom, 2015). They have NB-ARC domains (nucleotidebinding adaptor shared by APAF-1, Resistance genes, and CED-4) and LRR
domains in their central and C-terminal regions, respectively. NLR family can be
divided into two types based on the existence of toll and interleukin-1 receptorlike (TIR) domain in the N-terminus, TIR-NLR (TNL) or nonTIR-NLR (nonTNL). Some of the non-TNL type have coiled-coil motif consisting of CC-NLR
(CNL). Each domain has consensus motifs and the NB domain is mainly
conserved (Lukasik and Takken, 2009; Yue et al., 2012). In general, the NB
domain play roles in ATP binding and hydrolysis while LRR and N-terminal
domains such as TIR and CC are thought to involved in activation and interaction
with corresponding partners, respectively (Lukasik and Takken, 2009). Recent
study reveals that NB-encoding genes without LRR also may have function for
plant immunity (Nandety et al., 2013).
To date, genome-wide NLR analyses have been implemented from many
plants due to the accumulation of various genome sequences. As plant genomes
show remarkable variation in size and organization, the numbers of NLRs also
vary among plants. For example, 54 NLRs were reported from papaya genome
while 992 NLRs were identified from apple genome (Porter et al., 2009; Velasco
et al., 2010). In the same genus, 159 and 185 NLRs were identified from
Arabidopsis thaliana and A. lyrata, respectively, and two rice genomes have 464
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and 483 NLRs (Yang et al., 2006; Guo et al., 2011). In addition,
monocotyledonous species are known to have fewer TNLs than CNLs (Monosi et
al., 2004). Recent study also revealed that a pair of neighboring NLRs in the
genome is required for resistance (Narusaka et al., 2009; Cesari et al., 2014).
NLRs are thought to have co-evolved with pathogens regarding to the arms
race between plants and pathogens (Jones and Dangl, 2006). Plant NLR homologs
were found in early land plant like moss, indicating NLR genes might present
after emergence of land plants (Xue et al., 2012; Yue et al., 2012). To date,
genome sequence information and comparative analyses among related species
give us some clues to explain evolutionary pattern of NLR genes (Yu et al., 2014).
In general, NLRs are thought to have undergone rapid evolution causing sequence
diversity (Leister, 2004). However, evolutionary analysis of NLRs is limited to
some model plants and little is known about the evolution of NLR gene family in
crop plants.
Solanaceae plants, such as tomato, potato, pepper, and tobacco comprise large
portion of crops in the world. They are exposed to various devastating diseases
causing enormous yield loss. Therefore, understanding the molecular mechanism
of disease resistance and development of disease resistance cultivars in
Solanaceae crops are one of the most important issues in agriculture. However,
cloning of functional resistance gene needs much time and effort with genetic
approach. To date, about 30 functional resistance genes have been cloned from
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Solanaceae plants and most of them are identified from tomato and potato.
Genome-wide identification of NLRs could be the starting point for genomebased candidate gene approach for the cloning and application of functional NLR
genes. In previous study, potato, tomato and pepper genome has been reported to
have 438, 294, and 684 NLRs, respectively (Jupe et al., 2012; Andolfo et al., 2013;
Kim et al., 2014). However, in-depth comparative analyses of NLR genes in
Solanaceae genome have not been implemented yet.
In this study, potential NLR coding sequences from Solanaceae crops were
identified using in-house pipeline and performed comparative analyses to explore
evolutionary history of the Solanaceae family. A total of 755, 267, and 443 NBencoding genes were identified from pepper, tomato, and potato, respectively. In
addition, phylogenetic and synteny analyses were performed among NLRs in
Solanaceae. This study revealed that certain subgroups of NLRs in each species
have been expanded and showed subgroup-specific duplication patterns after
speciation. These results could provide not only an important blueprint for
identification and characterization of functional R genes but also understanding
toward evolution of NLRs in Solanaceae crops.
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MATERIALS AND METHODS
Identification and motif analysis of NLR genes in Solanaceae genome
The NB-encoding genes were identified based on previous studies (Meyers et
al., 2003; Guo et al., 2011; Xu et al., 2011). The predicted ORFs from reference
genomes of pepper (PGAv1.55, http://peppergenome.snu.ac.kr), tomato (iTAG
v2.3, http://solgenomics.net/) and potato (DMv3.4, http://www.potatogenome.net)
were screened using Hidden Markov model (HMM) search methods (HMMERv.3,
http://hmmer.janelia.org/software) against the pfam NB (NB-ARC) domains
(PF00931). The NB domains (A high quality screened protein set, threshold: 1060) were extracted and used to build a species-specific HMM profile, which was
adopted to identify candidate proteins in each genome with hmmsearch (threshold:
10-4). Then, all these NB domains were adopted as queries in BLAST searches
for finding possible NB-encoding genes in each genome (threshold: 10-4). All
non-redundant NB-encoding genes were validated using BLASTP searches in
GenBank to confirm corresponding candidate NLR proteins. To further verify TIR,
coiled-coils (CC), and LRR motifs, candidate NLR proteins were characterized
using

SMART

(http://smart.embl-heidelberg.de/),

Pfam

database

(http://pfam.janelia.org/) and COILS (Lupas et al., 1991) program (threshold = 0.9)
as described earlier (Kim et al., 2014). Clustering analysis using OrthoMCL was
additionally used for classification of CC motifs (Li et al., 2003) .
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MEME Suite (Bailey et al., 2009) was employed to analyze conserved motifs
among Solanaceae NLRs, as described earlier (Jupe et al., 2012). ‘Positive’ NLRs
were a total of 123 NLR sequences, which were a set of 33 characterized NLRs
from Solanaceae plants and the predicted 90 NLRs selected randomly, comprised
of each 15 sequences of TNL and non-TNL proteins from tomato, potato, and
pepper genomes. ‘Positive’ NLRs and ‘Negative’ non-NLRs were used for MEME
analysis to identify the 25 most significant motifs (P < 10-4 and no overlap with
each motifs). Subsequently MAST program was performed to assess the predicted
NLRs from each genome to validate and classify NLRs and exclude potential
false negatives derived from the pipeline.

Phylogenetic analyses and classification of Solanaceae NLRs
NLR proteins matched with these rules were selected for phylogenetic
analysis as full-type NLRs; 1) ≥ 160 amino acid sequences in NB domain length.
2) ≥ 3 major motifs (P-loop, kinase, GLPL, MDHV). 3) ≥ 3 minor motifs
(RNBS-A, RNBS-B, RNBS-C, RNBS-D). Amino acid sequences of NB domains
of selected protein were aligned using ClustalW2 (Larkin et al., 2007), and the
alignment was used to construct the tree with Neighbor-Joining method using
MEGA5 (Tamura et al., 2011). The evolutionary distances were computed using
the JTT matrix-based method and bootstrapping tests with 500 sampling repeats
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were performed on the tree. Branches corresponding to partitions reproduced in
less than 50% bootstrap replicates are collapsed.
Phylogenetic and clustering analyses were integrated for classification of
NLRs. The full-length sequences of NLRs were used for clustering and the NLRs
selected for tree construction were classified based on the tree. NLRs that were
not classified were used for BLASTP against classified NLRs and the subgroup
was assigned.

Chromosome location and physical clustering of Solanaceae NLRs
The 623 out of 755 (82.5%) NLR-encoding genes were mapped to their
physical position on the genome using the pepper pseudomolecules version 1.55.
For the physical position of NLRs from tomato and potato, general feature format
(gff) files of tomato and potato genomes were downloaded from Sol Genomics
Network (https://solgenomics.net/). The visualization of chromosome location
was implemented with full-type NLRs using in-house Perl scripts. Physical
clustering analysis was performed based on two rules; 1) the distance between two
NLRs is less than 200 kb, and 2) there are less than 8 genes between two NLRs
(Jupe et al., 2012).

Evolutionary analyses in Solanaceae NLRs
The level of synonymous substitution between two sequences was analyzed.
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For each pair of paralogs, their deduced protein sequences were aligned using the
Smith-Waterman algorithm (Smith and Waterman, 1981), and the resulting
alignment was used as a guide to align the nucleotide sequences. After removing
gaps and N-containing codons, the level of synonymous substitution (Ks) was
estimated using the maximum likelihood method implemented in codeml of
PAML package (Yang, 1997) under the F3x4 model (Goldman and Yang, 1994).
A gene family of n members results from n-1 gene duplication events.
However, the number of possible pairwise comparisons within a gene family (n x
(n - 1)/2) can be substantially larger than the number of gene duplications, which
results in multiple estimates of the ages of some duplications. To eliminate the
redundant Ks values, pairs of duplicated sequences were grouped into gene
families using a single linkage clustering method. A hierarchical clustering
method was used to reconstruct a tentative phylogeny of each gene family. Ks
values > 2 were discarded from further analysis, as they may be saturation of
substitution.
For the additional duplication and synteny analysis in pepper and tomato
genomes, MCScanX package was implemented (Wang et al., 2012). Protein
sequences of pepper and tomato genome were used for all-by-all BLASTP with Evalue cutoff of 10-5 and general feature format (gff) files for physical location
were achieved and used for MCScanX.
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RESULTS
Identification of NLR gene family in Solanaceae genome
To compare NLR family genes in Solanaceae plants, amino acid domain-based
pipeline from the annotated protein sets was developed and applied it into the
pepper genome as well as tomato and potato genomes (Figure 1-1). A total of 267,
443, and 755 NB-encoding genes were identified in the genome of tomato, potato,
and pepper, respectively (Table 1-1). This result was generally consistent with
previous studies (Jupe et al., 2012; Andolfo et al., 2013; Kim et al., 2014), but the
number of NLRs in pepper has been increased by improvement of the annotation
(PGA1.55) and pipeline. Among them, the numbers of proteins having both NB
and LRR domain were 188, 313, and 422 in the genome of tomato, potato, and
pepper, respectively. NB-encoding genes belonging to the CNL groups
outnumbered than those in the TNL group in each Solanaceae genome. However,
pepper genome has much more genes encoding CNL group compared to tomato
and potato while the numbers of TNL group were relatively similar among the
three genomes. This result was attributed to the expansion of all types belonging
to the CNL groups (CNL, NL, CN, Ncc, Table 1). For example, 162 genes having
only CNL-type NB domain were found in pepper while 41 and 39 genes in tomato
and potato. NB-encoding genes belonging to TNL group comprise 12, 14.4, and

20

8.5% of total NB-encoding genes in tomato, potato, and pepper, respectively.
These results indicate that the Solanaceae NLRs have been evolved through
species-specific manner.
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Figure 1-1. Pipelines for identification (A) and classification (B) of NLRs in Solanaceae.
The process using annotated proteins is presented.
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Table 1-1. NLR family proteins in Solanaceae genomes.

NLR
type

Predicted
domainsa

Type

Pepper

Tomato

Potato

TIR-NLR

TNL

27

19

37

CC-NLR

CNL

236

122

177

9

4

9

150

43

90

422

188

313

NBtir-LRR
NBcc-LRR

NL

Sub-total

NB type

TIR-NB

TN

15

5

9

CC-NB

CN

143

29

73

13

4

9

162

41

39

Sub-total

333

79

130

Total

755

267

443

NBtir
NBcc

N

a

NB: NB-ARC domain, CC: predicted coiled-coils, TIR: Toll interleukin receptor

homology, NBtir and NBcc: NB-ARC domains derived from those of TNL and CNL,
respectively.
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Phylogenetic analysis and classification of NLRs among Solanaceae crops
For the motif analysis, conserved motifs for MAST search were built using
123 NLR proteins in Solanaceae including 33 known R proteins (Jupe et al.,
2012). Most of them were matched to known motifs of NLRs and some of them
were TNL- or CNL-specific motifs (Table 1-2) (Lukasik and Takken, 2009; Yue et
al., 2012). To explore the evolutionary relationships among Solanaceae NLRs,
intact NB domains were selected based on the motif information (see Materials
and Methods for details) and a phylogenetic tree was constructed using the
selected NB domain of 791 NLR proteins in Solanaceae and 31 known R proteins
from Arabidopsis and Solanaceae plants (Figure 1-2). The TNL clade was distinct
to CNL clade as expected, and the CNL clade was divided into 13 additional
subgroups. NLR proteins that were removed for the tree construction were
classified into the all subgroups based on BLASTP results against assigned NLRs
(Table 1-3). All subgroups have at least one NLR protein from tomato, potato and
pepper, indicating high conservation of all NLR classes among Solanaceae
genomes. It also suggests that all subgroups were already present in the last
common ancestor.
However, the numbers of NLRs in certain groups were distinct among pepper,
tomato and potato. The numbers of genes in CNL-G1 and CNL-G2 clade were
highly increased compared to other subgroups showing a large portion of NLRs in

24

pepper (Fig. 1-2). CNL-G1 contains 116 genes from pepper while 29 and 36 genes
from tomato and potato. In addition, 163 genes from pepper were classified into
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Table 1-2. Major motifs of predicted NLR proteins in Solanaceae.
Domain Group
TIR

TNL

TN linker TNL
PreNB TNL/CNL
NB-ARC TNL/CNL
TNL
CNL
TNL/CNL
TNL/CNL
TNL/CNL
TNL/CNL
TNL/CNL
TNL
CNL

Motif
name
TIR-1

4

TIR-2

9

TIR-3
TIR-4
preNB
P-loop
RNBS-A
RNBS-A
Kinase2
RNBS-B
RNBS-C
GLPL
RNBS-D

8
15
24
19
1
25
12
3
7
10
2
21
5,18

RNBS-D

5,14

TNL/CNL MHD
NL linker TNL
TNL/CNL LRR
LRR

Motif IDa Consensus sequenceb

11
16
23

TNL
TNL/CNL LRR

17
6

TNL/CNL LRR
TNL/CNL LRR
TNL/CNL LRR

13
20
22

WKYDVFLSFRGEDTRKTFTDHLYEALQQKGI
NTFKDDERLE
LKAIEESRIAIIVFSKNYASSRWCLDELVKIME
CK
VLPVFYDVDPSHVRKQKGSFGEAFAKHEER
KVQKWRAALTEAANLSGWDLR
DGHESKFIQQIVKDISSKLCR
VVGIEDExEKIISxLLxGSxD
VSIVGMGGIGKTTLAKKIYND
SQFEGSCFLADVRENSxKxGL
HFDVRAWCTVSQEYNERDLLLGILSSISG
KGKRYLIVLDDVWDTDQWDDLAGxF
NGSRIILTTRNKEVAEYADxx
YELRLLNDDESWQLFxKKAFG
LGKEIVKKCKGLPLALKVLGG
KKTLEEWRSVAExLKSIPxSD
LKLSYDGLPxHLKPCFLYFACFPEDxxKKDEV
TRILESCGFGAEIGIxVLIDKSLI
LKLSYDGLPxHLKPCFLYFACFPED(x)~9IRLWI
AEGFVPxEEEKSLEEVAEEYLEEL
CRMHDLIRDMCRxIARKENFx
GKRSRLWDPEDIxEVLxGNTGTEKIEGIS
SAFKKLKNLRVLKLxNxxFxG
SFEYLPKELRWLSWHGYPLKSLPENFPPE
NLERLVLxxCxNLEEIPxSLGDLxKLxLLNLxN
CKKLK
LPSSISKLKNLQTLDVSGCSKLxxLPExL
LPSEIGSLSHLKYLSLS
PSLKYLNLSHSKSLIRTPDFS

a

Domains and motifs are listed in the order occurred in TNL and CNL proteins.

b

Consensus amino acid sequence derived from MEME analysis.
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TNL clade

CNL clade

 Pepper  Tomato  Potato  Known NB-LRR

Figure 1-2. Phylogenetic relationships of Solanaceae NLRs. Intact NB domains of
tomato (green), potato (blue), and pepper (red) including 31 cloned functional NLR genes
(pink) from Arabidopsis and Solanaceae species were used for the construction. The tree
was constructed by neighbor-joining method with MEGA5. Subgroups were classified
into 13 CNL types and 1 TNL type. Each color indicates the subgroup and pepperexpanded branches were marked as red (CNL-G1) and green (CNL-G2) background.
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Table 1-3. Classification of Solanaceae NLRs.
Pepper
Intact Partial

Tomato
Intact

Potato

Partial Intact Partial

Known NLR

TNL

54

9

26

8

52

12

N, Bs4, Gro1-4, RY-1

CNL-G1

75

41

25

4

24

12

Rpi-blb2,Hero, Mi-1.2

CNL-G2

91

72

3

1

1

0

Bs2

CNL-G3

23

14

14

4

15

2

R1, Prf

CNL-G4

32

25

9

8

22

5

L1a, I2, R3a

CNL-G5

10

6

11

13

25

10

R2, Rpi-blb3, Rpi-abpt, R2-like

CNL-G6

26

22

9

5

21

18

Sw-5

CNL-G7

18

14

10

5

24

7

Rpi-blb1

CNL-G8

14

5

9

1

13

4

NRC1

CNL-G9

48

25

22

11

40

15

-

CNL-G10

34

31

15

15

32

9

RGC2, RPS2, RPS5

CNL-G11

7

3

4

1

10

2

Tm-2a

CNL-G12

9

8

1

1

12

4

Rx, Gpa2

CNL-G13

1

0

1

11

20

5

-

Sub-total

442

275

159

88

311

105

24

14

19

1

22

5

Nonegrouping
Total

755

267

443

29

HRT, RPP8, RCY1, NRG1,
RPM1

CNL-G2 while only 4 and 1 genes from tomato and potato suggesting that these
groups have undergone extensive expansion after speciation of pepper. Rpiblb2,Hero, Mi1.2 and CaMi belong to CNL-G1, and Bs2 was only known R
protein in CNL-G2 (Table 1-3). In addition, CNL-G13 was expanded in potato
and this group was reported as CNL-7 in previous study (Jupe et al., 2012). These
data indicate that there were unequal gene duplication events among the subgroup
conferring diversity of Solanaceae NLR family.
Phylogenetic analysis of Solanaceae NLRs uncovered important information.
For example, CaMi, one of known pepper R genes, was phylogenetically far from
other pepper NLRs of CNL-G1 while it was closely related to those in tomato
(Figure 1-3). To confirm existence of CaMi in the pepper genome, the raw
sequences of pepper were mapped into CaMi sequence, and concluded that CaMi
is not present in pepper genome. Instead of the CaMi, lots of Mi1.2 homologs
were found in pepper, which might be generated by duplication (discussed below).
In addition, HMM profile was built based on the Solanaceae Domain (SD)
sequences of 6 known R proteins (Rpiblb2, Hero, Mi-1.2, R1, Prf, Sw-5) and
implemented hmmsearch to find proteins having SD. SD is a Solanaceae-specific
domain which is located in the extended N-terminus of some Solanaceae CNLs
(Mucyn et al., 2006). As a result, 94, 35, and 40 NLRs have SD were found in
pepper, tomato, and potato, respectively (Table 1-4). Interestingly, all of proteins
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having SD were belong to CNL-G1, G3, or G6, which composed a monophyletic
branch, even though the
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Figure 1-3. Detailed phylogenetic relationships of CNL-G1. Part of Fig. 1-1 is shown.
Similar colors mean close distance on chromosome 6.
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Table 1-4. Numbers of NLRs having Solanaceae Domain (SD).
Pepper

Tomato

Potato

CNL-G1

66

24

17

CNL-G3

15

8

10

CNL-G6

13

3

13

Total

94

35

40

33

phylogenetic tree was constructed using the NB domain (Figure 1-2). This result
indicates CNL-G1, G3, G6 might be evolved as Solanaceae-specific clades. In
addition, all known R proteins in these subgroups (Rpiblb2, Hero, Mi-1.2, R1, Prf,
Sw-5) have SD in their N-terminus sequences suggesting that SD might play
important roles in the function of multiple Solanaceae NLRs.

Physical localization of NLRs among Solanaceae crops
Physical location and clustering analysis of NLRs in tomato and potato were
performed previously (Jupe et al., 2012; Andolfo et al., 2013). A total of 623 (82.5%
of 755) NLR pepper proteins were physically mapped into all 12 pseudomolecules
using improved annotation of pepper genome. Among them, NLR gens having
intact NB domain (≥ 3 major motifs and ≥ 3 minor motifs) were represented on
the chromosomes (Figure 1-4). Most of them were positioned into distal ends of
each chromosome and the members of subgroups are distributed over all
chromosomes. However, the distribution of NLR genes was not significantly
random. CNLs are present on all chromosomes but TNLs are absent from
chromosome 5 and 10. Chromosome 9 has the highest number of NLR genes (99
genes), in which most of them belong to CNL-G2. On the other hand,
chromosome 2 has only 17 genes. Mostly, NLRs in the same group were
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physically clustered by tandem array in the specific chromosome. For example,
NLRs in CNL-G1 were

Figure 1-4. Physical localization of pepper NLRs. White rectangular boxes indicate 12
pepper chromosomes. Each color of lines and letters indicates subgroup of NLRs. For
ease of visualization, genes having intact NB domain were represented on the
chromosomes. Numbers in the parenthesis represent total numbers of mapped NBSencoding genes in each chromosome.
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mainly located in chromosome 5 and 6, which are closely clustered. These
physical clusters might be attributed to duplication of recent common ancestors.
To investigate their localization in-depth, physical cluster analysis was conducted.
Based on the physical location of NLRs, 111 NLR clusters with 485 genes were
found from pepper genome with the same method of potato NLR cluster analysis
(Jupe et al., 2012). It accounts for 77% of mapped NLRs and 83 clusters were
homogeneous that consists of one subgroup. Most of them have less than 5 genes
in each cluster while 5 clusters have more than 10 genes in a cluster supporting
expansion of NLRs in the pepper genome (Figure 1-5A). These clusters were
located in chromosome 3, 6, 7, and 9. The largest cluster was located in
chromosome 9 with 21 genes in CNL-G2 and 2 genes in CNL-G12. Indeed, 94%
of anchored NLRs in G2 were clustered (Figure 1-5B).
The distribution of intact NB-encoding genes was compared in the same
criteria among pepper, tomato, and potato. As reported, tomato and potato
genomes have more conserved synteny of NLRs than that between pepper and
tomato, or pepper and potato. For example, the proportion of each subgroup in
chromosome 4 is similar between tomato and potato genomes (Figure 1-6 and
Figure 1-7). However, the repertoire of NLRs in the upper arm of pepper
chromosome 4 was certainly different. In addition, potato and pepper showed
duplicated NLRs making clusters but the expanded subgroups were different. In
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lower arm of chromosome 9, NLRs in CNL-G2 were clustered in pepper while
NLRs in CNL-G6 were

Figure 1-5. Physical clustering of NLRs in pepper. (A) X- and Y-axis indicate the number
of NB-encoding genes in a cluster and the number of clusters, respectively. (B) The
numbers of clustered, non-clustered, unmapped NBS-encoding genes were represented
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according to their subgroups.
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Figure 1-6. Physical localization of tomato NLRs. White rectangular boxes indicate 12
tomato chromosomes. Each color of lines and letters indicates subgroup of NLRs and
genes having intact NB domain were represented on the chromosomes.
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Figure 1-7. Physical localization of potato NLRs. White rectangular boxes indicate 12
potato chromosomes. Each color of lines and letters indicates subgroup of NLRs and
genes having intact NB domain were represented on the chromosomes.
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clustered in potato. These results indicate species-specific tandem or proximal
duplication of NLRs.

Duplication history among Solanaceae NLRs
To investigate expansion history of Solanaceae NLRs, gene duplication time
was

estimated

by

computing

Ks

distance

(synonymous

substitutions/synonymous site) between genes in the same subgroups (Figure
1-8). A previous study reported that the speciation time of pepper from tomato
and potato might be 19.1 million years ago (Mya), with the Ks value of ~0.3
(Kim et al., 2014). As a result, the distribution of Ks values between NLR
paralogs in pepper showed the peak at ~0.15 suggesting that duplication events
have exponentially occurred after speciation, about 10 Mya (Figure 1-8). In
addition, each subgroup showed specific duplication pattern. Chi-square test
showed certain subgroups having significant increase of duplication after
speciation. In pepper, the genes of CNL-G1, G2, G4, and G10 have been
amplified dramatically by gene duplication events after speciation. Especially,
CNL-G1 and G2, pepper-specific expanded groups, showed distinct peaks
indicating expansion by duplication. The peak of Ks value of CNL-G2 was
~0.12 while two peaks were observed at ~0.12 and ~0.17 in CNL-G1 (Fig. 19A and 1-9B).
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Ks values of NLRs in pepper, tomato, and potato were also compared. In
total, the peak of each Ks value (~0.15) showed the similar pattern indicating

42

Figure 1-8. Duplication history of NLR genes in Solanaceae crops. Ks values between
paralogs of each subgroup were calculated in pepper (red), tomato (green), and potato
(blue). X and Y axes represent Ks value and frequency, respectively. Estimated speciation
time (Ks value of ~0.3) was marked. Significant duplication after speciation was
confirmed using chi-square test and marked as colors (right). Intensified colors mean that
the portion of Ks values after speciation is high.
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Figure 1-9. Age distribution of NLR duplications of each group.
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that duplication of NLRs in the three Solanaceae plants have mainly occurred
after their speciation even though the frequency was different. However,
certain subgroup’s duplication patterns were significantly distinct

in

Solanaceae plants (Figure 1-9). For example, distribution patterns of pepper
CNL-G1 and G5 were different from those of tomato and potato. In addition,
duplication events in potato CNL-G5 (including R2, Rpi-blb3, Rpi-abpt)
occurred after the divergence of potato and tomato. Taken together, even
though the divergence of NLRs from an ancestor is apparent before speciation,
unequal gene-duplication events after speciation in pepper or other Solanaceae
plants may resulted difference in gene repertories in the close relatives.
As I mentioned above, the upper arm of chromosome 6 has quite a few
number of NLRs in pepper and most of them belong to CNL-G1. Pepper
chromosome 6 is thought to include some genes related to plant defense
response. For example, Pvr9 that confers hypersensitive response against
Pepper mottle virus is located on chromosome 6 (Tran et al., 2015). CaRKNR,
reported as involved in root-knot nematodes resistance, is also located on
Capsicum annuum HDA149 chromosome 6 (Mao et al., 2015). In addition,
molecular marker study revealed that dominant source of Chilli veinal mottle
virus resistance is located on the same chromosome (Lee et al., 2013).This
region is known as a hot spot of NLRs even in tomato and potato. In the upper
arm of chromosome 6 of tomato, Mi genes are duplicated and clustered (Mi1.1
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to Mi1.7) (Andolfo et al., 2013). Among them, Mi1.2 confers resistance to
nematodes, aphids and white flies (Milligan et al., 1998; Rossi et al., 1998;
Nombela et al., 2003). In potato genome, this region has Rpiblb2, a resistance
gene against Phytophthora infestans (van der Vossen et al., 2005). This region
was compared in pepper, tomato, and potato genomes and found synteny even
though there are some rearrangements. However, the synteny was not
conserved at the NLR-rich regions (Figure 1-10). Expansion of the regions
having many NLRs were found, causing genome expansion in pepper (Figure
1-10). With the same criteria, 7, 13, and 57 NLR-encoding genes were found in
these regions of tomato, potato and pepper, respectively. Figure 1-3 shows
species-specific duplication of pepper NLRs. In contrast to the region of
tomato

showing

tandem

and

proximal

duplication

of

NLRs,

most

phylogenetically related genes were located far away on the pepper gnome
indicating tandem duplication cannot explain this expansion. These data
suggest that pepper, tomato, and potato have undergone evolution of NLRs
through their own mechanisms and it might result in orthologs targeting
different pathogens, indicating divergent evolution of NLRs.
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Figure 1-10. Comparative analysis of upper arm of chromosome 6 in Solanaceae. (A)
The region compared in this study was indicated by red line on chromosome 6 (top). The
flanking markers (U218000 and SSR48) from tomato were represented. Synteny between
tomato and potato (left), pepper and tomato (middle), and potato and pepper (right). Red
and blue lines indicate positive and negative alignments, respectively. NLR-rich regions
were depicted by lines out of the dot plots. (B) Distribution of NLR genes in the upper
arm of chromosome 6. NLR genes were solely indicated.
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DISCUSSION
Solanaceae is one of the largest families having important crops, such as
tomato, potato, and pepper. However, a number of pathogens threaten the crop
yield and there are few cloned functional resistance genes. In addition, most of
cloned R genes are from tomato and potato. The pepper C. annuum ‘Criollo de
Morelos-334’ (CM334), which is sequenced recently, has various resistance
sources against a number of pathogens including Phytophthora capsici and Pepper
mottle virus (Caranta et al., 1999; Truong et al., 2012). In this study, NLRs from
tomato, potato, and pepper were identified and compared. Clustering method for
CC domain was used for finding more CNL-type NLRs. With improved genome
sequence annotation set (version 1.55), 755 genes encoding NB domain were
identified in pepper. Among them, 442 genes have both NB and LRR domain,
which could be represented as candidate pool of resistance genes. Comparison of
the numbers of NLRs among Solanaceae genomes applying same pipeline
revealed pepper genome has more NLRs even though they are in the same family
(Table 1-1). NLR is known as one of the most expanded and variable gene
families in plant kingdom. In general, it seems that there is no correlation between
the number of NLRs and phylogeny of plant lineage or genome size (Jacob et al.,
2013). For example, rice has 458 NLRs while maize has 95 even though they are
both monocot plants and maize has almost 6 times more DNA in the genome (Li
et al., 2010). In Brassicaceae, the numbers of NB-encoding genes were similar
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among Brassicaceae plants, nonetheless they varied in genome size and
WGD/WGT events (Yu et al., 2014). NB-encoding genes in pepper were
expanded compared to those of tomato and potato but pepper has not undergone
species-specific WGD and has similar numbers of total predicted proteins. The
difference was striking in the number of genes belonging to CNL type. Taken
together, NLRs in Solanaceae have conserved domains but the number of genes
and types are divergently evolved.
In pepper, more number of genes without LRR domain was found compared
to tomato and potato (Table 1-1). The functions of genes belong to TN, CN, or N
type has been poorly understood even though they exist in various plants (Yu et al.,
2014). They might exist as resources for diversity or have roles for guardee of
other NLRs. Recently, there are several reports that TX or TN might play roles in
plant defense response (Nandety et al., 2013; Kato et al., 2014; Zhao et al., 2015).
However, still the functions of CN or N type proteins remain unknown.
Elucidation of their function in plant immunity would be important clues for
understanding the plant defense mechanism.
Phylogenetic analyses showed a high level conservation of all NLR
subgroups nonetheless difference in the number of genes among genomes of
Solanaceae plants. CNL type genes were divided into 13 subgroups based on
phylogenetic and clustering analysis (Figure 1-2, Table 1-3). Classification of
NLRs in Solanaceae revealed that at least one gene from pepper, tomato, and
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potato comprise all 14 subgroups including TNL group. These data indicate that
all sub-groups had been presented before speciation of the Solanaceae plants. In
addition, the diversity of Solanaceae NLRs might be involved in species-specific
unequal-duplication event. Phylogenetic analyses also revealed that the expansion
of CNL type genes was mainly attributed to expansion of certain subgroups. CNLG1 and G2 subgroups were expanded in pepper while CNL-13 subgroup was
expanded in potato. Consistently, these indicated that the divergence of NLRs was
derived from ancient progenitors through duplication in the Solanaceae plants.
There are few cloned functional resistance genes in pepper; Bs2, CaMi, and L
(Tai et al., 1999; Chen et al., 2007; Tomita et al., 2011). The genes or the best
homologs of known genes in the sequence genome, C. annuum CM334, were
searched. As a result, the genes expected to be the best homolog of Bs2
(CA09g17710) and L (CA11g19340) were found, but not that of CaMi, which
belong to CNL-G1. In previous study, it was reported that CaMi shared 99%
identity of amino acids with tomato Mi1.2 (Chen et al., 2007). However, pepper
genes in CNL-G1 were distinct to tomato genes in the same subgroup (Figure 1-3).
Raw data of pepper genome sequence (~80X genome coverage) were mapped
onto CaMi sequence but most of the reads were not matched (data not shown).
Taken together, CaMi may not present in pepper genome.
Some NLRs have the SD located upstream of coiled-coil motifs in the N
terminus of some Solanaceae R proteins (Mucyn et al., 2006). A total of 169
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proteins with SD were found and the phylogenetic tree revealed that all of them
belong to group 1, 3, or 6. Interestingly, 6 functional R proteins among tested
Solanaceae R proteins (25 genes) have SD (data not shown). Therefore, SD might
be present before speciation of Solanaceae plants and has been retained in pepper,
tomato, and potato NLRs. To date, SD of tomato Mi1.2 only has been reported to
have positive and negative roles in Mi1.2-mediated cell death (LukasikShreepaathy et al., 2012). Taken together SD might have specific roles in
Solanaceae immunity and further in-depth studies using other proteins having SD
need to be conducted.
Clusters of NLRs thought to be needed for genetic variation and rapid
evolution (Hulbert et al., 2001). In general, R gene clusters also have been
reported at many plant species (Friedman and Baker, 2007; Joshi and Nayak,
2013). For example, about two-thirds of A. thaliana and A. lyrata NLRs are
clustered (Guo et al., 2011). In addition, more than 50% of NLR genes are
clustered in mammalian genome even though the number of genes is far less than
that of plants (Jacob et al., 2013). In pepper, 77% of NLRs were clustered on the
genome indicating recent tandem or proximal duplication of pepper. Pepper
genome has more physical clusters of NLRs compared to that of tomato and
potato. Especially, a number of NLRs in the same group were physically clustered
yet the sizes of the clusters vary between subgroups. NLR clusters in tomato and
potato were found as reported. Previous study reported that all cloned tomato
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genes related to resistance are in clusters or gene arrays (Andolfo et al., 2013).
Analysis of clustered NLR genes might be useful information for genome-based
cloning of functional R genes.
Plants have undergone genome duplication event. Duplication of NLRs may
give possibility to recombinant NLR genes with novel functions and expression
patterns against pathogen (Ashfield et al., 2012). Comparisons of NLRs among
Solanaceae plants suggested that expansion and diversification of NLRs have
been involved in lineage-specific parallel evolution through unequal geneduplication events, resulting in different gene repertoires even in closely related
species. In addition, a burst of gene duplications might have occurred at
approximately the time of divergence between pepper and tomato/potato. Previous
studies reported duplication of NLR gene in tomato and potato (Andolfo et al.,
2013). This study showed duplication of NLRs in specific subgroups occurred
independently after the split from the last common ancestor of pepper, tomato, and
potato. For example, explosion of genes in CNL-G1 was found in the
chromosome 5 and 6. It might attribute to large-scale segmental duplications with
subsequent local rearrangements.
R-clusters facilitate rapid evolution and generate novel R gene sequences
with altered specificities (Friedman and Baker, 2007). As mentioned above, CNLG1 and G2 subgroup showed pepper-specific expansion of NLRs (Fig. 1-2). Indepth analysis revealed some known genes related to plant defense located in the
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upper arm of chromosome 6, the expanded region of CNL-G1. However,
duplication patterns were different among pepper, tomato, and potato. These data
suggest that the expanded NLRs in CNL-G1 might have advantage to the defense
system. Previous studies reported duplicated genes in clusters showed different
specificities against different pathogens. For example, I2, R3a, and L are
orthologous genes located on syntenic region of chromosome 4 of tomato, potato,
and pepper, respectively, but they interact with different pathogens and have
diversified function (Simons et al., 1998; Huang et al., 2005; Tomita et al., 2008).
These results may explain the importance of duplicated NLRs. Integration of
marker analysis and genome-wide candidate gene approach might allow us
efficient identification of functional R genes.
To reduce the yield loss by plant diseases, breeding of disease resistant plants
and having resources of resistance genes are important. In this study, NLRencoding genes were identified in pepper, tomato, and potato genomes.
Classification and phylogenetic analyses in Solanaceae crops revealed recent
duplication of certain CNL subgroups in pepper and potato. The duplication
patterns were subgroup-specific and they might be duplicated after their
speciation, resulting in divergent evolution. These data will provide the new
insight for further identification and characterization of novel resistance genes in
Solanaceae crops.
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CHAPTER 2

Regulation and coevolution between NLRs and
microRNAs in Solanaceae crops
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ABSTRACT
miRNA is one of the most important systems regulating gene expression at
the post-transcriptional level. Recent studies reported that NLRs are targeted by
miRNAs and phasiRNAs produced by miRNAs in many species. Here, NLR
targets of miRNAs were predicted and confirmed by computational and
degradome analysis in Solanaceae crops. These results confirmed that well-known
miRNAs such as miR482, miR6024 and miR6027 targeted many subgroups of
NLRs. In addition, small RNA cluster analysis revealed phasiRNAs produced by
NLRs and additional NLRs targeted by phasiRNAs in pepper. Interestingly, a
novel pepper miRNA, can-miR-n033a, targets many NLRs in CNL-G1, which is
an expanded subgroup in pepper. This miRNA has no similarity with other known
miRNAs targeting NLRs, and seems be generated by duplication of MIR gene in
pepper. This miRNA targets RNBS-D motif while other known miRNAs target Ploop motif in NB domain of NLRs. Furthermore, additional novel miRNAs were
found in the flanking region of hairpin sequences of can-miR-n033a indicating
additional regulation of NLRs or other genes in pepper. Taken together, miRNAs
might be generated and evolved to regulate diverse NLRs.
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INTRODUCTION
Gene family of nucleotide-binding leucine-rich repeat (NLR) plays important
roles in plant immune systems by recognizing effectors from pathogens and
induces downstream signaling for defense response often resulting in cell death
called hypersensitive response (HR). It is known that hundreds numbers of NLRs
are present in plant genomes. As NLRs are involved in defense responses
including cell death, constant expression of NLRs and overactive immune systems
can be harmful to plants regarding to fitness costs (Tian et al., 2003). For example,
a dominant mutant suppressor of npr1-1, constitutive 1 (snc1), a TNL type gene,
shows constitutive activation of defense without pathogen perception and the
phenotype was dwarfed with curly leaves in Arabidopsis (Li et al., 2001; Zhang et
al., 2003). Therefore, plants should control the expression of NLRs during the
absence of pathogens, and fine-tuning of NLR expression is important for plants.
miRNA-mediated gene silencing is emerging to the regulation of NLR
expression. miRNAs are 21 to 24 nt in length, and produced from transcripts of
MIR genes forming hairpin structures (Voinnet, 2009). DCL1 cleaves the
transcript into a short duplex consisting of mature miRNA and its complementary
sequence, miRNA*. The mature miRNA is guided by AGO1 complex and cleaves
specific position of target transcript by sequence complementarity. Recent studies
reported that miRNAs regulate NLR genes to modulate disease resistance (Zhai et
al., 2011; Li et al., 2012; Shivaprasad et al., 2012). In addition, some miRNAs
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targeting NLRs can trigger the production of phased siRNAs (phasiRNA) to
regulate NLRs. For example, three 22 nt miRNAs (miR2118, miR2109, and
miR1507) target conserved domains of NLRs and initiate the production of
phasiRNAs in legume (Zhai et al., 2011). In tobacco, two miRNAs (nta-miR6019
and nta-miR6020) target the region of TIR domain of N gene and overexpression
of these miRNAs attenuate N-mediated resistance to TMV (Li et al., 2012). In
addition, expression of miR482 is reduced following virus infection, inducing
expression of some NLRs in Solanaceae (Shivaprasad et al., 2012).
In general, plant miRNAs are highly conserved (Axtell and Bartel, 2005).
However, some non-conserved miRNAs are thought to have evolved recently and
most of them might have weak expression (Allen et al., 2004). There are different
modes of miRNA biogenesis. In plants, many miRNAs are generated by
duplication of preexisting MIR genes (Nozawa et al., 2012). Besides, proteincoding genes and transposable elements (TEs) might affect to generate new MIR
genes.
In this study, NLRs targeted by conserved or novel miRNAs were discovered
and compared among the genomes of pepper, tomato, and potato. Computational
prediction and degradome sequencing approach were used. In addition, NLRs
producing phasiRNA and their regulation were explored. I found novel miRNAs
targeting NLRs which belong to a pepper-specific expanded subgroup. These
miRNAs seem to emerge after speciation between pepper and tomato/potato. This
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study might provide an insight into the evolutionary history of coevolution
between NLRs and miRNAs and their mechanisms.
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MATERIALS AND METHODS
Prediction of NLR-targeting miRNAs in Solanaceae
Hairpin and mature miRNA sequences from pepper, tomato, and potato were
achieved from previous studies and online database (Fei et al., 2011; Kozomara
and Griffiths-Jones, 2011; Tomato Genome, 2012; Zuo et al., 2012; Hwang et al.,
2013; Lakhotia et al., 2014). Some miRNA IDs having identical sequences among
pepper, tomato, and potato were integrated. NLR genes identified from Chapter 1
were used. To predict NLR targets regulated by miRNAs, TagetFinder version 1.6
was used with cutoff score 4 (Fahlgren et al., 2007).

Degradome sequencing analysis
To identify targets of miRNAs experimentally, various organs of pepper,
tomato, and potato were sampled and used for degradome library. The degradome
libraries were made from collaboration with Prof. Shin and sequencing of the
library was conducted at National Instrumentation Center for Environmental
Management (NICEM). In-house pipeline for the analysis of degradome
sequencing was established (Figure 2-1). From the raw sequencing data, adaptors
were removed and the qualified reads in size 15-26 nt were obtained. Among them,
structural RNAs such as rRNAs, tRNAs, snRNAs and snoRNAs were removed
using BLASTN against Rfam (Burge et al., 2013). Subsequently, repeats and
transposons were also removed using the repeat database (Jurka et al., 2005). The
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Figure 2-1. Pipeline for degradome sequencing analysis
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remaining reads were mapped to transcript sequence by Bowtie program
(Langmead et al., 2009). Because UTR sequences have not been identified in
pepper, tomato and potato, transcripts were defined to coding sequence and ±1kb
flanking sequences. Analysis of signal to noise was conducted by CleaveLand
pipeline (Addo-Quaye et al., 2009). Cutoff for significant targets were p-value <
0.1 and score ≤ 7.

Small RNA cluster analysis in pepper
Small RNA sequencing data from various tissues of pepper were used for
small RNA cluster analysis (Hwang et al., 2013). The small RNA reads were
mapped into CDS of pepper (v.1.55) using Bowtie program (Langmead et al.,
2009) and the reads matched into more than two sites were filtered. To identify
small RNA cluster, in-house pipeline was built. P-value and phasing score were
calculated using an algorithm similar to that of previous studies (Chen et al., 2007;
Xia et al., 2013). Significant small RNA clusters (p-value < 0.001) produced by
NLR genes were selected and combined with degradome results of pepper. Small
RNA clusters produced by miRNA targets were selected and the reads in the
cluster were used for input of degradome analysis. Degradome analysis for
secondary small RNAs was conducted as same as above analysis.
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Genomic location and phylogenetic analysis of miRNAs
Hairpin and mature miRNA sequences targeting NLRs from pepper, tomato,
and potato were achieved from previous studies and online database (Kozomara
and Griffiths-Jones, 2011; Hwang et al., 2013). A phylogenetic tree was
constructed with Maximum Likelihood method based on the Kimura 2-parameter
model using MEGA6 (Tamura et al., 2013). Genome sequences and gff files of
pepper, tomato, and potato were used for location of miRNAs. Among them, miRn033a from pepper and miR6027 from tomato and potato were selected to
examine microsynteny. Syntenic relationships of genes flanking miRNA
sequences among pepper, tomato and potato were confirmed by MCScanX (Wang
et al., 2012). Hairpin structure for can-miR6027, n037, and n042 was predicted
using RNAfold web server (Mathews et al., 2004). Transposable elements were
found as described in previous study (Kim et al., 2014).
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RESULTS
Prediction of NLR targets
Plant miRNAs are highly complementary to conserved target mRNAs, which
allow us to predict targets using fast and confident bioinformatic methods
(Cuperus et al., 2011). To predict miRNAs targeting NLRs, reported sequences of
miRNAs from Solanaceae plants were integrated (Fei et al., 2011; Kozomara and
Griffiths-Jones, 2011; Tomato Genome, 2012; Zuo et al., 2012; Hwang et al.,
2013; Lakhotia et al., 2014). As results, 286, 299, and 450 miRNAs were
identified from pepper, tomato, and potato, respectively. Among them, novel
miRNAs comprise 212, 121, and 155 from pepper, tomato, and potato,
respectively (Figure 2-2). In the case of miR482 family, a major known family
targeting NLRs in Solanaceae, the miRNAs were renamed for convenience (Table
2-1). TargetFinder program was used for prediction of targets with cutoff score 4
(Fahlgren et al., 2007). In total, 196, 62, and 169 NLRs were predicted to be
targets of miRNAs from pepper, tomato, and potato, respectively.
In pepper, 286 miRNAs were identified from various pepper organs and 25
miRNAs targeted at least one pepper NLR genes. Among them, 14 miRNAs were
novel miRNAs, which are not reported in tomato or potato. Interestingly, canmiR-n033a and can-miR-n042 target lots of NLRs even though they are novel
miRNAs (Figure 2-3). Other than that, conserved miRNAs such as miR6024,
miR6027 and miR482 family were predicted to target NLRs. In tomato and potato,
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25 and 39
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Figure 2-2. Data sets of miRNAs in this study. The numbers of conserved and novel
miRNAs are depicted.

78

Table 2-1. Integration of nomenclature of miR482 family.
Pepper
miR482a

Tomato

miR482-1

Potato

miR482-2

miR482b

miR482a

miR482a-3p

miR482-3

miR482c

miR482b

miR482d-3p

miR482-4

miR482d

miR482-5

miR482e

miR482-6

miR482f

miR482e-3p

miR482_1

miR482-7

miR482g

miR482d-3p

miR482c

miR482-8

miR482c

miR482e-3p

miR482-9

miR482d-5p

miR482-10

miR482e-5p

miR482-11

miR482a-5p

miR482-12

miR482b-3p

miR482-13

miR482b-5p

miR482-14

miR482d-5p

miR482-15

miR482e-5p
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Sequence
UUGCCGAUUCCGUCC
AUACCGC
UUUCCAAUUCCACCC
AUUCCUA
UCUUGCCUACACCGC
CCAUGCC
UCUUACCGAUACCUC
CCAUUCC
CUACCAACUCCACCC
AUUCCUG
UCUUUCCUACUCCUC
CCAUACC
UUUCCUAUUCCACCC
AUGCCAA
UCUUGCCAAUACCGC
CCAUUCC
GGAGUGGGUGGGAUG
GAAAAA
UGUGGGUGGGGUGGA
AAGAUU
GGAAUUGGUGGAUUG
GAAAGC
UUACCGAUUCCCCCC
AUUCCAA
GGAGUGGGUGGCAUG
GUAAGA
CGUGAGUGGUGGGGU
AAGAUA
AGUGGGUGGUGUGGU
AAGAUU

study Chapter 1.
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GT
G1
G2
G3
G4
G5
G6

G8
G9
G10
G11
G12
G13
NG

can-miR482g

can-miR482f

can-miR482e

can-miR482d

can-miR482c

can-miR482b

can-miR396b

can-miR164a-b

can-miR156a-c

can-miR-n192

can-miR-n151

can-miR-n133

can-miR-n130

can-miR-n119

can-miR-n116

can-miR-n085

can-miR-n082

can-miR-n059

can-miR-n056

can-miR-n047

can-miR-n042

can-miR-n033b_6027

can-miR-n033a

can-miR-n031

can-miR-n013_6024

70
60
50
40
30
20
10
0

G7

Figure 2-3. Target prediction of miRNAs in pepper. miRNAs predicted to target NLRs
were represented and the NLRs were classified into subgroups according to previous

miRNAs targeted NLRs, respectively. However, novel miRNAs targeting a lot of
NLRs were not found in tomato and potato. Most of miRNAs targeting NLRs
were conserved such as miR482, miR6024, and miR6027. However, miR156,
miR172 and miR396 families, which are known to regulate genes related to
development, were predicted to target NLRs in both tomato and potato, even
though they target small number of NLRs (Figure 2-4).
Among 755 pepper NLR candidates, one third of them (226 NLRs) were
targets of miRNAs with a robust cutoff (score less than 4) in pepper. I explored a
subgroup of targeted NLRs and found that NLRs in certain subgroups were
targeted by miRNAs. For example, 81 NLRs in CNL-G1 were targeted in pepper
while there was no or one target which belong to CNL-G1 in tomato and potato,
respectively (Figure 2-3). CNL-G1 is an expanded subgroup in pepper. In contrast,
a number of NLRs in CNL-G4 and CNL-G9 were targeted by miRNAs in three
Solanaceae crops (Figure 2-3 and 2-4).

Degradome analysis in Solanaceae
To identify targets of miRNAs experimentally, miRNA-cleaved target
libraries from pepper, tomato and potato were generated. Sequencing of Parallel
Analysis of RNA Ends (PARE) libraries, known as degradome library, globally
identifies the remnants of small RNA-directed target cleavage by sequencing the 5’
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ends of uncapped RNAs (German et al., 2008; German et al., 2009). The libraries
were
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G2
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G5

G1

G2

G3

G4

G5
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G11

sly-miRn94

sly-miR6027_1

sly-miR6027-3p

sly-miR6026

sly-miR6024_1

sly-miR6024

sly-miR5300

sly-miR482e-3p

sly-miR482c

G9

sly-miR482d-3p

sly-miR482a

G8

sly-miR482b

sly-miR396b

sly-miR396_7

sly-miR396_6

sly-miR396_5

sly-miR172a-b

sly-miR172_5
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sly-miR156_6

sly-miR156d-5p
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Figure 2-4. Target prediction of miRNAs in tomato (A) and potato (B). miRNAs
predicted to target NLRs were represented and the NLRs were classified into subgroups
according to previous study in Chapter 1.
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made by collaboration with Prof. Shin in Seoul National University and the
degradome analyses were performed.
A total of 251,689,162, 226,553,118, and 371,124,547 short sequencing reads
from degradome sequencing were obtained in pepper, tomato, and potato,
respectively (Table 2-2). After processing through in-house pipeline, 55.3%, 61.63%
and 73.96% of the reads were mapped to the transcripts of pepper, tomato, and
potato, respectively (Table 2-3). As results, 117, 129, and 109 miRNAs targeted at
least one gene including 15, 7, and 10 miRNAs targeting NLRs according to preset standard (e-value < 0.1 and score ≤ 7) from pepper, tomato, and potato,
respectively (Figure 2-5). Regarding to target genes, 274, 215, and 236 genes
were targeted by miRNAs including 50, 34, and 23 NLR genes from pepper,
tomato, and potato, respectively (Figure 2-5). They account for 9~18% of targeted
genes, which are higher than the portion of NLRs in total predicted genes (about
35,000 genes).
Degradome analyses showed similar results of prediction and previous
studies in tomato and potato (Figure 2-6). Most of miRNAs were conserved
miRNAs which are already known to regulate expression of NLRs (Li et al., 2012;
Shivaprasad et al., 2012). However, I found eight novel miRNAs targeting NLRs
in pepper (Figure 2-7). Especially, can-miR-n033a targeted the largest number of
NLR genes and most of them belonged to CNL-G1, which is consistent to target
prediction by can- miR-n033a. Taken together, novel miRNAs might be generated
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to regulate expanded group of NLRs. However, I could not find novel miRNA
regulating many
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Table 2-2. Statistics of read filtering from degradome sequencing.
Pepper

Tomato

Potato

Total reads

251,689,162

226,553,118

371,124,547

No adaptor &

61,432,588

19,447,550

84,937,163

sRNA & repeat

38,441,544

103,199,875

16,233,245

Final reads

151,815,030

103,905,693

269,954,139

Unique reads

17,172,509

25,382,981

4,817,402

low quality
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Table 2-3. Statistics of read mapping for degradome analysis.
Pepper

Tomato

Potato

83,954,715

64,038,011

199,670,938

Not aligned

67,860,315

39,867,682

70,283,201

Aligned %

55.30

61.63

73.96

Aligned to
transcriptome
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Figure 2-5. Degradome analyses among Solanaceae crops. miRNAs targeting at least one
gene (upper) and target genes by at least one miRNA (bottom) from pepper (red), tomato
(green), and potato (blue) are depicted.
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Figure 2-6. miRNAs targeting NLRs in tomato and potato. Confirmed NLR targets by
degradome analysis were represented in tomato (left) and potato (right) and classified by
subgroups in Chapter 1.
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Figure 2-7. miRNAs targeting NLRs in pepper. Confirmed NLR targets by degradome
analysis were represented and classified by subgroups in Chapter 1.
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of NLRs in CNL-G2, which is also expanded subgroup in pepper.

Small RNA clusters and phased siRNAs targeting NLRs in pepper
Recent studies reported that miRNA can produce secondary small RNAs to
further regulate other transcripts, such as phasiRNAs. In pepper, small RNA
sequencing from various organs has been conducted (Hwang et al., 2013).
Genome-wide analysis to find candidate phased loci was conducted using
computational algorithms. As results, I found 300 non-redundant genes producing
small RNA clusters from six organs (Table 2-4). Among them, one third was
NLRs. In addition, a half of genes producing small RNA clusters from each organ
consists of NLRs.

Abundant small RNA clusters in NLR indicated that NLR

regulation by phasiRNA is a significant mechanism for silencing of NLRs.
I integrated the small RNA cluster analysis to the degradome analysis.
Some NLRs were proved that they were targeted by miRNAs. In total, 28
NLRs were significant targets of miRNAs. Further analysis was performed if
these NLRs produce small RNAs by miRNAs and the small RNAs target
transcripts in cis or trans. As results, six conserved and two novel miRNAs
targeted NLRs and the NLRs produced phasiRNAs targeting same or different
NLRs (Table 2-5 and Table 2-6). For example, CA11g18010 was targeted by
can-miR482c and produced small RNAs. One of the small RNAs also targeted
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same gene even though the read depth was lower than that of the miRNA
indicating
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Table 2-4. Small RNA cluster analysis.
Organ

Total

NLR

NLR %

miRNA-targeted
NLR

Roots

127

71

55.9

20

Leaves

119

53

44.54

14

Stems

93

50

53.76

16

Flowers

101

42

41.58

10

Fruits (mature green)

44

27

61.36

9

Fruits (red)

59

27

45.76

9

Total non-redundant

300

106

28
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Table 2-5. Secondary regulation of NLRs by conserved miRNAs.
miRNA

Target ID

Target ID by phasiRNA

Score

p-value

Regulation

miR482b

CA09g17920

CA02g19600

3

0.063

trans

miR482c

CA05g05510

CA05g05480

2

0.092

trans

miR482c

CA05g06330

CA05g06820

0.5

0.047

trans

miR482c

CA05g06330

CA05g05480

1

0.045

trans

miR482c

CA05g06330

CA05g06330

0

0.023

cis

miR482c

CA05g06330

CA05g06530

2

0.047

trans

miR482c

CA05g06330

CA05g06820

0.5

0.047

trans

miR482d

CA07g08520

CA07g08520

0

0.018

cis

miR482d

CA09g14660

CA09g14650

1

0.082

trans

miR482d

CA09g14660

CA09g14660

0

0.042

cis

miR482d

CA09g14660

CA09g14680

1

0.027

trans

miR482d

CA10g20820

CA10g20540

5

0.097

trans

miR482d

CA10g20820

CA10g20800

1

0.089

trans

miR482d

CA10g20820

CA10g20820

0

0.023

cis

miR482d

CA10g20820

CA10g21380

1

0.092

trans

miR482d

CA11g18010

CA11g18010

0

0.023

cis

miR482f

CA01g08280

CA01g08280

0

0.023

cis

miR6024

CA03g03960

CA03g03960

0

0.042

cis

miR6027

CA04g14510

CA04g14510

0

0.042

cis

miR6027

CA04g14510

CA00g78980

4

0.089

trans

miR6027

CA04g14510

CA06g02000

4

0.063

trans
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Table 2-6. Secondary regulation of NLRs by novel miRNAs.
miRNA

Target ID

Target ID by phasiRNA

Score

p-value

Regulation

n033a

CA00g30030

CA06g02740

1

0.092

trans

n033a

CA00g30030

CA06g02830

1

0.080

trans

n033a

CA00g87530

CA00g87530

0

0.045

cis

n033a

CA00g87530

CA00g3003

0.5

0.036

trans

n033a

CA00g87530

CA06g02820

0.5

0.009

trans

n033a

CA06g02150

CA00g76980

4

0.089

trans

n033a

CA06g02150

CA06g01710

2

0.047

trans

n033a

CA06g02150

CA06g02150

0

0.023

cis

n056

CA11g14390

CA03g09200

0

0.042

trans

n056

CA11g14390

CA04g05600

2.5

0.047

trans

n056

CA11g14390

CA05g02090

1

0.036

trans

n056

CA11g14390

CA07g08520

2

0.027

trans

n056

CA11g14390

CA11g14390

0

0.023

cis

n056

CA11g14390

CA11g16950

2

0.036

trans

n056

CA11g14390

CA11g18720

1

0.036

trans

n056

CA11g14390

CA11g19910

3

0.001

trans

n056

CA11g14390

CA11g19930

3

0.002

trans
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cis-regulation (Figure 2-8). CA05g06330 was a target of can-miR482c, and the
small RNAs from this NLR targeted other NLR, CA05g06820 (Figure 2-9).
These results indicate small RNAs including miRNAs and phasiRNAs can act
as potential regulators of NLR genes and the regulation might have broad
range.

Evolution of novel miRNAs targeting novel NLRs in pepper
As mentioned above, novel miRNAs called can-miR-n033a and can-miRn042 target many NLRs in CNL-G1 and CNL-G9. Other than that, miRNAs
targeting NLRs were same as that identified in previous studies (Li et al., 2012;
Shivaprasad et al., 2012). I compared the mature sequences of the miRNAs. CanmiR-n033a and can-miR-n042 had only one sequence change from their
sequences, and the sequences were different from that of other miRNAs targeting
NLRs (Figure 2-10). In addition, northern blot of can-miR-n033a confirmed that
this miRNA only exists in pepper, not in tomato, potato, and Nicotiana
benthamiana (Figure 2-10). Can-miR-n033a was normally expressed indicating
steady regulation of the target transcripts. Based on the sequence difference, the
target site at NLR genes was also different from that of other miRNAs. Can-miR033a and can-miR-n042 targeted nucleotides encoding the RNBS-D motif of NB
domain, while miR482 and miR6024 targets P-loop motif (Figure 2-11).
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As these novel miRNAs might have evolved in a pepper-specific manner, I
explored the location of can-miR n033a and can-miR-n042 hairpin structures.
Both
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Figure 2-8. cis-regulation by phasiRNA in pepper. Phasing score and the number of reads
were represented. Small RNA reads identified were colored and the box with arrow
targets transcript of same gene.
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Figure 2-9. trans-regulation by phasiRNA in pepper. Phasing score and the number of
reads were represented. Small RNA reads identified were colored and the box with arrow
targets transcript of different gene.
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Figure 2-10. Novel miRNAs in pepper. Sequence alignment of miRNAs targeting NLRs
(left) and expression of can-miR-n033a and miR6027 (right). The northern blot result was
achieved by collaboration with Prof. Shin.
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Figure 2-11. Targeting sites of miRNAs in NLRs. Domains and motifs of NLR and the
alignment were represented. Targeting site of each miRNA were depicted (bottom).
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miRNAs are located on the intergenic region of chromosome 10 (Figure 2-12).
The flanking genes were conserved in tomato and potato. Interestingly, hairpin
sequence of miR6027 was near, and two more miRNAs were present in this
region of pepper. The hairpin sequences of miR6027 were also found in tomato
and potato, but other miRNAs were not. In addition, the length of intergenic
region was about 46 kb in pepper, whereas 4.2 kb and 3.6 kb in tomato and potato,
respectively. The Intergenic region was 10 times more expanded in pepper. Taken
together, these novel miRNAs might be generated by duplication of MIR genes
and able to regulate certain expanded NLRs in pepper.
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Figure 2-12. Microsynteny of intergenic region producing can-miR-n033a. Genes
having synteny are represented by colored arrow. Grey boxes indicate hairpin sequences
of miRNAs. Green box indicates LTR/Gypsy element. RNA folding was predicted and
the mature miRNA sequences were indicated.
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DISCUSSION
Regulation of NLR gene expression is required for normal development and
appropriate responses to biotic stress. Disease resistance could have a fitness cost
to the plant and overexpression or mis-expression of NLR genes might result in
inappropriate or wasteful defense responses. Regulation of NLR genes by
miRNAs may minimize this cost because the low level of resistance genes would
be benefit to plant fitness in the absence of a pathogen. miRNAs play roles in
regulation of target gene expression usually by cleavage of transcripts in plants.
microRNAs might have evolved by duplication of protein-coding gene, MIR
genes, transposable elements (Nozawa et al., 2012).
To explore NLR targets of miRNAs in Solanaceae in genome-wide level,
sequences of miRNAs from previous studies were collected and the target
prediction was performed. Plant miRNAs are highly complementary to target
mRNAs than those of animals (Cuperus et al., 2011). In addition, the prediction
results were confirmed by degradome sequence analysis. As results, a novel
miRNA (can-miR-n033a) targeting NLRs in CNL-G1 were found. This subgroup
was expanded in pepper compared to tomato and potato as mentioned in Chapter
1. However, few NLRs in CNL-G2 were predicted or found as targets of miRNAs
even though this group was also expanded in pepper. Because the degradome
analysis was performed with tissues in normal condition, more miRNAs targeting
NLRs could be identified following pathogen infection.
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Small number of miRNAs can amplify the regulation of targets producing
secondary phasiRNAs indicating miRNAs are master regulator of NLR genes
(Zhai et al., 2011; Fei et al., 2013). In this study, many small RNAs produced by
miRNAs were found. In addition, some of these small RNAs (phasiRNAs) could
regulate transcripts of NLRs in cis or trans. This may indicate miRNAs could
regulate large number of NLRs and phaisRNAs might have long-term benefits for
R gene evolution. They might act as dampers to buffer the NLR transcripts (Fei et
al., 2013). Understanding the roles of phasiRNA in NLR regulation might provide
insights into the regulation of NLRs and application for silencing or expression of
NLRs.
A novel miRNA, can-miR-n033a, only exists in pepper indicating occurrence
of that by recent duplication. I searched miRBase but cannot find any known
sequences similar to can-miR-n033a and can-miR-n042. Species-specific
miRNAs are considered to have evolved recently, and show lower expression than
that of conserved miRNAs (Allen et al., 2004; Rajagopalan et al., 2006). However,
can-miR-n033a was expressed at a high level in pepper. Therefore, this miRNA
might regulate NLRs in normal condition.
Genomic location of the MIR gene of can-miR-n033a was found intergenic
region in pepper. Interestingly, there are more MIR genes producing novel
miRNAs in pepper while only MIR gene for miR6027 was identified in tomato
and potato. In addition, the intergenic region was 10 time expanded in pepper.

105

Therefore, duplication of MIR gene and change of sequences during evolutionary
process might result in novel miRNAs in pepper. Regulation of recently
duplicated NLR in pepper might be related to miRNAs which is recently evolved.
Novel miRNAs and phasiRNAs might affect across large number of NLRs.
Evolutionary analysis of NLRs with miRNAs may give us new insight for
evolution of NLR regulation.
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CHAPTER 3

Comparative analyses of ATG4 and ATG8 in the plant
lineage and cross-kingdom processing of ATG8 by ATG4
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ABSTRACT
Autophagy is important for degradation and recycling of intracellular
components. ATG4 and ATG8 proteins are crucial in the biogenesis of double
membrane autophagosomes that carry the cellular cargoes to vacuoles/lysosomes.
Although many plant genome sequences are available, the ATG4 and ATG8
sequence analysis is limited to some model plants. A total of 28 ATG4 and 116
ATG8 genes were identified from the available 18 different plant genome
sequences. Gene structures and protein domain sequences of ATG4 and ATG8 are
highly conserved in plant lineage. Green algae contain single ATG8 similar to
yeast and other plants contain 3-12 ATG8s. Phylogenetic analyses classified
ATG8s into three subgroups suggesting divergence from the common ancestor.
The ATG8 expansion in plants might be attributed to whole genome duplication,
segmental and dispersed duplication, and purifying selection. Although human
and yeast ATG4 and ATG8 diverged early in evolution, the yeast ATG4 can
process Arabidopsis ATG8 but not human LC3a (HsLC3a). In contrast, HsATG4b
can process yeast and plant ATG8 in vitro but yeast and plant ATG4 cannot
process HsLC3a. Interestingly, the yeast ATG8 is efficiently processed in
Nicotiana benthamiana compared to HsLC3a. However, HsLC3a is efficiently
processed when co-expressed with HsATG4b in plants. Our in-depth analyses of
ATG4 and ATG8 in plant lineage combined with results of cross-kingdom ATG8
processing by ATG4 further support the evolutionarily conserved maturation
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process of ATG8. Broad ATG8 recognition by HsATG4b and lack of recognition
of HsLC3a by yeast and plant ATG4 suggest that the substrate recognition is
determined by ATG8 sequence rather than ATG4.
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INTRODUCTION
Macroautophagy (hereafter referred to as autophagy) is a major process for
degradation and recycling of intracellular materials from yeast to human.
Autophagy plays fundamental roles in growth and differentiation, development,
and response to various stresses (Xie and Klionsky, 2007; Kroemer et al., 2010;
Hayward and Dinesh-Kumar, 2011; Li and Vierstra, 2012; Green and Levine,
2014; Yang and Bassham, 2015). Recent studies have revealed that autophagy is
also involved in nitrogen remobilization, abiotic stress responses, and innate
immunity including programmed cell death (PCD) (Hayward and Dinesh-Kumar,
2011; Avila-Ospina et al., 2014).
In autophagy pathway, a double-membrane vesicle called autophagosome
encloses intracellular cargoes to deliver them into the vacuole or lysosome (Feng
et al., 2014; Klionsky and Schulman, 2014). More than thirty ATG genes are
required for autophagy in yeast (Reggiori and Klionsky, 2013) and most of these
genes are conserved in other organisms including plants. Among ATG proteins, an
ubiquitin-like ATG8 has an important role in the early stage of autophagic
pathway (Nakatogawa et al., 2007). Cleavage of ATG8 by ATG4 cysteine protease
results in the exposure of the conserved glycine (Gly) residue at the C-terminus of
ATG8. This processed ATG8 conjugates to the autophagosomal membrane
through lipidation with phosphatidylethanolamine (PE) and takes part in
autophagosome formation. In Arabidopsis thaliana, two conjugation systems
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involved in autophagy biogenesis are also highly conserved (Li and Vierstra,
2012). Ubiquitin-like ATG12 is transferred to a target ATG5 that is mediated by a
chain reaction through E1-like ATG7 activity and E2-like ATG10 conjugation
processing (Klionsky and Schulman, 2014). The ATG5 complex bound with
ATG12 further interacts with ATG16. The assembled ATG5 complex appears to
play a role as an E3-like enzyme for the lipidation of ATG8 and LC3 (human
ATG8) (Otomo et al., 2013). The conserved Gly of the processed ATG8 is
implicated in adduct formation with PE after the other ubiquitin-like conjugation
reaction by ATG7, E2-like ATG3, and ATG5-12-16 (Otomo et al., 2013; Feng et
al., 2014; Klionsky and Schulman, 2014).
While yeast has a single ATG4 and ATG8 protein, higher eukaryotes such as
animals and plants contain large families of ATG4 and ATG8, suggesting their
diverse functions (Ketelaar et al., 2004; Yoshimoto et al., 2004; Slavikova et al.,
2005; Weidberg et al., 2010; Hayward and Dinesh-Kumar, 2011; Shpilka et al.,
2011; Slobodkin and Elazar, 2013; Wu et al., 2015). In human, four ATG4s
(HsATG4) and seven ATG8s (HsATG8) have been identified based on sequence
similarity to the yeast ATG4 (ScATG4) and ATG8 (ScATG8), respectively
(Marino et al., 2003; Shpilka et al., 2011). Rescue of autophagy defective mutant
strains of Saccharomyces cerevisiae such as atg4/aut2 (Marino et al., 2003) by
HsATG4 suggests that ATG4-mediated processing of ATG8 is evolutionarily
conserved. HsATG8s are classified into three subfamilies; a single Golgi-
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associated ATPase enhancer of 16 kDa (GATE-16), two gamma-amino-butyric
acid receptor-associated protein (GABARAP) and four microtubule-associated
protein 1 light chain 3 (MAP1LC3) (Shpilka et al., 2011). Previously, it has been
suggested that ATG8 isoforms might have similar function in autophagosome
biogenesis. However, recent evidence indicates specific function for ATG8
isoforms. For example, overexpression of LC3 could not compensate autophagy
defect phenotype of knock-down of GABARAP/GATE-16, and vice versa. Based
on the results, it has been proposed that HsLC3s implicate PAS elongation during
early autophagosome biogenesis in mammalian cells and GABARAP/GATE-16s
play a role in maturation of late autophagosomes (Weidberg et al., 2010).
Furthermore Caenorhabditis elegans ATG8 homologs LGG-1 and LGG-2 have
differential and non-redundant function in autophagy (Lin et al., 2013; ManilSegalen et al., 2014; Wu et al., 2015). Recent crystallography studies of LGG-1
and LGG-2 indicate that they have distinct substrate binding packets (Wu et al.,
2015).
In A. thaliana, two ATG4s (AtATG4) and nine ATG8s (AtATG8) have been
identified (Doelling et al., 2002; Hanaoka et al., 2002). AtATG8s are classified
into three groups and they show different spatiotemporal expression patterns in
response to a variety of conditions (Slavikova et al., 2005). Recently, previous
study reported specificity and redundancy for AtATG4-mediated processing of
different AtATG8 isoforms (Park et al., 2014; Woo et al., 2014). However, little is
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known about ATG genes or autophagy mechanism in other plant species.
Although a few ATG8 homologs have been used as markers in some plants (Su et
al., 2006; Chung et al., 2009; Perez-Perez et al., 2010; Kuzuoglu-Ozturk et al.,
2012; Xia et al., 2012; Shibuya et al., 2013; Pei et al., 2014), there is no
systematic analysis of ATG4 and ATG8 in agronomically important crop plants.
Here, genome-wide analyses of genes encoding ATG4 and ATG8 proteins
were performed from the currently available 18 plant genomes including green
algae. Phylogenetic relationships and evolutionary features of ATG4s and ATG8s
indicate the conserved mechanism of autophagosome biogenesis in the plant
kingdom. To determine the cross-kingdom ATG4 processing properties, synthetic
substrates containing AtATG8a (Woo et al., 2014), tomato ATG8 (SlATG8),
ScATG8, and HsLC3a were designed and investigated the processing efficiency
by ATG4s from different species in vitro and in vivo. Broad catalytic activity of
HsATG4b for ATG8 homologs compared to yeast and plant ATG4s was found.
These findings suggest that the kinetic activity by ATG4s is determined by ATG8
sequence rather than ATG4.
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MATERIALS AND METHODS
Identification of ATG4s and ATG8s in plant genomes
Sequences of ATG4 and ATG8 in yeast, human, and A. thaliana were obtained
from NCBI. Amino acids and nucleotide sequences of annotated gene model
within 18 plant genomes were retrieved from Phytozome (www.phytozome.net),
SGN (solgenomics.net), and pepper genome database (peppergenome.snu.ac.kr).
To identify homologs of ATG4 and ATG8 in the plant genomes, both BLAST and
Hidden Markov model (HMM) searches were performed. Possible homolog
candidates were searched using BLASTP with the amino acid sequences of A.
thaliana ATG4s and ATG8s (with e-value cutoff 1.0e-04). The matched proteins
were used for HMM search using Pfam domain (PF03416 for ATG4 and PF02991
for ATG8). Genes having incomplete domain were removed. In case of alternative
splicing, representative gene was selected. For the analysis of exon-intron
structure and location, general feature format (gff) files of 18 plant genomes were
downloaded from Phytozome or from each genome sequencing consortium. To
depict the genomic structures of genes, Exon-Intron Graphic Maker was used
(http://wormweb.org/exonintron).

Phylogenetic analysis and data visualization
ATG4 and ATG8 domain regions were parsed and used for alignment.
Multiple alignments of amino acid sequences were performed by clustalW2 with
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default options, and the resulting amino acid sequence alignments were used to
guide the alignments of the nucleotide coding sequences using translatorX
(Abascal et al., 2010). Then, the alignments were corrected manually and used for
phylogenetic analyses. Phylogenetic trees of ATG4s and ATG8s were constructed
using maximum likelihood method using MEGA 6.0 (Tamura et al., 2013). The
K2+G+I model was used to establish the best tree and a total of 1000 rapid
bootstrap replicates were performed. To visualize the conserved sequences,
multiple alignments of amino acid sequences were implemented and gaps were
removed. The alignments were used to create sequence logos using WEBLOGO
(Crooks et al., 2004).

Duplication Analysis of ATG4s and ATG8s
Duplicated pairs of genes were predicted and Ka and Ks value was calculated
using McScanX (Wang et al., 2012b). For this analysis, all-by-all BLASTP hits,
gff information and cds sequences from each species were used. To compare the
expression patterns of duplicated pairs, absolute expression values of ATG4s and
ATG8s were obtained from The Bio-Analytic Resource for Plant Biology
(http://bar.utoronto.ca/welcome.htm) and they were shown as heatmap using R
package.
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Monitoring ATG4 activity in living yeast cells
Open reading frames (ORFs) of AtATG8a, AtATG8a(G117A), and HsLC3a
were inserted into the Fas∆DD-TA plasmid(Hayashi et al., 2009). The plasmids
were introduced into yeast strain EGY48 or EGY48::ΔScATG4. For the
introduction of AtATG4a, AtATG4b, and ScATG4 into EGY48::ΔScATG4 yeast
strain, the ATG4s were cloned into JG4-5 or pGADT7 vector backbone in which
nuclear localization sequence and activation domain were removed. The
transformed yeast cells were grown on the media plates with X-gal to detect
expression of LacZ reporter gene.

Plasmid construction and purification of ATG4 and ATG8 synthetic
substrates
All plasmid construction was followed as previously described.(Woo et al.,
2014)

In

brief,

ORFs

of

ScATG4

(NM_001183061.1),

HsATG4b

(XM_005574890.1), AtATG4a (AT2G44140), and SlATG4 (Solyc01g006230)
were amplified and cloned into pMal-C2 expression vector (NEB), resulting in
maltose binding protein (MBP)-ATG4. For synthetic substrates, ScATG8
(NM_001178318.1), HsLC3a (XM_005568770.1), AtATG8a (AT4G21980), and
SlATG8a (Solyc07g064680) ORFs were amplified and cloned into BamHI and
SalI of pET28-Citrine-ShR plasmid (Woo et al., 2014). Inserts in all plasmids
were confirmed by sequencing. Primer sequences used for cloning are available
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upon request. Plasmids of (HIS)6-C-ATG8-ShR synthetic substrates and MBPATG4 were transformed into E. coli strain BL21 (DE3). Purification of all
recombinant proteins, western blot analyses, and in vitro cleavage assay were
performed as described (Woo et al., 2014). To generate plant expression plasmids,
inserts were amplified from bacterial expression vector and cloned into pYL400
containing 2x35S promoter and a NOS terminator. For transient expression in N.
benthamiana, Agrobacterium strain GV2260 harboring the plant expression
constructs were used as described previously (Caplan et al., 2008).
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RESULTS
Identification of ATG4s and ATG8s in the plant kingdom
Various publicly available plant genome sequences were used from single cell
Chlamydomonas reinhardtii (green algae), Physcomitrella patens (moss;
bryophyte), Selaginella moellendorffii (spike moss; lycophyte), and 15 different
flowering plants to identify plant homologs of ATG4 and ATG8. BLASTP
searches using the amino acid sequence of AtATG4s and AtATG8s and Hidden
Markov Model (HMM) searches with HMM profiles of ATG4 (PF03416) and
ATG8 (PF02991) were performed and combined (see Materials and Methods for
details). From the analyses, genes that encode proteins with an incomplete domain
or the predicted protein that does not contain the functionally important residue
such as the glycine at the C-terminus of ATG8s required for PE-conjugation were
removed. Based on these analyses, a total of 28 ATG4s and 116 ATG8s were
identified from 18 plant genomes (Table 3-1 and Table 3-2).
The numbers of ATG4s in most plants varied from one to two except in
Brassica rapa that contains three ATG4s (Table 3-1). The amino acid sequence
similarity of plant ATG4s with the yeast ATG4 is low (27% to 32% identity),
however, the core amino acids required for the cysteine protease function such as
the catalytic cysteine (Cys) residue in the active site is conserved. In the case of
ATG8, unicellular green algae C. reinhardtii contains a single copy of ATG8 like
yeast while other plants including mosses have 3 to 12 ATG8s, indicating gene
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Table 3-1. The number of ATG4 and ATG8 homologs in 18 plant genomes.
Species

Common name

ATG4

Arabidopsis thaliana
Arabidopsis lyrata
Brassica rapa
Solanum lycopersicum
Solanum tuberosum
Capsicum annuum

Arabidopsis
Lyrate rockcress
Chinese cabbage
Tomato
Potato
Pepper
Nicotiana
benthamiana
Soybean
Barrel medic
Cassava
Grapevine
Western poplar
Rice

Nicotiana benthamiana
Glycine max
Medicago truncatula
Manihot esculenta
Vitis vinifera
Populus trichocarpa
Oryza sativa
Brachypodium
distachyon
Zea mays
Selaginella
moellendorffii
Physcomitrella patens
Chlamydomonas
reinhardtii

ATG8
h-i
2
2
3
1
1
0

2
2
3
1
1
1

a-d
4
4
5
4
4
3

e-g
3
2
4
2
2
2

2

5

2

1

8

2
1
1
1
2
2

6
0
4
3
4
3

4
1
2
2
3
0

2
2
1
1
2
1

12
3
7
6
9
4

Purple false brome

1

3

0

1

4

Maize

2

5

0

0

5

Spikemoss

1

NA

NA

NA

3

Moss

2

NA

NA

NA

6

Green algae

1

NA

NA

NA

1

124

Total
9
8
12
7
7
5

Table 3-2. ATG4s and ATG8s in 18 plant genomes
ATG4
Species
A.thaliana
A.lyrata

B.rapa

G roup

Integrated ID

Number

Location

Length of each exon

of exon

NA

At_ATG4b

chromosoe_3

8

466

86

51

380

139

56

71

185

NA

At_ATG4a

chromosome_2

8

457

86

48

380

139

56

71

167

NA

Al_935334_903821

scaffold_4

8

457

86

48

380

139

56

71

167

NA

Al_486460

scaffold_5

8

463

86

51

380

139

56

71

185

NA

Br_014522

chromosome_A4

8

310

86

51

365

139

56

71

182

NA

Br_004808

chromosome_A5

3

442

715

244

NA

Br_007495

chromosome_A9

7

394

86

365

139

56

71

170

S. lycopersicum

NA

Sl_01g006230.2.1

chromosome_1

8

169

86

51

380

139

56

71

224

S. tuberosum

NA

St_P GSC0003DMP 400055301 chromosome_1

8

484

86

135

380

139

56

71

224

C. annuum

NA

Ca_01g11770

chromosome_1

8

493

86

51

380

139

56

71

221

NA

Nb_S00044895g0007.1

scaffold_44895

8

202

86

51

380

139

56

71

221

NA

Nb_S00052496g0024.1

scaffold52496

8

202

86

51

380

130

56

71

221

NA

Gm_18g48380.1

chromosome_18

8

469

86

51

371

139

59

71

212

NA

Gm_09g38000.1

chromosome_9

9

118

270

86

51

371

139

59

71

M. truncatula

NA

Mt_7g081230.1

chromosome_7

8

469

86

51

380

139

56

71

212

M. esculenta

NA

Me_006477m

scaffold_06446

8

460

86

51

380

139

56

71

218

V. vinifera

NA

Vv_GSVIVT01003913001

Unassigned

8

451

86

51

380

139

56

71

227

NA

P t_007G147100.1

chromosome_7

8

466

86

51

380

139

56

71

197

NA

P t_017G000500.1

chromosome_17

8

469

86

51

380

139

56

71

197

NA

Os_03g27350.1

chromosome_3

7

430

86

51

386

139

56

370

NA

Os_04g58560.1

chromosome_4

8

439

86

51

386

139

56

71

209

NA

Bd_5g26480.1

chromosome_5

8

475

86

51

386

139

56

71

218

NA

Zm_2G064212_T01

chromosome_2

8

487

86

51

386

139

56

71

203

NA

Zm_2G173682_T01

chromosome_10

8

478

86

51

386

139

56

71

212

NA

Sm_54035

scaffold_22

8

250

86

48

344

139

56

71

80

NA

P p_1s130_263V6.1

scaffold_130

8

193

86

51

386

139

56

71

179

NA

P p_1s31_164V6.1

scaffold_31

8

193

86

51

386

139

56

71

179

NA

Cr_12.g510100.t1.3

chromosome_12

8

45

96

73

71

146

889

418

185

119

116

N. benthamiana
G.max

P. trichocarpa
O. sativa
B. distachyon
Z. mays
S. moellendorffii
P. patens
C.reinhardtii

ATG8
Species

A.thaliana

A.lyrata

B.rapa

G roup

Modif ied ID

Number

Location

Length of exon

of exon

a-d

At_ATG8a

chromosome_4

5

37

56

53

119

104

a-d

At_ATG8b

chromosome_4

5

37

56

53

119

104

a-d

At_ATG8c

chromosome_1

5

37

56

53

119

95

a-d

At_ATG8d

chromosome_2

5

37

56

53

119

98

e-g

At_ATG8e

chromosome_2

4

40

56

53

220

e-g

At_ATG8f

chromosome_4

5

37

56

53

119

101

e-g

At_ATG8g

chromosome_3

5

37

56

53

119

101

h-i

At_ATG8h

chromosome_3

5

43

56

53

119

89

h-i

At_ATG8i

chromosome_3

5

31

56

53

119

89

a-d

Al_475132

scaffold_2

5

37

56

53

119

95

a-d

Al_480185

scaffold_3

5

37

56

53

119

98

a-d

Al_943233_911720

scaffold_6

5

37

56

53

119

98

a-d

Al_889976_858463

scaffold_7

5

82

56

53

119

104

e-g

Al_483652

scaffold_4

4

40

56

53

220

e-g

Al_946605_915092

scaffold_7

5

37

56

53

119

101

h-i

Al_477945

scaffold_3

5

43

56

53

119

89

h-i

Al_479007

scaffold_3

5

31

56

53

119

89

a-d

Br_019407

chromosome_A3

5

43

56

53

119

104

a-d

Br_018503

chromosome_A5

7

1057

60

54

56

53

a-d

Br_013578

chromosome_A1

5

37

56

53

119

104

a-d

Br_013172

chromosome_A3

5

37

56

53

119

95

a-d

Br_029509

chromosome_A9

5

37

56

53

119

98

e-g

Br_000376

chromosome_A3

4

40

56

53

220

e-g

Br_003310

chromosome_A7

4

40

56

53

220

e-g

Br_040738

scaffold_000247

5

37

56

53

119

92

e-g

Br_012710

chromosome_A3

5

37

56

53

119

95

h-i

Br_020749

chromosome_A2

5

43

56

53

119

89

h-i

Br_001197

chromosome_A3

5

43

56

53

119

89

h-i

Br_027227

chromosome_A5

5

31

56

53

119

89

125

215

Table 3-2. (continued)
ATG8
Species

S. lycopersicum

S. tuberosum

C. annuum

N. benthamiana

G. max

M. truncatula

M. esculenta

V. vinifera

G roup

Modif ied ID

Number

Location

Length of exon

of exon

a-d

Sl_02g080590.2.1

chromosome_2

5

37

56

53

119

a-d

Sl_07g064680.2.1

chromosome_7

5

37

56

53

119

95

a-d

Sl_03g031650.2.1

chromosome_3

5

37

56

53

119

107

a-d

Sl_10g006270.2.1

chromosome_10

6

84

37

56

53

119

95

e-g

Sl_08g078820.2.1

chromosome_8

7

44

179

42

56

53

119

e-g

Sl_08g007400.2.1

chromosome_8

5

37

56

53

119

95

h-i

Sl_01g068060.2.1

chromosome_1

5

34

56

53

119

98

a-d

St_P GSC0003DMP 400009039 chromosome_3

5

37

56

53

119

107

a-d

St_P GSC0003DMP 400025414 chromosome_10

5

37

56

53

119

95

a-d

St_P GSC0003DMP 400038670 chromosome_7

5

37

56

53

119

95

a-d

St_P GSC0003DMP 400028821 chromosome_2

5

37

56

53

119

107

e-g

St_P GSC0003DMP 400008510 chromosome_8

5

37

56

53

119

104

e-g

St_P GSC0003DMP 400022074 chromosome_8

5

37

56

53

119

104

h-i

St_P GSC0003DMP 400009229 chromosome_1

5

34

56

53

119

98

a-d

Ca_04g03430

chromosome_4

4

87

53

119

107

a-d

Ca_07g18990

chromosome_7

5

37

56

53

119

95

a-d

Ca_02g18300

chromosome_2

5

37

56

53

119

107

e-g

Ca_01g33970

scaffold_1227

6

3

49

56

53

119

e-g

Ca_01g13140

scaffold_1218

5

37

56

53

119

104

a-d

Nb_S00015425g0005.1

scaffold_15425

6

37

56

53

42

119

a-d

Nb_S00003316g0005.1

scaffold_3316

5

70

56

53

119

95

a-d

Nb_S00014045g0008.1

scaffold_14045

5

37

56

53

119

107

a-d

Nb_S00060915g0004.1

scaffold_60915

5

37

56

53

119

107

a-d

Nb_S00034833g0009.1

scaffold_34833

5

37

56

53

119

107

e-g

Nb_S00003005g0010.1

scaffold_3005

6

120

40

56

53

119

e-g

Nb_S00057716g0005.1

scaffold_57716

5

37

56

53

119

104

h-i

Nb_S00005942g0011.1

scaffold_5942

5

34

56

53

119

101

a-d

Gm_06g46270.3

chromosome_6

5

37

56

53

119

98

a-d

Gm_07g39090.1

chromosome_7

5

67

56

53

119

95

a-d

Gm_09g00630.3

chromosome_9

5

37

56

53

119

95

a-d

Gm_12g10510.1

chromosome_12

5

37

56

53

119

98

a-d

Gm_15g11510.1

chromosome_15

5

37

56

53

119

95

a-d

Gm_17g01650.1

chromosome_17

5

37

56

53

119

95

e-g

Gm_01g41910.2

chromosome_1

5

37

56

53

119

107

e-g

Gm_05g04540.1

chromosome_5

5

73

56

53

119

104

e-g

Gm_11g03460.1

chromosome_11

4

186

53

119

107

e-g

Gm_17g14970.1

chromosome_17

5

55

56

53

119

104

h-i

Gm_02g01180.1

chromosome_2

5

40

56

53

119

101

h-i

Gm_10g01220.1

chromosome_10

5

40

56

53

119

101

e-g

Mt_4g101090.1

chromosome_4

5

37

56

53

119

104

h-i

Mt_1g086310.1

chromosome_1

5

40

56

53

119

98

h-i

Mt_4g123760.1

chromosome_4

5

40

56

53

119

89

a-d

Me_019176m

scaffold_06598

5

37

56

53

119

119

a-d

Me_019182m

scaffold_02717

5

37

56

53

119

119

a-d

Me_019211m

scaffold_03241

5

37

56

53

119

113

a-d

Me_019416m

scaffold_03241

5

37

56

53

119

98

e-g

Me_019140m

scaffold_04450

5

37

56

53

119

122

e-g

Me_019332m

scaffold_07035

5

37

56

53

119

104

h-i

Me_019158m

scaffold_00080

5

40

56

53

119

116

a-d

Vv_GSVIVT01012719001

chromosome_10

5

100

56

53

119

98

a-d

Vv_GSVIVT01030430001

chromosome_12

5

37

56

53

119

101

e-g

Vv_GSVIVT01001307001

chromosome_2

5

37

56

53

119

104

e-g

Vv_GSVIVT01027638001

chromosome_15

5

37

56

53

119

110

e-g

Vv_GSVIVT01037666001

chromosome_19

5

37

56

53

119

95

h-i

Vv_GSVIVT01028202001

chromosome_7

5

31

56

53

119

116

126

107

104
107

104

104

Table 3-2. (continued)
ATG8
Species

V. vinifera

P. trichocarpa

O. sativa

B. distachyon

Z. mays

S. moellendorffii

P. patens

C. reinhardtii

G roup

Modif ied ID

Number

Location

Length of exon

of exon

a-d

Vv_GSVIVT01012719001

chromosome_10

5

100

56

53

119

98

a-d

Vv_GSVIVT01030430001

chromosome_12

5

37

56

53

119

101

e-g

Vv_GSVIVT01001307001

chromosome_2

5

37

56

53

119

104

e-g

Vv_GSVIVT01027638001

chromosome_15

5

37

56

53

119

110

e-g

Vv_GSVIVT01037666001

chromosome_19

5

37

56

53

119

95

h-i

Vv_GSVIVT01028202001

chromosome_7

5

31

56

53

119

116

a-d

P t_002G228800.1

chromosome_2

5

43

56

53

122

95

a-d

P t_004G013700.1

chromosome_4

5

100

56

53

119

95

a-d

P t_011G004300.1

chromosome_11

5

37

56

53

119

95

a-d

P t_014G153800.1

chromosome_14

5

37

56

53

119

95

e-g

P t_001G122700.1

chromosome_1

5

37

56

53

119

104

e-g

P t_002G144600.1

chromosome_2

5

37

56

53

119

104

e-g

P t_014G060300.1

chromosome_14

5

37

56

53

119

104

h-i

P t_008G099400.1

chromosome_8

5

40

56

53

119

89

h-i

P t_010G153400.1

chromosome_10

5

40

56

53

119

89

a-d

Os_04g53240.4

chromosome_4

5

37

56

53

119

95

a-d

Os_07g32800.2

chromosome_7

5

37

56

53

119

95

a-d

Os_08g09240.1

chromosome_8

5

37

56

53

119

98

h-i

Os_11g01010.1

chromosome_11

5

37

56

53

119

92

a-d

Bd_0098s00200.4

scaffold_98

5

37

56

53

119

98

a-d

Bd_1g26400.1

chromosome_1

5

37

56

53

119

98

a-d

Bd_3g14980.1

chromosome_3

5

37

56

53

119

95

h-i

Bd_4g45390.1

chromosome_4

5

31

56

53

119

107

a-d

Zm_2G014975_T02

chromosome_4

4

57

53

119

95

a-d

Zm_2G076826_T01

chromosome_2

5

40

56

53

119

95

a-d

Zm_2G134613_T01

chromosome_10

5

37

56

53

119

95

a-d

Zm_2G336871_T02

chromosome_2

5

37

56

53

119

95

a-d

Zm_2G419694_T01

chromosome_10

5

40

56

53

119

95

NA

Sm_166976

scaffold_4

5

37

56

53

119

101

NA

Sm_109593

scaffold_38

5

55

56

53

119

98

NA

Sm_233421

scaffold_42

5

28

56

53

119

101

NA

P p_1s209_114V6.1

scaffold_209

4

37

112

119

104

NA

P p_1s209_115V6.1

scaffold_209

4

37

109

119

104

NA

P p_1s209_118V6.1

scaffold_209

4

37

109

119

104

NA

P p_1s249_49V6.1

scaffold_249

4

37

109

119

113

NA

P p_1s249_51V6.1

scaffold_249

4

16

109

119

104

NA

P p_1s26_103V6.1

scaffold_26

4

37

109

119

104

NA

Cr_16.g689650.t1.2

chromosome_16

5

46

56

53

119

127

131

duplication events during the speciation and evolution of plants (Table 3-1).
However, there is no correlation between the number of ATG8s and evolution of
plant lineage.
The amino acid sequences of ATG8s between species are more conserved
than those of ATG4s. Amino acid sequence identity of plant ATG8s with yeast
ATG8 is between 47 to 77%. Some ATG8s have 100% amino acid sequence
identity between species such as in the genus Solanaceae (Sl02g080590.2.1 with
StPGSC0003DMP400028821

and

Sl07g064680

with

StPGSC0003DMP400025414, StPGSC0003DMP400038670, and Ca07g18990).
In previous study, identical ATG8s in the same species was reported in maize
(Chung et al., 2009). In this study, more examples were found in in potato
(StPGSC0003DMP400025414 with StPGSC0003DMP400038670 and soybean
(Gm09g00630 with Gm15g11510). These results indicate that ATG4 and ATG8
genes are conserved among plant lineages.

Gene structures and locations of plant ATG4s and ATG8s
The coding regions of ATG4s and ATG8s were compared among 18 plant
genomes. The numbers of exons of ATG4s were generally conserved among plant
kingdom even in lower plants such as green algae (Table 3-2). In addition, the
length of each exon was also conserved except for green algae. Among them, a
homolog of ATG4 in B. rapa has 3 exons while most other homologs have 8
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exons (Figure 3-1). This could be the result of duplication during the emergence
of this species because B. rapa has one more homolog of ATG4 compared to its
closest relatives A. thaliana and A. lyrata (Table 3-1).
Gene structures of ATG8 are also extremely similar among different plant
species. Most members of the ATG8 gene family consist of 5 exons except few
and have alternative spliced transcripts. However, all ATG8 genes in P. patens
have 4 exons (Table 3-2). Further analysis revealed that second exon of PpATG8s
is split in most ATG8s in other plants (Figure 3-2). However, genes lacking introns
such as human MAP1LC3B2 were not found in plant ATG8s. I also found an
ATG8 homolog in B. rapa (Bra018503) that has additional domain at the Cterminus (putative ATP-synthase). I explored the physical location of ATG4s and
ATG8s in the genome. While most homologs in other plants are dispersed on their
genome, ATG8s in P. patens showed tandem and proximal duplication (Figure 33).

Phylogenetic relationships and sequence analyses of plant ATG4s and ATG8s
To understand the evolutionary relationships of ATG4s and ATG8s in plant
kingdom, phylogenetic trees were constructed using ATG4 and ATG8 domain
regions of 18 plants, human, and yeast sequences (Figure 3-4A and Figure 3-5A).
The alignments were performed using nucleotide sequences, and the nucleotide
alignments based on the alignments with deduced amino acids were also

129

considered for the phylogenetic construction. Results suggest that ATG4 appears
to be diverged
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Figure 3-1. Genomic structures of ATG4s in Brassiaceae family. The black boxes indicate
exons and the lines between boxes indicate introns. Black horizontal line represent100 bp
scale.
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Figure 3-2. Genomic structures of some ATG8s in Physcomitrella patens and Arabidopsis
thaliana. The rectangular boxes with colors indicate exons and the lines between the
boxes indicate introns. Black horizontal lines represent 100 bp scale. Different colors
mean sequence matches among different ATG8 genes.

132

Figure 3-3. Genomic Physical locations of clustered ATG8 genes in Physcomitrella
patens. Black lines indicate the parts of each scaffold. Physical locations of the scaffolds
are marked as vertical lines. Red boxes indicate ATG8 homologs and blue boxes indicate
non-ATG8 homologs adjacent to ATG8s. Five out of six ATG8s are on two scaffolds and
clustered in P. patens.
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Figure 3-4. Analysis of ATG4s from different plant species. (A) A phylogenetic tree was
constructed using nucleotide sequences and amino acid alignments of ATG4 domains.
Maximum likelihood model was used and ATG4s of human and yeast were used as
outgroup. Bootstrap analysis was performed with 1000 replicates to support each branch.
Same colors mean related species. (B) Plant-specific motif in ATG4. Amino acid
sequences of plant ATG4s were aligned and plant-specific motif logo was created using
the alignment. The height of symbols indicates the sequence conservation and residue
prevalence of multiple alignment positions.
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Figure 3-5. Analysis of ATG8s from different plant species. (A) A phylogenetic tree was
constructed using nucleotide sequences and amino acid alignments of ATG8 domains.
Maximum likelihood model was used and bootstrap analysis was performed with 1000
replicates to support each branch. Same colors mean related species and the three ATG8
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Figure 3-5. (continue) subgroups (a-d, e-g, and h-i) were marked as arcs. (B) Domain
sequences in each subgroup of ATG8. Amino acid sequences of plant ATG8s of each
subgroup were aligned and the domain sequences were extracted according to PFAM
database (PF02991). Single insertion sequence was removed and the motif logo was
created using the alignment. The height of symbols indicates the sequence conservation
and residue prevalence of multiple alignment positions.
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according to the lineage (Figure 3-4A). They were branched according to the
speciation with high bootstrap support. These data suggest that most divergence of
ATG4 occurred during their speciation and paralogs by duplication have occurred
in some plants. ATG4 homologs were split among Brassicaceae plants suggesting
that the divergence of members might have occurred before the divergence of
Brassicaceae. In addition, I identified a putative novel motif in plant ATG4s
compared to ScATG4 and HsATG4 (Figure 3-4B). This novel motif contains 13
conserved amino acids among plant ATG4s (Figure 3-4B) but not in yeast and
human ATG4s suggesting that this novel motif may have specific roles in plant
autophagy.
Divergence pattern of ATG8s is distinct to that of ATG4s. The ATG8 genes
seem to have a common ancestor (green algae) and have diverged into three
groups during the speciation of plants (Figure 3-5A). The phylogenetic
relationship was consistent with the evolutionary history among three groups.
HsATG8s were branched out as outgroup. Most ATG8s in ancestral land plants
such as P. patens and S. moellendorffii formed a monophyletic group, but I didn’t
include them in the subgroups because of relatively low bootstrap support.
However, domain sequences of them are more similar to that of ATG8 a-d and e-g
group than of h-i group indicating distinct evolution of genes in the h-i group in
vascular plants. Interestingly, while monocot plants have lost e-g group ATG8s
(Figure 3-5A and Table 3-1), Capsicum annuum and Zea mays have lost the h-i

137

group. Interestingly, both Glycine max and Medicago truncatula belong to
Fabaceae, M. truncatula does not contain the a-d group of ATG8s while G. max
has 6 ATG8s in the group. Together, these results suggest that ATG4 and ATG8
genes might have been not only duplicated but also lost during evolution,
resulting in the extinction and expansion of some subgroups in their specific
lineages.
I compared domain sequences of each ATG8 group and found that each group
has some distinct sequence features (Figure 3-5B). The genes in the a-d group
contain the most conserved domain. Sequences between the a-d and the e-g group
are similar than between those of the h-i group. The sequences in the h-i group are
less conserved, suggesting their rapid evolution processes. Some positions have
been only conserved in each group of which positions are less conserved among
the groups. For example, position 53 and 54 in the a-d and the e-g group are
conserved as basic residues (arginine and lysine) while the basic amino acids are
often changed to a polar amino acid such as serine in the h-i group (Figure 3-5B).
It appears that the change in the amino acid sequences among different ATG8s
might cause functional differences between the groups. In addition, all ATG8s in
the h-i group from Brassicaceae have the exposed glycine like AtATG8h and
AtATG8i. However, some h-i group ATG8s in other plant species has additional
residues after the glycine (Figure 3-6).
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Figure 3-6. Alignment of amino acid sequences of different plants h-i group ATG8s. The
alignment was performed using the Clustal Omega multiple alignment with default option.
The conserved glycine residue is marked as red.
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Duplication of ATG4s and ATG8s in plant kingdom
Gene duplication is thought to be one of the most important driving forces
for the evolution of the species. All angiosperms have undergone ancient
whole genome duplications (WGDs), including multiple WGDs in many
angiosperms (Bowers et al., 2003; Tang et al., 2008). There are different modes
of duplication such as tandem, WGD/segmental, and rearrangements by
transposon (Freeling, 2009; Wang et al., 2012a). I analyzed the mode of
duplication for the ATG4 and ATG8 families in 18 plant genomes using
MCScanX (Wang et al., 2012b). Each gene was assigned into 5 categories:
singleton, dispersed, proximal, tandem, and WGD/segmental duplication
(Figure 3-7). As a result, most genes were duplicated and retained from
WGD/segmental or dispersed duplication. However, some ATG8s in P. patens
showed tandem or proximal duplication as discussed above (Figure 3-3). In
addition,

all

ATG4s

and

ATG8s

in

soybean

were

duplicated

by

WGD/segmental duplication suggesting recent lineage-specific WGD. In the
case of Brassicaceae, B. rapa has experienced genome triplication since the
divergence occurred from the common ancestor Arabidopsis (Lysak et al.,
2005). This may explain why B. rapa has more ATG4s and ATG8s than
Arabidopsis. On the other hand, genes of ATG4s and ATG8s by segmental
duplication were not found in N. benthamiana, M. truncatula, and
Brachypodium distachyon. Although I should consider the possibility of
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incomplete genome assembly of these species, they showed species-specific
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Figure 3-7. Duplication mode of ATG4s and ATG8s. The MCScanX algorithm was used
to analyze modes of duplication. The 5 different modes of duplication events were
observed in ATG8 families while tandem and proximal duplication have not been
occurred in ATG4 families. The different duplication modes are color-coded and the box
plot indicates ATG4 or ATG8 in each species.
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duplication patterns.
To investigate the evolution of ATG4 and ATG8 by duplication, Ka
(nonsynonymous substitutions per site), Ks (synonymous substitutions per site),
and Ka/Ks values were estimated using the duplicated pairs of genes in each
species (Table 3-3 and Table 3-4). As mentioned above, I could not find
duplicated pairs in some genome data because of incomplete assembly. All
Ka/Ks values in the duplicated gene pairs of ATG4 and ATG8 were less than 1
(Table 3-3 and Table 3-4), indicating that purifying selection might play a role
in the evolution of ATG4s and ATG8s. Together, ATG4 and ATG8 genes in
plants have been duplicated and retained well by purifying selection but they
have lineage-specific duplication patterns.
In order to assess the expression patterns of duplicated paralogs, I
analyzed the publicly available gene expression data of ATG4s and ATG8s
from various organs in some plants (Figure 3-8). Expression of both ATG4s
and ATG8s was detected in various organs, indicating that they might be
constitutively expressed. In addition, I found several pairs of paralogs with
similar expression patterns in the tissues. This indicates that functional
redundancy exists among these paralogs. However, there was no correlation
between duplicated pairs and expression patterns suggesting that the duplicated
genes could achieve independent expression patterns.
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Table 3-3. Ka and Ks values of ATG4 duplicated pairs.
Species

Gene 1

Gene 2

Ka

Ks

Ka/Ks

A. thaliana

At_ATG4a

At_ATG4b

0.147

0.543

0.270

A. lyrata

Al_935334903821

Al_486460

0.142

0.571

0.249

Br_014522

Br_004808

0.199

0.738

0.270

Br_14522

Br_07495

0.074

0.297

0.250

Br_04808

Br_07495

0.221

0.767

0.289

G. max

Gm_09g38000.1

Gm_18g48380.1

0.020

0.099

0.199

M. truncatula

Pt_007G147100.1

Pt_017G000500.1

0.068

0.176

0.388

Z. mays

Zm_2G173682_T01

Zm_2G064212_T01

0.050

0.230

0.219

B. rapa
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Table 3-4. Ka and Ks values of ATG8 duplicated pairs.
Species

Gene 1

Gene 2

A. thaliana

At_ATG8c
At_ATG8e
At_ATG8b
Al_943233
Br_013578
Br_038481
Br_013578
Br_038481
Br_020749
Br_019407
Br_012710
Sl_02g080590.2.1
Sl_03g031650.2.1
Sl_07g064680.2.1
Sl_08g007400.2.1
St_DMP400028821
St_DMP400038670
St_DMP400022074
Ca_02g18300
Gm_01g41910.2
Gm_02g01180.1
Gm_05g04540.1
Gm_06g46270.3
Gm_06g46270.3
Gm_07g39090.1
Gm_07g39090.1
Gm_07g39090.1
Gm_09g00630.3
Gm_09g00630.3
Gm_12g10510.1
Gm_15g11510.1
Me_019182m
Me_019211m
Vv_01012719001
Vv_01012719001
Vv_01030430001
Pt_002G189600.1
Pt_002G189600.1
Pt_002G144600.1
Pt_004G013700.1
Pt_008G099400.1
Os_04g53240.4
Zm_2G134613_T01

At_ATG8a
At_ATG8g
At_ATG8a
Al_889976
Br_019407
Br_012710
Br_029509
Br_040738
Br_001197
Br_029509
Br_040738
Sl_03g031650.2.1
Sl_07g064680.2.1
Sl_10g006270.2.1
Sl_08g078820.2.1
St_DMP400009039
St_DMP400022074
St_PDMP400008510
Ca_04g03430
Gm_11g03460.1
Gm_10g01220.1
Gm_17g14970.1
Gm_12g10510.1
Gm_15g11510.1
Gm_09g00630.3
Gm_15g11510.1
Gm_17g01650.1
Gm_15g11510.1
Gm_17g01650.1
Gm_15g11510.1
Gm_17g01650.1
Me_019176m
Me_019176m
Vv_01030430001
Vv_01037666001
Vv_01037666001
Pt_008G099400.1
Pt_010G153400.1
Pt_014G060300.1
Pt_011G004300.1
Pt_010G153400.1
Os_08g09240.1
Zm_2G014975_T02

A. lyrata
B.rapa

S. lycopersicum

S. tuberosum
C. annuum
G. max

M. esculenta
V. vinifera
P. trichocarpa

O. sativa
Z. mays
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Ka
0.090
0.126
0.092
0.051
0.037
0.116
0.052
0.105
0.060
0.047
0.034
0.051
0.058
0.004
0.039
0.051
0.000
0.042
0.080
0.004
0.007
0.007
0.004
0.080
0.045
0.045
0.015
0.000
0.037
0.076
0.037
0.044
0.090
0.098
0.068
0.041
0.132
0.108
0.032
0.054
0.037
0.026
0.004

Ks

Ka/Ks

0.866
1.237
0.676
0.526
0.369
0.358
0.645
0.316
0.277
0.733
0.265
0.782
2.721
0.474
0.439
0.685
0.524
0.520
0.736
0.068
0.141
0.097
0.199
2.010
0.404
0.404
0.160
0.107
0.492
2.010
0.445
0.392
4.671
0.458
0.724
0.775
0.777
0.798
0.300
0.139
0.275
0.858
0.317

0.104
0.102
0.136
0.097
0.099
0.325
0.080
0.331
0.215
0.064
0.127
0.065
0.021
0.008
0.089
0.074
0.000
0.081
0.109
0.053
0.051
0.070
0.018
0.040
0.112
0.112
0.092
0.000
0.075
0.038
0.083
0.112
0.019
0.214
0.094
0.053
0.170
0.136
0.107
0.386
0.135
0.030
0.013

Figure 3-8. Expression patterns of duplicated pairs of ATG4s and ATG8s. Heatmaps of
ATG4s and ATG8s based on the expression values of various organs from each species
were depicted using R package. Genes in three subgroups of ATG8s and ATG4s were
marked and they were hierarchically clustered based on the expression patterns. Dashed
lines indicate duplicated paralogs in each species.
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Processing of ATG8s across kingdom by endogenous yeast ATG4 in living cell
Although the phylogenetic analyses of ATG4s and ATG8s showed
HsATG4s and HsATG8s were diverged in an early evolution period and
classified to the outgroup, it has been shown that HsATG4s could rescue the
phenotypes of yeast atg4/aut2 mutant (Marino et al., 2003). This suggests that
ATG4 protease-mediated processing of ATG8s may be conserved in the course
of evolution. Therefore, processing of plant AtATG8a and human LC3a
(HsLC3a) was tested using yeast-based cleavable transcription activator and
reporter approach (Hayashi et al., 2009). In this approach, cytoplasmic death
domain (DD) of CD95/Fas type I transmembrane receptor is replaced with a
chimeric transcription activator (TA) comprised of LexA DNA-binding domain
and B42 activation domain (Fas∆DD-TA) (Figure 3-9A). To construct an
ATG8 cleavage-report expression cassette for cross-kingdom cleavage assay in
the living organism, ATG8/LC3a was inserted between Fas∆DD and TA as a
translational fusion. If ATG8/LC3a is cleaved at the Gly residue, then chimeric
TA will enter the nucleus and activate expression of reporter gene such as
LacZ (Figure 3-9A). To determine if yeast ATG4 could process plant AtATG8a
and human HsLC3a, I expressed AtATG8/LC3a inserted between Fas∆DD and
TA in yeast strain EGY48. Interestingly, the endogenous yeast ATG4 could
process AtATG8a but not HsLC3a (Figure 3-9B, top panel). In addition,
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AtATG8a mutant in which the conserved glycine residue is changed to alanine
(G117A) was not processed by
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Figure 3-9. Yeast ATG4 can process plant AtATG8a but not human HsLC3a. (A)
Schematics of yeast-based cleavable transcription activator and reporter approach 41.
Chimeric transcription activator (TA) comprised of LexA DNA binding domain (LexA
DNA-BD) and B42 activation domain (B42-AD) was fused to the C-terminus of death
domain deleted Fas type I transmembrane receptor (Fas∆DD). ATG8/LC3a is inserted as
a translational fusion between Fas∆DD and TA. ATG4-meidated processing of
ATG8/LC3a at the glycine residue (not shown) will lead to translocation of TA into the
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nucleus to induce Figure 3-9. (continue) LacZ expression. (B) Fas∆DD-AtATG8a-TA,
Fas∆DD-AtATG8a(G117A)-TA, and Fas∆DD-HsLC3a-TA plasmids were transformed
into EGY48 and ScATG4 deleted EGY48 (EGY48∆ScATG4) yeast strains. The selected
yeast cells were spotted onto media plates with X-gal substrate. Blue color indicates that
endogenous yeast ATG4 can process plant AtATG8a (top panel, column 2). White colony
indicates that the endogenous yeast ATG4 cannot process mutant AtATG4a(G117A) and
human HsLC3a (top panel). The deletion of ScATG4a from EGY48 results in lack of
processing of AtATG8a (bottom panel, column 2). (C) EGY48∆ScATG4 yeast cells
lacking ScATG4 was transformed with plasmid encoding Fas∆DD-AtATG8a-TA and
AtATG4a or AtATG4b and Fas∆DD-AtATG8a-TA with ScATG4. The transformed cells
were grown on media plates with X-gal substrate. Both plant and yeast ATG4s could
process plant AtATG8a (middle column). The empty vector and the mutant
AtATG8a(G117A) were used as control (first and last columns).
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endogenous yeast ATG4 (Figure 3-9B, top panel). Furthermore, AtATG8a was
not processed in ScATG4 deleted yeast strain (EGY48::∆ScATG4) (Figure 39B, bottom panel). To further confirm these results, AtATG4a, AtATG4b, and
ScATG4 were individually transformed into the ScATG4 deleted yeast strain
expressing

the

AtATG8a

report

construct

(EGY::∆ScATG4::Fas∆DD-

AtATG8a-TA strain). Both AtATG4s and ScATG4 were able to process
AtATG8a but not AtATG8a (G117A) (Figure 3-9C). Taken together, these
results indicate that yeast ATG4 could process plant AtATG8a but not human
HsLC3a.

Cross-kingdom activity of ATG4s
To determine if plant ATG4 could process ScATG8 and HsLC3a, synthetic
substrate-based in vitro cleavage assay was used (Park et al., 2014; Woo et al.,
2014). In this ATG8 synthetic substrate, Citrine fluorescent protein (C) and
modified Renilla luciferase superhRLUC (ShR) are fused to the N- and Ctermini of ATG8, respectively (C-ATG8-ShR). Purified recombinant ATG4s
and synthetic ATG8 substrates from Escherichia coli were used for in vitro
cleavage assay (Woo et al., 2014). ATG4s efficiently processed corresponding
species ATG8 compared to MBP alone control (Figure 3-10). Yeast and plant
ATG4s were able to process both plant and yeast ATG8 synthetic substrates but
they were not able to process HsLC3a (Figure 3-10A-C). Interestingly,
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HsATG4b could process yeast, plant, and human ATG8/LC3a synthetic
substrates (Figure

Figure 3-10. Human ATG4b can cleave cross-kingdom ATG8s in vitro
Purified recombinant maltose binding protein (MBP) fused to different ATG4s (MBPATG4) and MBP alone were incubated with various C-ATG8/LC3a-ShR synthetic
substrates as described in the Materials and Methods section. The reaction mixtures were
separated on SDS-PAGE gel and blots were probed with α-ShR. Arrows and arrowheads
indicate full-length synthetic substrate (C-ATG8-ShR) and cleaved byproduct ShR,
respectively. The yeast ATG4 (A), tomato ATG4 (B), and Arabidopsis ATG4a (C) could
process both plant and yeast ATG8s but not human HsLC3a. HsATG4b could process all
species ATG8 synthetic substrates (D). Sc: Saccharomyces cerevisiae, Hs: Homo sapiens,
At: Arabidopsis thaliana, Sl: Solanum lycopersicum.
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3-10D). These results indicate that HsATG4b has broad ATG8 substrate
recognition compared to yeast and plant ATG4s.
It was investigated if plant ATG4 could process yeast and human ATG8s
using Agrobacterium-mediated expression in N. benthamiana plants. The yeast
Atg8 synthetic substrate expressed in N. benthamiana under the control of 35S
promoter was efficiently processed under normal condition and the cleavage
product was detectable in the presence of concanamycin A (Conc A) that
inhibits degradation of autophagic bodies in the vacuole (Figure 3-10A, lane 1).
In contrast, the cleavage byproduct of HsLC3a was under the detection limit
(Figure 3-11A, lane 2). These results suggest that the endogenous N.
benthamiana ATG4s could efficiently process ScAtg8 but not HsLC3a under
normal condition. To test if expression of HsATG4b can process HsLC3a
inside plant cells, HsLC3a and HsATG4b were co-expressed in N.
benthamiana leaves. As a result, efficient cleavage of HsLC3a was observed
when HsATG4b was co-expressed (Figure 3-11A, lane 3). These results
indicate that endogenous N. benthamiana ATG4s cannot process HsLC3a
efficiently to the detectable level under normal condition.
Due to lack of photosynthetic activity during night, plant degrades starch
of photosynthetic byproduct to use energy source for sustenance of its life and
growth during dark period. Recently, it has been shown that starch degradation
by autophagy is enhanced under night time (Wang et al., 2013), indicating
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Figure 3-11. Nicotiana benthamiana plant ATG4 efficiently process yeast ATG8 but
weakly process human LC3a. (A) C-ScATG8-ShR (lane 1), C-HsLC3a-ShR (lane 2), and
C-HsLC3a-ShR with HsATG4b (lane 3) were expressed in N. benthamiana plant leaves
and cleavage byproduct (ShR) was detected with α-ShR antibodies (top panel). The
cleaved ShR byproduct was observed in C-ScATG8-ShR expressing tissue (lane 1) but
not in C-HsLC3a-ShR (lane 2). Co-expression of C-HsLC3a-ShR with HsATG4b resulted
in accumulation of the cleaved ShR byproduct (lane 3). Arrow and arrowhead indicate
full-length ATG8 sensors and cleaved byproducts, respectively. α-Myc was used to detect
the HsATG4b input (middle panel, lane 3). α-PEPC was used for input loading control
(bottom panel).

(B-D) C-ScATG8-ShR sensor was processed by endogenous N.

benthamiana ATG4s and mature form of C-ScATG8 was incorporated into autophagic
bodies in the vacuole (B). Co-expression of C-HsLC3a-ShR with HsATG4b showed
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Figure 3-11. (continue) accumulation of autophagic bodies in the vacuole (D) compared
to the expression of C-HsLC3a-ShR alone (C) in N. benthamiana leaves. Scale bar is 20
µm. (E) Quantification of autophagic bodies observed in B-D. One way ANOVA test
indicates statistically different number of autophagic bodies accumulated in the vacuole
of cells expressing ScATG8 alone and HsLC3a with HsATG4b compared to HsLC3a
alone. Lowercases letters indicate statistical differences (P<0.0001). (F) C-ScATG8-ShR
(lane 1), C-HsLC3a-ShR (lane 2), C-HsLC3a-ShR with HsATG4b (lane 3), and Citrine
alone with HsATG4b (lane 4) were expressed in N. benthamiana plant leaves. After darkinduced autophgy, the isolated proteins were separated on SDS-PAGE and probed with αShR antibodies (top panel). C-HsLC3a-ShR synthetic substrate (top panel, lane 2) could
not be processed by endogenous N. benthamiana ATG4s compared to ScATG8 (top panel,
lane 1) in the dark-induced autophagy condition. The HsLC3a was efficiently processed
when co-expressed with HsATG4b (top panel, lane 3). α-GFP antibody was used to detect
free Citrine fluorescent protein and mature processed C-ATG8a/LC3a (second panel). αMyc was used to detect the HsATG4b input (third panel). α-PEPC was used for input
loading control (bottom panel). Arrows and arrowheads indicate full-length synthetic
sensors and cleaved byproducts, respectively. Asterisk represents free Citrine. This figure
was achieved by collaboration with Prof. Dinesh-Kumar.
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autophagy activity increases under darkness. To determine if the ATG8
processing is altered under autophagy-induced condition, the ATG8 cleavage
under dark-induced autophagy was tested. The yeast synthetic substrate CScATG8-ShR in the presence of ConcA was processed by N. benthamiana
endogenous ATG4s and accumulated as puncta representing autophagic bodies
in the vacuole (Figure 3-11B and 3-11E). In contrast, very few autophagic
bodies in the vacuole of cells expressing human synthetic substrate C-HsLC3aShR were observed (Figure 3-11C and 3-11E). However, when C-HsLC3a-ShR
was co-expressed with HsATG4b in N. benthamiana plants, large number of
autophagic bodies accumulated in the vacuole (Figure 3-11D and 3-11E).
Therefore, even under autophagy-induced condition, the endogenous N.
benthamiana ATG4 could not efficiently process HsLC3a.
Although it was failed to detect processed mature form of HsLC3a in our
immunoblot analyses (Figure 3-11A, lane 2 and Figure 3-11F, top panel, lane
2), few autophagic puncta were visible in the vacuole of HsLC3a expressing
cells (Figure 3-11C). It is possible that plant ATG4 may cleave HsLC3a weakly
and the processed mature HsLC3a is under the detection level of our
immunoblot assay. In a GFP-AtATG8a transgenic plant, free GFP has been
shown to accumulate under nutrient starvation condition (Chung et al., 2010).
It has been hypothesized that this free GFP is a stable breakdown product of
GFP-AtATG8a in the vacuole (Chung et al., 2010). Therefore, I probed the blot
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with anti-GFP antibody. Free Citrine was observed in protein isolated from
both C-ScATG8-ShR and C-HsLC3a-ShR expressing cells (Figure 3-11F,
middle panel; lanes 1 and 2). However, I failed to detect processed mature
form of HsLC3a compared to ScATG8 (Figure 3-11F; middle panel; compare
lanes 1 and 2). These results suggest that low level of HsLC3a could be
processed in plant cells and targeted to the vacuole but the mature form of
HsLC3a is under the detection level in the immunoblot assay. Consistent with
these observations, co-expression of HsATG4b in N. benthamiana efficiently
processed C-HsLC3a-ShR synthetic substrate (Figure 3-11F; top panel; lane 3)
and mature HsLC3a form is readily detectable (Figure 3-11F; middle panel;
lane 3). Together these results indicate that endogenous N. benthamiana plant
ATG4 efficiently processes ScATG8 but weakly processes HsLC3a of which
active catalysis requires HsATG4 in heterologous expression system.
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DISCUSSION
The ubiquitin-like ATG8 plays an important role in autophagosome initiation
and biogenesis (Jin and Klionsky, 2014; Klionsky and Schulman, 2014).
Furthermore, ATG8 serves as a docking site for adaptor proteins and also plays a
key role in autophagic cargo recruitment into autophagosomes (Klionsky and
Schulman, 2014; Rogov et al., 2014). Recent emerging evidence also suggests that
ATG8 plays an important role in selective autophagy (Kirkin et al., 2009; Rogov
et al., 2014; Marshall et al., 2015). The ATG4-mediated processing of ATG8
followed by lipidation is an important step in autophagosome initiation and
maturation. ATG4 also plays a role in the recycling of ATG8 once the
autophagosome fuses with the vacuole or lysosome. Currently, analyses of ATG4
and ATG8 genes are limited to some model plant species. Here, genome-wide
analyses of ATG4 and ATG8 were implemented from 18 published and sequenced
plant genomes including agriculturally important crop plants such as tomato,
potato, rice, maize, cassava, and other plants. The results identified a total of 28
ATG4s and 116 ATG8s from the available plant genome sequences providing
most updated analyses of ATG4 and ATG8 genes from different plant species. In
addition, an additional ATG8 in soybean genome were found based on BLAST
and HMM search compared to 11 GmATG8s that were reported previously (Xia et
al., 2012). In contrast, I have removed one ATG8 homolog from previously
reported 5 ATG8s from the rice genome (Chung et al., 2009).
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These analyses indicate that at least one ATG4 and ATG8 gene is present in
all analyzed plant genomes including lower plant lineages such as S.
moellendorffii, P. patens, and C. reinhardtii suggesting that the autophagic
pathway is conserved among all plant lineages. However, the number of gene
family members differs in various plants. Gene expansion of ATG8 has occurred
in ancestral land plant lineage. This varying numbers of ATG4 and ATG8 genes
within flowering plants might be attributed to ancient polyploidy events and
additional recent lineage-specific WGDs (discussed below). Paralogs by
duplication suggests both sub-functionalization and neo-functionalization.
Consistent with this, the Arabidopsis ATG4a and ATG4b showed different affinity
to ATG8s (Woo et al., 2014). In addition, Arabidopsis ATG8 gene family members
display subtle differences in their expression patterns indicating tissue-specific
roles (Slavikova et al., 2005). The gene structures of ATG4 and ATG8 are retained
well in plant genomes, suggesting that they are one of the most conserved proteins
in eukaryotes (Shemi et al., 2015). The amino acid sequence of different ATG8s is
also highly conserved indicating that they may play important roles in autophagy
process across species. In addition, identical genes within and between species
were found representing newly duplicated paralogs and orthologs, respectively.
Phylogenetic analyses presented here provide insights into the evolution of
ATG4s and ATG8s. In the case of ATG8, most of them were divided into three
subgroups according to A. thaliana ATG8s (a-d, e-g, and h-i). Our results suggest
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that the expansion of ATG8 genes occurred in the common ancestor of
angiosperms. Although these groups underwent further expansion in plant
lineages, the e-g group was lost in monocot plants. In addition, I also found that
pepper and maize lost the h-i group while Medicago lost the a-d group of ATG8
subfamily members. I found in silico evidence for the ATG8 h-i group in pepper,
but this gene was ruled out based on the pepper annotation pipeline (Kim et al.,
2014).
Duplication events are one of the most important mechanisms for the
evolution of life. There are different types of duplications, and these duplications
might explain the copy number variation of ATG4 and ATG8 in plants (Wang et
al., 2012a). The result suggests that segmental and dispersed duplications were
primary influence in the ATG4 and ATG8 families’ expansion in higher plants. For
example, the recent lineage-specific WGD events led to the specific expansion
observed in B. rapa and soybean. In addition, genome rearrangement, gene loss,
and transposon might affect dispersed duplication. On the other hand, tandem
duplication was observed in P. patens, which has been rarely found in higher
plants. These mechanisms of duplication may lead to genetic and functional
redundancies. In fact, some duplicated pairs of ATG8s showed similar expression
patterns in their organs. However, other pairs showed different expression patterns
indicating changed expression context by other factors affecting their functions.
Together, ATG4 and ATG8 genes might be retained or lost in a biased manner
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caused by their mode of duplication.
Sequence and phylogenetic analyses revealed that sequences of ATG8s in
yeast, Arabidopsis, and tomato are similar while a divergent sequence of HsLC3a
placed HsLC3a into the outgroup in the phylogenetic tree. It appears that distinct
sequence feature of HsLC3a may affect either substrate recognition or catalytic
rate of plant and yeast ATG4s to process HsLC3a. Whilst HsLC3a could not be
efficiently processed by yeast and plant ATG4s in vitro and in vivo, broad ATG8
substrate recognition by HsATG4b suggests that substrate recognition and/or
catalytic rate for ATG4-mediated processing may be determined by ATG8 protein
sequence rather than by ATG4s. In addition, cleavage compatibility of ScATG8 by
plant ATG4s may result from high sequence similarity and evolutionary closeness
to plant ATG8s (Figure 3-6). In contrast, evolutionally distinct features of HsLC3a
appear to affect recognition by plant and yeast ATG4s, resulting in loss and/or
inefficient cleavage activity by plant ATG4s and yeast ATG4 (Figure 3-7 and
Figure 3-8). The observed lack of processing of HsLC3a by endogenous plant and
yeast ATG4s is not due to the LC3a synthetic sensor structure because the sensor
gets cleaved efficiently upon co-expression with HsATG4b in plant cells.
Nonetheless, heterologous expression of HsLC3a in plant cells showed weak
formation of autophagic bodies in the vacuole even though it is failed to detect the
mature processed from of HsLC3a in immunoblot assay.
It has been shown that ATG4-mediated deconjugation of ATG8-PE has dual
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roles for release of ATG8 from non-autophagy reservoir and autophagosome
depending on stages of autophagy biogenesis. In addition, the defect of
deconjugation process of ATG8-PE results in reduction of de novo autophagy
formation, suggesting that ATG4-mediated deconjugation of ATG8-PE on
autophagy regulates autophagy biogenesis {Yu, 2012 #161}. In comparison of
autophagic body formation between ScAtg8 and co-expression of HsLC3a with
HsATG4b in N. benthamiana, autophagic bodies decorated by the mature ScAtg8
sensors were less accumulated in the vacuoles (Figure 3-11B, D, and E). However,
approximate influx of mature sensors of ScAtg8 and HsLC3a from the coexpression could be similar as shown in the immunoblot with α-GFP to detect the
mature sensors (Figure 3-11F, middle). Therefore, these results suggest that a
different rate of HsATG4b-mediated recycling of HsLC3a may facilitate high
accumulation of punctate structures in the vacuoles (Figure 3-11D). It is not likely
that the recycling process of HsLC3a by HsATG4b is the sole reason for high
accumulation of autophagic bodies in plant cells, compared to single expression of
ScAtg8, however, the recycling of HsLC3a by HsATG4b may contribute de novo
biogenesis of autophagy. The contribution of the recycling effect is of interest but
necessary to be elucidated in plant cells.
In conclusion, the analyses indicate conservation of ATG4s and ATG8s from
18 different plant genomes but expansion of the numbers of ATG4 and ATG8
genes from single cell green algae to crop plants such as rice, maize, Nicotiana,
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tomato, soybean, and others. Interestingly, plant and yeast ATG4 protease activity
is highly conserved and can process ATG8s from either species but not from
human. Furthermore, the human ATG4b has broader substrate recognition
property and can process both plant and yeast ATG8s. The results described here
should provide basis for understanding the unique and redundant functions of
ATG4 and ATG8 isoforms in crop and model plants.
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ABSTRACT IN KOREAN
식물은 병원체의 공격에 대응하기 위하여 다양한 방어 기작을 가지
고 있으며, 병 저항성 반응을 나타내기 위해 다양한 유전자들이 기능을
하고 있다. 최근 유전체 분석의 발달로 다양한 유전자군들의 동정 및
분류, 진화 연구가 가능해졌다. 본 연구에서는 식물 병 저항성에 있어서
중요한 역할을 하고 있다고 알려진 nucleotide-binding and leucine rich
repeat (NLR)과 Autophagy (ATG) 유전자군을 각각 가지과와 식물 전체에
서 생물정보학적 방법을 이용하여 동정하고, 이들의 진화 연구를 수행
하였다.
NLR 유전자들의 경우 비교적 진화적 거리가 가까운 고추, 토마토,
감자 내에서도 그 개수와 서열이 다양하였다. 계통수 분석을 통하여 이
들을 14개의 서브그룹으로 나눌 수 있었으며, 이 중 두 개의 서브그룹
은 고추에서 특이적으로 그 수가 많아진 것을 확인할 수 있었다. 이는
종 분화 이후의 그룹특이적인 duplication에 의한 것으로 추측되었다.
또한, NLR의 경우 small RNA 중 하나인 microRNA에 의해서 발현이
조절 되는 것을 컴퓨터를 이용한 예측 및 degradome analysis를 통해서
확인할 수 있었고, 토마토와 감자에는 없는 miRNA가 고추에 존재하며
이 miRNA가 앞서 확인된 고추에서 확장된 그룹에 있는 유전자들을 주
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로 조절한다는 것을 밝혔다. 이 miRNA는 고추에서 miRNA를 만드는
서열의 duplication에 의하여 생겨난 것으로 추측되며, 다양한 NLR을 조
절하기 위하여 miRNA의 진화가 이루어졌다는 것을 시사하였다.
Autophagy에 관련하여 역할을 하는 ATG4와 ATG8의 경우에는 진화
적으로 거리가 매우 먼 식물 간에도 비교적 유전자 서열과 exon-intron
의 구조가 잘 보존되어 있었다. ATG8의 경우에는 3개의 서브그룹으로
나눌 수 있었으며, 단자엽 식물에서는 특정 그룹이 존재하지 않는 특징
을 보였다. 또한 효모, 인간에 존재하는 ATG4, ATG8과의 cross-kingdom
activity 여부를 확인할 수 있었다. 이러한 유전체 수준에서의 유전자군
에 대한 정보들은 추후 해당 유전자들의 기능 분석 또는 이에 따른 응
용기술에 이용될 수 있을 것이다.
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