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Abstract 

Exocyst positive organelle (EXPO) is a newly discovered double membrane 

organelle involved in exocytosis and likely other vesicle trafficking processes. 

EXPO is likely generated from the ER, fused with plasma membrane and released 

a single membrane vesicle to cell exterior. The Arabidopsis protein Exo70E2 was 

found to be associated with EXPO and therefore is considered as a marker of 

EXPO and might play a role in EXPO-mediated vesicle trafficking. 

Understanding the biological function of AtExo70E2 (abbreviated as E2 in this 

thesis) will be very helpful in unraveling the function of EXPO. The aim of this 

work was to use various molecular, genetic and physiological approaches to 

determine the possible role of Arabidopsis Exo70E2 in biological pathways.  

By using the Exo70E2pro: GUS line, the expression pattern of Exo70E2 was 

determined. Exo70E2 was expressed mainly in roots, especially in root tips and 

epidermal cells in the division and elongation zones of roots. Its expression level 

was induced when the seedlings were treated with Flg22, a peptide derived from 

bacterial flagillin protein that induces the plant defense response.  

The tissue subcellular localization of Exo70E2 was also studied using the 

35S:Exo70E2-eYFP and Exo70E2pro:Exo70E2-GFP reporter lines. The GFP 

fusion protein was found primarily in the epidermal cells of roots even in the 

35S:Exo70E2-eYFP lines.  

For phenotypic analysis resulting from mutations of the Exo70E2 gene, I obtained 

three T-DNA insertion mutant lines and generated its overexpression lines. The 

two mutant alleles, e2-2 and e2-3 are in the Columbia ecotype background and 

further characterized. e2-2 which has a T-DNA insertion in an exon is likely a 

knock out line as Exo70E2 gene transcript could not be detected. e2-3, which 
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carries a T-DNA insertion in its promoter region, was found to accumulate a 

higher level of the transcript, suggesting that the insertion causes its enhanced 

expression of Exo70E2. There was no obvious difference between wild type and 

e2-2 in their phenotypes under different conditions tested in this study. However, 

e2-3 had a retarded growth phenotype when grown in soil or on MS medium. The 

seedlings of e2-3 on MS medium also had a yellowish color although such a 

phenotype was not obvious when they were grown in soil. When supplementing 

the MS medium with sucrose, glucose or mannitol, the growth of e2-3 was more 

reduced compared to wild type under these conditions. However, on the medium 

with NaCl or under phosphate deficiency, the yellowish phenotype of e2-3 was 

rescued and the mutant seedlings became relatively healthier than the seedlings 

under the regular MS medium. 

A proteomics approach was taken to compare protein secreted from the seedlings 

of wild type and the mutants. Proteins secreted by seedlings to the liquid medium 

were collected, concentrated and subjected to MS analysis. Comparison of the 

profiles of secreted proteins between the wild type and the mutants leaded to 

identification of candidate proteins whose secretion might be affected by the 

mutation.  

My study indicates that Exo70E2 and EXPO are involved in transporting proteins 

(likely also metabolites) to the exterior of cells and the rhizosphere and might play 

an important role in stress responses.   
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Chapter 1. Literature review 

1. Cellular Compartments and protein trafficking Pathways 

Eukaryotic cells have many membrane-enclosed structures named organelles. 

Each organelle has specific function and structure. With exceptions of few 

proteins which are synthesized in mitochondria and plastids, all other proteins are 

synthesized in the cytosol and transported to various cellular compartments. There 

are complicated protein transportation systems between organelles (Lee et al., 

2004).  

For protein transportation across membrane of different compartments, there are 

three fundamental ways. The first one is gated transportation. Proteins shuttle 

between cytosol and nucleus through nuclear pores. Secondly, proteins are 

translocated by transmembrane protein translocators in which protein are directly 

transferred across a membrane from cytosol by transmembrane protein 

translocators (Blobel, 2004). One example is the translocation of proteins from 

cytosol to ER during protein sythesis. The third way is vesicular transportation. 

Small, membrane-enclosed vesicles are budded from a donor membrane with 

cargo proteins inside. The vesicles fuse with target membrane releasing cargo 

proteins to destination compartment.  

For vesicular transportation, protein has two major transportation routes: 

endocytic pathway and secretory pathway (Schekman and Novick, 2004).  

1.1 Secretory pathway 

Secretory pathway refers to the transportation of proteins starting from ER and 

going to cell surface or lysosomes through Golgi apparatus. By secretory pathway, 

proteins are released to the plasma membrane (PM) or cell exterior. For proteins 

to enter secretory pathway, they shall have sorting signals. The sorting signal 
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defines a protein's destination, such as nucleus, ER or mitochondria. Those that do 

not have a sorting signal remain in cytosol.  

1.1.1. ER and Golgi Trafficking 

All proteins are synthesized on cytosolic ribosomes. Only a small number of 

proteins are synthesized in mitochondria or plastids. ER is able to capture certain 

newly synthesized proteins in cytosol. Those proteins can be captured by the ER 

contain an ER signal sequence. There is an interaction between ER signal 

sequence and signal recognition particle (SRP). SRP presents in cytosol (Akopian 

et al., 2013). Cytosolic SRP interacts with SRP receptor, which is present on ER 

membrane. Therefore, proteins with ER signal sequence are directed into ER 

(Park and Rapoport, 2012). They are divided into two groups, water-soluble ER 

lumen proteins and ER transmembrane proteins. Water-soluble ER proteins are 

completely transferred into ER lumen. Transmembrane proteins are transported 

across ER membrane and become embedded in it. Newly synthesized proteins 

with signal sequence enter ER for further modification or assembly.  

Vesicles are formed at ER exit sites, and move towards Golgi apparatus. Golgi 

has cis-, medial-, and trans- compartments. Each cisternae contains specific 

protein modification enzymes (Opat et al., 2001). The vesicle transportation 

between ER and Glogi is bidirectional: the anterograde traffic and the retrograde 

traffic.   

Anterograde traffic delivers newly synthesized proteins to Golgi from ER. It is a 

COPII vesicle dependent process (Bonifacino and Lippincott-Schwartz, 2003).  

For most cargo proteins, there are domains binding directly to COPII. Only a 

number of soluble cargo proteins bind to export receptors. Export receptor binds 

to COPII. Some cargo proteins are enclosed into COPII vesicles by bulk flow. 
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Bulk flow is a default process in which proteins are captured by COPII vesicles 

without any receptor involved. However, there is a mechanism that prevents the 

entering of the incompletely folded proteins to trafficking vesicles in bulk flow 

(Barlowe and Helenius, 2016).   

Sorting signals are required for COPII recognition, which means that proteins 

leaving ER have an exit signal. One example of exit signal is DxE, in which D 

refers to aspartic acid, x refers to any amino acid, and E means glutamic acid 

(Mancias and Goldberg, 2005). This di-acidic sorting signal is found on the 

cytosolic part of many proteins. The first one being discovered is vesicular 

stomatitis virus (VSV) G protein (Sevier et al., 2000). The DxE signal is 

recognized by the COPII subunit, Sec24.  

Before leaving ER, proteins should be folded and assembled properly.  There is a 

quality control step to prevent the transportation of misfolded or misassembled 

proteins (Ellgaard and Helenius, 2003). This step requires chaperon proteins such 

as BiP or calnexin (Gething, 1999). The chaperon proteins are able to cover up the 

exit signals or anchor the proteins in ER to prevent the protein releasing. 

Retrograde traffic referring to the transportation of ER residents from Golgi back 

to ER, are mediated by COPI vesicles (Kirchhausen, 2001). Sorting signal, called 

ER retrieval signal, is required for COPI recognition. One type of ER retrieval 

signal is KKxx at protein C-terminal, in which K means lysine and x refers to any 

other amino acid (Stornaiuolo et al., 2003). Soluble ER resident proteins like Bip 

also have ER retrieval signal at their C-terminals, which is KDEL sequence. 

KDEL refers to Lys-Asp-Glu-Leu. There is a receptor called KDEL receptor can 

recognize KDEL sequence. Cargos associated with KDEL, can be packed into 

COPI vesicles (Cabrera et al., 2003).  
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1.1.2. Intra-Golgi Trafficking 

Vesicles from ER first arrive at cis-Golgi network (CGN). Proteins at CGN can be 

either moved forward in the Golgi or returned to ER. If proteins are translocated 

forward in Golgi, they go through cis-Golgi cisternae, medial-Golgi cisternae, 

trans-Golgi cisternae and TGN. Proteins undergo a series of modifications along 

different stacks of Golgi. Mannose is removed and N-acetylglucosamine is added 

to proteins in cis- and medial-Golgi cisternae respectively. Galactose and sialic 

acid are added in trans-Golgi cisternae and TGN. Proteins at TGN are sorted to 

their destination. In addition, at TGN, proteins can also be transferred back to an 

earlier compartment of Golgi. Intra-Golgi trafficking is mediated by COPI 

vesicles.  

1.1.3. Post-Golgi Trafficking 

Proteins are delivered to different destinations at trans-Golgi network (TGN). For 

example, some proteins are delivered to PM and some to endosomal 

compartments, such as lysosome and vacuole. 

1.1.3.1 TGN to endosome 

Lysosomes are acidic Organelles that have the function to degrade unwanted 

proteins. The destination of some vesicles leaving TGN is lysosome or lysosome 

like storage organelles. Before arriving at lysosome, those proteins firstly go 

through early endosome, and secondly are delivered to late endosome (Polishchuk 

et al., 2006).  

Hydrolase is a component of lysosome. After hydrolase is synthesized, it links 

with mannose 6-phosphate (Man-6-p). The hydrolase and Man-6-p complex then 

binds to mannose 6-phosphate receptors (MPRs), which exist in TGN (Waguri et 

al., 2003). MPRs can be recognized by AP1 which is an adaptor for chathrin-
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coated vesicle (Ghosh et al., 2003). In this way, hydrolase is captured by chathrin-

coated vesicle and can be further delivered to lysosome. 

1.1.3.2 TGN to plasma membrane 

Another cargo destination from TGN is plasma membrane, which is mediated by 

TGN to plasma membrane carriers (TPCs). TPCs are not well understood 

compared with COPI, COPII and clathrin-coated vesicles (Bard and Malhotra, 

2006).  Some cells produce constitutive vesicles, which means the vesicle 

secretion does not requir an outside signal. Nevertheless, some cells produce 

regulated vesicles, which require an extracellular signal such as calcium influx to 

make the fusion of PM and vesicle happen (Traub and Kornfeld, 1997).  

In polarized cells, at TGN, apical proteins and basolateral proteins are separated. 

Basolateral proteins are packed into clathrin-coated vesicles. Adaptor 1B (Ang et 

al., 2003) and adaptor 4, are found to be the key regulators for basolateral sorting 

(Simmen et al., 2002). Beside AP1B and AP4, there are AP2 and AP3. AP1 and 

AP2 are adaptors of chathrin-coated vesicles at TGN and plasma membrane 

respectively (Hirst et al., 2000). AP3 is involved in the transportation destined to 

lysosome (Robinson and Bonifacino, 2001). Basolateral protein sorting relies on 

tyrosine or dileucine sequence motif in protein cytoplasmic domain. Whereas for 

apical protein sorting, the sorting signals are very diverse (Stoops and Caplan, 

2014). The first type of apical sorting signal lies in the transmembrane domain 

(TMD) of a protein. In 1988, Meer and Simons proposed an hypothesis called 

lipid-raft hypothesis (Simons and Ikonen, 1997). The TMD of a protein is 

attracted by lipid rafts through its microdomains. In this way, the TMD and lipid 

rafts become a complex. The complex is sorted to apical plasma membrane. One 

example is influenza hemagglutinin (HA) (Scheiffele et al., 1997). The TMD of 
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HA corporates with TGN membrane to form lipid rafts. The second kind of apical 

sorting signal lies in the luminal part of a protein (Brown et al., 1989). If a protein 

is combined with glycosylphosphatidylinositol (GPI), it is delivered to apical PM 

(Brown et al., 1989; Lisanti et al., 1989). N-glycans, as well as O-glycans are the 

third type of apical sorting signal. If N- or O- glycans are removed from a protein, 

the protein loses the polarized distribution in Madin-Darby canine kidney (MDCK) 

cells (Schelffele et al., 1995; Rodriguez-Boulan and Gonzalez, 1999). 

1.1.3.3 TGN to vacuole 

Vacuole is the largest organelle in plant cells. It has many functions, such as 

materials digestion, turgor generation, and nutrients storage. There are two kinds 

of vacuoles, storage vacuoles and lytic vacuoles (LV) (Cui et al., 2016). Protein 

storage vacuoles (PSVs) are very abundant in seeds, while there is a large central 

LV in vegetative cell (Martinoia et al., 2006). 

Proteins are delivered firstly to MVBs, which work as prevacuolar compartment. 

Then the outer membrane of MVBs fuse with vacuole, so that the inner single 

membrane vesicle with cargo protein inside are released into vacuole (Park and 

Jürgens, 2012).  

For proteins destined for vacuole, vacuolar sorting signals are required. Generally, 

there are three kinds of vacuolar sorting signals. The first one is the NPIR (N for 

asparagine, P for proline, I for isoleucine and R for arginine) peptide signal in the 

N-terminal domain of a protein. Proteins contain NPIR are delivered to lytic 

vacuole. The second one is present in the C-terminal domain of a protein. This 

kind of signal does not have a specific sequence, but they all contain hydrophobic 

amino acids. Proteins harbor this group of signal are directed to PSV. Finally the 

third one is the tertiary structure of a storage protein (Pereira et al., 2014).  
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1.2 Endocytic pathway 

Endocytic pathway has two steps. Firstly, a protein is delivered to early endosome 

from PM, and secondly, the protein is transported from late endosome to 

lysosome. At each step, the transportation is accomplished by clathrin-coated 

vesicles (Wolfe and Trejo, 2007). By endocytic pathway, cells are able to uptake 

molecules from outside, and to recycle or degrade plasma membrane components. 

During endocytosis, chaltin-coated vesicles are formed with cargo protein inside. 

Then the vesicles merge with early endosome or sorting endosome (Woodman, 

2000).  At sorting endosome, proteins are sorted to PM for recycle, or to be 

degraded by lysosome via late endosome. Early endosomes mostly have a tubular 

shape and locate near cell periphery.  Late endosomes have a round shape and 

locate near nucleus (Mellman, 1996). When vesicles accumulated at late 

endosome, multivesicular bodies (MVB) are formed (Katzmann et al., 2002). 

MVBs fuse with lysosome subsequentially.  

Another way to deliver materials to lysosome is through autophagy. Autophagy is 

formed in cytosol to digest cytosolic proteins or organelles. 

2. Mechanisms 

During any vesicle traffic pathway, vesicles are formed from a donor membrane 

with cargo protein inside. The cargo proteins are then delivered to target cell 

compartment. Many aspects of protein trafficking are conserved among 

eukaryotes (Jürgens, 2004). Budding and fusion are the two major steps in vesicle 

transportation (Cai et al., 2007).  

2.1 Budding 

Coat proteins are involved in vesicle budding process (Mellman and Warren, 

1999). There are three kinds of coat proteins: COPI (coat protein complex I), 
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COPII (coat protein complex II), and clathrin. Each coat protein has function in 

different kinds of vesicles. COPII vesicles are formed at rough ER, and 

transported to cis-Golgi (Barlowe et al., 2003). COPI is responsible for intra-

Golgi trafficking and the transportation starting at cis-Golgi to rough ER. For 

clathrin-coated vesicles, they are generated at TGN or at PM, and are transported 

to late endosome (Owen et al., 2004).  

The coatomer of COPI vesicles has seven-subunit. The coatomer has four inner 

proteins (β, γ, δ, ζ-COP), and three outer proteins (α, β', ε-COP) (Bonifacino et al 

2003). The coatomer subunits can bind directly with the sorting signal on cargo 

protein. COPII coat is made up with a heterodimer Sec23, Sec24 and a 

heterotetramer Sec13, Sec31. Clathrin is constituted by three heavy and three light 

polypeptide chains. Another component of chathrin-coat vesicles is adaptor 

protein (AP), which is present in the inner layer of clathrin-coat vesicles. Adaptor 

interacts with specific cargo or cargo receptor. Cargo receptor recognizes the 

sorting signal, which is present on cargo protein. In this manner, cargo proteins 

are packed into clathrin-coated vesicles.  

During trafficking vesicle formation, beside coat proteins, a small GTP-binding 

protein is also involved (Springer et al., 1999). For COPI and clathrin-coated 

vesicles, it is called ADP ribosylation factor (ARF) protein. The GTP formed 

ARF recruits βγδζ-COP and αβ'ε-COP (Hara-Kuge et al., 1994) for COPI vesicles. 

For clathrin-coated vesicles, firstly there is an interaction between active ARF or 

phosphatidylinositol (4,5)-bisphosphate ([PI(4,5)P2]) with AP1 or AP2. After that, 

clathrins are recruited to AP1 or AP2 (Bonifacino and Traub, 2003). For COPII 

vesicles, the small GTP-binding protein involved is called Sar1 protein. Firstly, 

the conformation of Sar 1 changes from GDP association form to GTP association 
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form. The conformation change is catalyzed by Sec12 protein, an ER membrane 

anchor protein. Sec12 can be found only in ER and is a guanine nucleotide 

exchange factor (GEF). After the recruitment of GTP to Sar1, the hydrophobic N-

terminus of Sar1 inserts into ER membrane. Then the coat proteins, Sec23 and 

Sec24, bind to Sar1-GTP complex. Sec24 is the cargo binding subunit (Barlowe, 

2003). The vesicle is completely formed, after Sec13 and Sec31, two outer coat 

proteins, are assembled (Zeng et al., 2015). Sec23 subunit promotes the hydrolysis 

of Sar1 associated GTP. The vesicle coat is dissembled after the Sar1-GDP 

complex is released from COPII vesicle (Barlowe et al., 1994).   

Dynamins are assembled at the neck of each clathrin-coated bud (Ferguson and 

Pietro De Camilli, 2012) during vesicle formation.  The polymerizatin of 

dynamins takes place at the neck, and the GTP domain of dynamin is hydrolyzed. 

The conformation of dynamin is changed due to GTP hydrolysis, which leads to 

the pinch off of the vesicles. The mechanisms for COPI and COPII vesicles 

pinching off is rather sample. There is no GTPase like dynamin involved.  

2.1 Fusion 

The first step of vesicle fusion is the tethering process during which vesicles are 

pulled close to destination membrane. Proteins involved in this process are called 

tethering factors. There are two groups of tethering factors. One group of 

tethering factors are long and coiled proteins. Another group of tethering factors 

are made up of several subunits.  For the first group, there are Usop/p115, GM130, 

giantin, and golgin84. They are proposed to have function in the transportation 

from ER to Golgi, and the trafficking inside Golgi. In addition, there is golgin-245 

mediates TGN trafficking, and EEA1 has function in endosomal trafficking. 

Similarly, different tethering complexes have functions in different transportation 
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pathways: TRAPPI in ER to Golgi trafficking, Dsl1 in Golgi to ER trafficking, 

TRAPPII in intra-Golgi trafficking or in endosome to late Golgi trafficking, COG 

in endosome to early Golgi trafficking, CORVET in late Golgi to endosome 

trafficking, HOPS in endosome to vacuole trafficking, GARP/VFT in endosome 

to late Golgi trafficking (Andag et al., 2001; Barbara A. Reilly et al., 2001; 

Peterson and Emr, 2001; Cai et al., 2005; Peplowska et al., 2007) and exocyst in 

Golgi or endosome to plasma membrane trafficking. 

How dose the trafficking vesicle recognize its destination? The answer is Rab 

proteins and Rab effectors.  Rab proteins are GTPase, similar to Sar1 and ARF. 

So far, there are 60 Rab proteins being discovered. Each Rab protein is involved 

in one or more cell compartments in vesicle trafficking pathways. In another word, 

each cell compartment has at least one kind of Rab proteins on its cytosolic 

surface. The inactive form, Rab-GDP, binds to Rab-GDP dissociation inhibitor 

(GDI). GDI makes Rab soluble in cytosol. When Rab-GDP converts to Rab-GTP, 

the conformation of Rab changes so that a lipid anchor is inserted into vesicle 

membrane or organelle membrane. Active Rab can be recognized by Rab 

effectors. One example of Rab effector is exocyst. Rab-GTP promotes the 

assembly of exocyst (Wu et al., 2008). After the vesicle is docked to target 

membrane, GTP binds with Rab is hydrolyzed to GDP. Then GDP formed Rab is 

disassembled. 

After the vesicles are docked to target membrane, the interaction between target 

membrane and the vesicles takes place. This process involves SNARE (soluble N-

ethylmaleimide-sensitive factor attachment protein receptor) proteins (Rothman, 

1994). There are at least 35 kinds of SNAREs. Each of them is associated with 

certain organelle. The C-terminals of SNAREs are anchored inside membranes. 
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The SNARE found on vesicle membrane is termed v-SNARE.  The SNARE 

found on target membrane is termed t-SNARE. The v-SNARE interacts with the 

t-SNARE leading to the fusion of vesicle membrane with target membrane. A v-

SNARE has only one polypeptide chain, while a t-SNARE consists of syntaxin 

and SNAP-25. The interaction of t-SNARE and v-SNARE is accomplished by the 

coiling of four ∂ helices. t-SNARE contributes one ∂ helice, syntaxin contributes 

one, and SNAP-25 contributes two. The ∂ helices bundle pulls the vesicle close 

enough to the target membrane. After the fusion of two membranes, cargo protein 

is released to target compartment from trafficking vesicle.  

3.  Exocyst 

Exocyst is a member of the Complex Associated with Tethering Containing 

Helical Rods (CATCHR) family. The other three members of CATCHR are COG, 

Dsl1 and GARP (Golgi associated retrograde protein). The sequence identity is 

low among CATCHR proteins. However, they all have helical bundle structures 

(Yu and Hughson, 2010). Exocyst complex has eight members: Sec3, Sec5, Sec6, 

Sec8, Sec10, Sec15, Exo70, and Exo84 (TerBush et al., 1996). The sequences of 

exocyst are highly conserved in eukaryotic cells. They are all in rod shape. In 

addition, they all contain a number of helical bundles. Every bundle connects with 

each other by linkers. What's more, each bundle consists of three to five ∂-helices 

(Dong et al., 2005; Wu et al., 2005; Hamburger et al., 2006; Sivaram et al., 2006; 

Yamashita et al., 2010).  

The exocyst is involved in the tethering process takes place on PM, before the 

fusion between vesicles and target membrane, which involves v-SNARE and t-

SNARE (Pfeffer, 1999). Each exocyst member is able to interact with several 

other exocyst members. The interaction relationship is: Sec3 with Sec5, Sec5 with 
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Sec6, Sec5 with Exo84, Sec6 with Sec8, Sec6 with Secl0, Sec6 with Exo70, Sec8 

with Exo70, Sec10 with Secl5, and Sec10 with Exo70. One interesting fact is that 

if one member is absent, the assembly of other exocyst members is not effected 

(Wang et al., 2004a).  

3.1 The regulations of exocyst 

The regulation of exocyst is accomplished by several mechanisms. Sec15 on 

vesicles directly interacts with Sec4 that is a Rab protein, and Sec2 that is a Sec4 

exchange factor (GEF). The interaction between Sec15 and GEF, together with 

the activation of Sec4, recruits other exocyst (Guo et al., 1999). Sec3 localizes at 

the PM (Finger et al., 1998), serving as a landmark for incoming vesicles. Exo70 

is also recruited to plasma membrane, while the other six exocyst are associated 

with vesicles (Boyd et al., 2004).  Sec3 and Exo70 have direct interaction with 

PI(4,5)P2 (He and Guo, 2009). Sec10 can interact with small GTPase, Arf6. Arf6 

exists on recycling endosomes. It recruits exocyst at PM to recycle membrane 

(Prigent et al., 2003).  

Beside Rabs, another exocyst regulator is Rho family, which also belongs to small 

GTPas (Zhang et al., 2001). Rho proteins are membrane-anchored proteins. Sec3 

and Exo84 have direct interaction with GTP bound form Rho1 (Adamo et al., 

1999). Moreover, Sec3 can also interact with GTP bound form Cdc42.  The 

distribution of Sec3 is polarized due to the interaction among Sec3, Cdc42, and 

PI(4,5)P2 (Zhang et al., 2001). There is a competitive relationship between Cdc42 

and Rho1 to bind with Sec3, which means that the activity of Sec3 is controlled 

by Cdc42 or Rho1 at different cell stages. Another GFPase regulator is Ral 

protein. Sec5 and Exo84 can interact with Ral (Moskalenko et al., 2001). Through 

the interactions among Ral, sec5, and Exo84, the two subsets of exocyst on the 
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vesicle and target membrane respectively are united to one. There are two 

membranes of Ral GTPase, RalA and RalB. The subcellular localizations of RalA 

and RalB are distinct, suggesting that they are involved in different pathways 

(Bodemann et al., 2011a). Exocyst is also required for SNARE proteins assembly. 

Sec6 has been found to bind with SNARE syntaxin, Sec9 which localizes on 

plasma membrane (Songer and Munson, 2009).  

The activity of exocyst is under the control of several kinases as well. Exo70 can 

be phosphorylated by ERK1 and ERK2 (Ren and Guo, 2012). The phosphorylated 

Exo70 is not able to bind with other exocyst members. ERK1 and ERK2 are key 

members in Ras-MEK-ERK signaling cascade, which means the activity of Exo70 

is regulated by other signals, such as growth factor signaling through ERK1 and 

ERK2. Cdk1, cyclin-dependent kinase is able to phosphorylate Exo84 when cells 

go through mitosis. The phosphorylation of Exo84 promotes the disassociation of 

Exo84 with other exocyst, so that the exocytosis is blocked between metaphase 

and anaphase. In addition, PCK can phosphorylate the Ral-binding domain of 

Sec5. Phosphorylated Sec5 can not bind to RalA any more (Chen et al., 2011). In 

this manner, exocytosis is regulated through the association and disassociation of 

Sec5 from RalA. 

3.2 The functions of exocyst 

The first function of exocyst is of course, vesicle tethering.  The second function 

is that exocyst is the regulator of SNARE proteins. The third function is that 

exocyst can regulate the synthesis of certain proteins. The overexpression of Sec6 

and Sec10 increases the synthesis of basolateral proteins (Lipschutz et al., 2003).  

Another function of exocyst is that exocyst mediates the transportation of vesicles 

to specific target at specific time. Exocyst is proved to be participated in a number 
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of polarized secretions at plasma membrane, such as new bud formation in yeast 

(TerBush and Novick, 2017), neurite formation of neurons in mammals (Hazuka 

et al., 1999), epithelial polarity maintenance (Grindstaff et al., 1998), and 

ciliogenesis (Das and Guo, 2011).  In addition, exocyst is also found out to be 

involved in cell migration with is not based on its role in secretion (Zuo et al., 

2006). Last but not least, there is an interaction between exocyst and cytoskeleton. 

In yeast, post-Golgi vesicles trafficking are facilitated by actin filaments through 

type V myosin motor, Myo2 (Yamashita et al., 2010). Myo2 binds directly to 

Sec15 through its cargo-binding domain (Jin et al., 2011). Besides, if the 

interaction of Sec15 and Myo2 is lost, the growth and secretion in yeast is 

affected. Similar results are found in mammalian cells. In mammalian cells, post-

Golgi vesicles are transported by microtubules. There is an interaction between 

exocyst and microtubules (Wang and Hsu, 2006).  

3.3 Exocyst in plants 

For plant cells, they have similar protein transportation pathways as mammalian 

cells. Only in plant cells, there are prevacuolar compartment (PVC) and vacuole. 

For protein secretory pathway, after protein synthesis, proteins are translocated to 

ER then to Golgi. At TGN, proteins without a vacuolar sorting signal are 

transported to PM. Proteins with a vacuolar sorting signal are transported to PVC 

and finally to LV.  Based mechanisms for vesicles formation and fusion with 

target membrane are similar to mammalian cells.   

There are exocyst homologues in plants. There is only one copy of Sec6, Sec 8 

and Sec 10 in Arabidopsis genome. There are two paralogues of SEC3, SEC5, 

SEC10 and SEC15, three paralogues of EXO84. Interestingly, there are 23 

paralogues of Exo70 (Synek et al., 2006) in Arabidopsis (Jürgens and Geldner, 
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2002). The homolog of Sec3 in Maize is involved in the elongation of root hair 

(Wen et al., 2005). Arabidopsis Sec3a mutant is embryo lethal. Sec3a-GFP signal 

is found on cell plate when cells undergo cytokinesis (Zhang et al., 2013).  The 

expression of Sec 8 is found in pollen and vegetative tissue in Arabidopsis. It is 

believed to have a role in male gametophyte. The Sec 8 mutants have male-

specific transmission defect (Cole et al., 2005). Exo70A1 is the most abundant 

member among all Exo70 paralogues. It is found to exist at the tips of pollen 

tubes and at root hairs. Root hairs and stigmatic papillae have defects in cell 

growth in Exo70A1 mutants. Other defects are also observed, such as the lost of 

apical dominance, reduced pectin deposition (Kulich et al., 2010), and reduced 

fertility. Exo70A1 is proved to have function in auxin transportation regulation 

(Drdová et al., 2013). Arabidopsis Exo70B1 is proved to be an essential regulator 

of autophagosome formation and protein transportation to vacuole bypass Golgi 

and autophagy (Kulich et al., 2013). The transcriptions of Exo70B2 and Exo70H1 

are up-regulated, after the treatment of elf18, which suggests a role of exocyst 

during pathogen infection (Pecenková et al., 2011). The mutants of Exo84 show a 

retarded growth phenotype with defection in cytokinesis (Synek et al., 2006). 

Exo84 together with other exocyst has function in the formation of cell plate and 

cell wall (Fendrych et al., 2010).  

4. Unconventional protein secretion  

A secretory protein containing a signal peptide, is translocted into ER for 

modification and further transported to plasma membrane via Golgi by vesicle 

trafficking (Walter et al., 1984). This process is the classical or conventional 

protein secretion. It is highly conserved among eukaryotes.  However, many 

proteins that do not have a signal peptide are also transported to cell exterior. 
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What's more, there are proteins with signal peptides that are secreted bypassing 

Golgi. These processes are termed non-classical or unconventional protein 

secretion (UPS).  

One way to classify UPS is based on whether the transportation is vesicular or not. 

For non-vesicular UPS, proteins are transported directly across PM. For vesicular 

UPS, membrane bound structures are involved and fuse with PM.  Those 

membrane bound intermediates could be secretory lysosomes, MVB or 

microvesicle shedding from cell surface (Nickel, 2010).  

Another way to look at UPS is based on whether the protein contains a signal 

peptide (Nickel and Rabouille, 2009). 

4.1 UPS of Signal peptide-containing proteins 

More and more emerging evidences show that many signal peptide containing 

proteins are delivered to PM in a COPII or Golgi independent manner. 

4.1.1 Bypass COPII vesicles 

In conventional protein secretion, COPII vesicles are required in the 

transportation from ER to Golgi. COPII consists of Sec23, Sec24, Sec13, Sec31 

and GTPase Sar1. Each member is crucial for COPII vesicle formation. Sec24 

directly interacts with cargo proteins to pack them into vesicles. However, yeast 

glycoprotein Hsp, leaves ER without the assistant of COPII vesicles. In the 

absence of Sec13 (Fatal, 2004) and Sec24 (Karhinen et al., 2005), the secretion of 

Hsp is not affected.  Nonetheless, Sec23, Sec31, and Sec12 are required for Hsp 

secretion (Fatal et al., 2002). 

Another example is ER degradation-enhancing-∂-mannosidase-like protein 1 

(EDEM1). EDEM1 has function in ER-associated degradation (ERAD). Normally, 
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EDEM1 leaves ER in LC3-I-coated vesicles. LC3-I is derived from ER. Then 

lysosomal enzymes degrades EDEM1 (Calì et al., 2008).  

COPII-coated vesicles undergo uncoating process due to the hydrolysis of Sar1. 

The active Sar1 is ectopic expressed in yeast Sar1 mutant. In this mutant, the 

uncoating of COPII is stopped. The transportation of potassium channel 

interacting protein 1 (KChIP1) is not affected in this Sar1 mutant. Therefore, post 

ER trafficking of KChIP1 is not mediated by COPII vesicles (Hasdemir et al., 

2005). 

4.1.2 Bypass Golgi 

Brefeldin A (BFA) can inhibit the conventional protein secretion pathway. BFA 

prevents the recruitment of ARF1 to membrane. Without the recruitment of ARF1, 

COPI subunits cannot be assembled. COPI vesicles mediate the transportation 

inside Golgi and from Golgi back to ER. The secretions of several proteins are not 

affected by BFA, which means their secretions somehow bypass Golgi. 

The first example is CD45. CD45 belongs to tyrosine phosphatase receptor 

protein. CD45 is essential for T cell development (Baldwin and Ostergaard, 2002). 

The secretion of CD45 is BFA insensitive, which means CD45 bypasses Golgi 

(Baldwin and Ostergaard, 2001). The second example is cystic fibrosis 

transmembrane conductance regulator (CFTR). CFTR belongs to trans-membrane 

protein (Wang et al., 2004b). It is directly transported from ER to late endosome 

by COPII-coated vesicles (Yoo et al., 2002). The transportation of CFTR does not 

need syntaxin 5. Syntaxin 5 is a t-SNARE protein found on Golgi, and is involved 

in vesicle fusion at Golgi (Pelham, 2001). However, the transportation of CFTR is 

affected by the level of synaxin 13. Synaxin 13 belongs to t-SNARE and is found 

at late endosomes. CFTR goes through late endosome first before reaching the 
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PM. The third example is the simian rotavirus Rhesus monkey rhadinovirus 

(RRV). In Caco-2 cells. RRV is only found at the apical side. It is recruited to 

vesicles at ER exit site, but is not detected in the Golgi or endosomal 

compartment (JOURDAN et al., 1997). Lastly, the transport of Ist2 does not 

effected by Sec18 (Entian et al., 1999). Ist stands for increased sodium tolerance. 

Sec18 is a ATPase N-ethlmaleimide-sensitive fusion (NSF) protien, which has 

function in conventional vesicle fusion (Jüschke et al., 2005). Ist2 localizes on 

cortical ER and transported directly to PM (Jüschke et al., 2004). 

4.2 UPS of Signal peptide-absent Proteins 

4.2.1 Direct translocation across PM 

One example of direct transportation across PM is Fibroblast growth factor 2 

(FGF2). FGF2 is a mediator of pro-angiogenesis. Both the normal and tumor cells 

can secrete FGF2 proteins. The secretion of FGF2 is vesicle independent. There is 

a direct interaction between FGF2 and PI(4,5)P2, which presents at the cytosolic 

side of PM (Temmerman et al., 2008). The interaction between FGF2 and 

PI(4,5)P2  makes FGF2 protein insert into the PM. The heparan sulphate 

proteoglycans (HSPGs) in the extracellular space have the function of FGF2 

storage and signaling (Pellegrini, 2001). HSPGs also act as a trap for FGF2 since 

they have high affinity towards FGF2 (Nickel, 2007). With the help of HSPGs, 

FGF2 is secreted out of the cell.  

4.2.2 Possible mechanisms for interleukin 1ß secretion 

During an inflammatory response, precursor of 1L-1ß is synthesized. The 

inflammatory signals could be bacterial lipopolysaccharide (LPS) (Andrei et al., 

1999). Then the precursor of 1L-1ß and caspase-1 are transported to secretory 
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lysosomes. Caspase-1 catalyzes 1L-1ß maturation. In secretory lysosome, the 

mature IL-1ß is generated. Then the release of mature 1L-1ß is promoted by 

extracellular ATP. Secretory lysosomes fuse with PM to release iL-1ß (Andrei et 

al., 2004). 

Another possible mechanism for 1L-1ß secretions is via MVB. MVB has well 

characterized role in protein degradation (Gruenberg and Stenmark, 2004; Piper 

and Katzmann, 2007). MVB contains small vesicles. When MVB fuses with PM, 

those small vesicles are released to cell exterior. Those vesicles are called 

exosomes. Exosomes could contain actived 1L-1ß and caspase 1 (Qu et al., 2007). 

Many other proteins are secreted in this manner, such as class II major 

histocompatibility complex (MHC) (van Niel, 2006). 

The last possible mechanism for 1L-1ß is through PM shedding. PM shedding is 

basically a reverse process of pinocytosis (MacKenzie et al., 2001; Pelegrin et al., 

2008).  All three possible mechanisms of 1L-1ß secretions are UPS. 

 4.2.3 Autophagy 

Autophagy refers to a cellular '' self-eating" activity in eukaryotic cells. There are 

basal autophagy and induced autophagy. Induced autophagy is formed in response 

to starvation. Cellular components, such as damaged organelles, are engulfed by 

autophagosomes. Autophagosome has a double membrane structure. 

Autophagosomes fuse with lysosome to degrade cargo components. The 

formation of autophagosome relies on a number of key proteins, Atg1, Atg6, Atg8, 

and Atg11. There are studies showing that autophagy is involved in UPS. 

The transportation of Acyl coenzyme (CoA)-binding protein (Acb1 in yeast, 

AcbA in Dictyostelium discoideum, AcbP in mammals) undergoes UPS (Anjard 

and Loomis, 2005). AcbA presents in prespore cells. TagC catalyzes the 
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conversion of AcbA to spore differentiation factor 2 (SDF2). SDF2 has a 

important role in the terminal differentiation of spore cells (Anjard and Loomis, 

2006). TagC locates at the surface of prespore cells. Therefore the conversion of 

AcbA to SDF2 takes place at cell surface. AcbA does not process a signal peptide, 

therefore could not enter ER lumen. In the absence of GRASP, Dictyostelium 

produces inviable spores due to the failure of AcbA secretion (Kinseth et al., 

2007). GRASP, Golgi reassembly stacking protein, presents on the cytosolic side 

of Golgi membrane (Barr et al., 1997a). This result shows that AcbA secretion is 

GRASP dependent. For the Acb1 secretion, several genes, which are required for 

autophagy, are proved to be essential (Duran et al., 2010). What's more, Acb1 

secretion is acyl-CoA dependent. Acyl-coA is a product of peroxisomal reactions 

(Manjithaya et al., 2010).  One possibility is that autophagosomes containing 

Acb1 fuse with PM directly. Another possible mechanism is through amphisome, 

which is the result of the fusion of autophagosome and endosomal compartment. 

Then amphisomes fuse with PM and release exosomes containing Acb1.  

4.3 Stress induced UPS 

The unconventional secretions of many proteins are induced by stress. Those 

stresses include inflammation, nutrition deficiency or mechanical stress (Giuliani 

et al., 2011).  

4.3.1 Caspase1 

Caspase 1 is a significant regulator in inflammation response. Caspase 1 converts 

1L-1ß precursor to mature 1L-1ß during inflammation (Thornberry et al., 1992; 

Burns et al., 2003). Besides 1L-1ß, there are two other immunological cytokines 

also belonging to interleuken family, IL-18 and IL-33. They are also catalyzed by 

capase 1. Inflammasomes can regulate caspase 1 activity (Ogura et al., 2006; 
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Pétrilli et al., 2007). Inflammasomes exist as protein complexes, which can be 

activated by certain signals.  They can sense endogenous danger signals, such as 

the extracellular ATP which is unleash from dying cells, exogenous toxic 

molecules, such as pathogen lipopolysaccharide, and ultraviolet B exposure 

(Feldmeyer et al., 2007; Dostert et al., 2008; Eisenbarth et al., 2008; Halle et al., 

2008; Hornung et al., 2008; Muruve et al., 2008). 

Caspase 1 is responsible for the unconventionally secretion of many other 

cytokines, such as IL-1∂, galectin 1, galectin 3, macrophage migration inhibitory 

factor (MIF), and FGF2 (Keller et al., 2008a). The secretions of these molecules 

are blocked if caspase 1 is inhibited.  

4.4 GRASP 

GRASP65 and GRASP55 belong to mammalian myristoylated proteins. They are 

found on the cytoplasmic side of Golgi membrane. GM130, a vesicle docking 

protein receptor, recruits GRASP65 to form a complex. GM130 binds directly to 

p115, which is a membrane tethering protein. In in vitro assay, GRASP55 and 

GRASP65 are both proved to have function in Golgi cisternae stacking process 

(Barr et al., 1997b; Shorter et al., 1999) GRASP65 as well as GM130 exists on the 

cis-Golgi. GRASP55 exists on the medial-Golgi.  

In mammalian cells, Golgi is made up by cisternae stacks. There is a continuous 

membrane ribbon linking the stacks laterally. The ribbon formation is GRASP55, 

GRASP65 and GM130 dependent (Puthenveedu et al., 2006). If GM130 or 

GRASP 65 is deleted, the formation of Golgi ribbon is disrupted. In addition, 

deletion of GRASP55 causes Golgi unlinking. Besides ribbon formation, the other 

functions of Golgi, such as stacking and protein transportation, do not need 
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GRASP55. Therefore, for Golgi ribbon formation, GRASP55 is specifically 

needed (Feinstein and Linstedt, 2008).  

GRASP55 and GRASP65 can form dimers through their N-terminal domains. The 

N-terminal domain is also involved in the linkage with adjacent surface directly. 

The C-terminal could be phosphorylated by mitotic kinases, sdc2/B1 and polo-

like kinase (Wang et al., 2005). GRASP55 and GRASP65 are both 

phosphorylated during mitosis in C-terminals. The phosphorylations of GRASP55 

and GRASP65 cause Golgi ribbon unlinking at G2, which is essential for cells 

undergo mitosis. Therefore, they have an important role in cell cycle control. 

More and more evidences are emerging to show GRASP55 and GRASP65 have a 

role in UPS. They are required in AcbA secretion. In addition, GRASP55 is 

involved in the transportation of transforming growth factor-∂ (TGF∂). The N-

terminal of GRASP55 binds to TGF∂ (Kuo et al., 1910). 

There are evidences show that GRASP 55 and 65 have functions in the UPS of 

∂PS1 which is a integrin subunit produced under mechanical stress. Under 

mechanical stress imposed by underneath tissues, epithelial cells rearrange. One 

example is the epithelial cells rearrangement during follicular epithelium flatting 

in Drosophila oocyte developing. Integrins are secreted to the basal side of 

epithelial cells during epithelium rearranging. The secretion of ∂Ps1 is BFA 

insensitive and does not affected by the deletion of t-SNARE syntaxin 5. However, 

the secretion of ∂PS1 requires GRASPs. In dgrasp mutant, ∂PS1 fails to be 

delivered to PM. In addition, during follicular epithelium flattening, GRASPs are 

not only found on Golgi and also on PM where ∂PS1 is transported to (Schotman 

et al., 2008).  
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5.EXPO 

In Arabidopsis cells, the signals of Exo70E2-GFP are punctate and are detected 

both at PM and in cytoplasm. The signal of Exo70E2-GFP does not colocalize 

with the markers of standard organelle, ManI for Golgi (Tse et al., 2004), VSR2 

for prevacuolar compartment (PVC) and late endosome (LE) (Miao et al., 2006), 

SYP61 for the TGN and early endosome (EE) (Uemura et al., 2004), and VIT1 for 

the tonoplast (Kim et al., 2006). In addition, the signal of Exo70E2 is not affected 

by the inhibitors of endocytic pathway, such as BFA which inhibits the 

recruitment of ARF1 required for COPI vesicle formation (Anders and Jürgens, 

2008),  wortmannnin which blocks the transportation to vacuole (daSilva et al., 

2005), and concanamycin A (ConcA) which disrupts TGN (Dettmer et al., 2006). 

What's more, the signal of Exo70E2 does not colocalize with styryl dye FM4-64 

as well. FM4-64 stains the PM first, and then it is uptaked by the cell. It stains 

TGN and EE, then PVC and LE, and finally tonoplast (BOLTE et al., 2004). 

Sections are cut from Arabidopsis samples taken by high-pressure frozen 

technique and labeled with immunogold. The result reveals the double membrane 

structure of EXPO, 500nm to 800nm in diameter. A single membrane vesicle is 

released to cell exterior after the fusion of EXPO with PM. In addition, Exo70E2 

is found to be present on both sides of EXPO membrane (Wang et al., 2010). 

Exo70E2 is able to recruit all Sec subfamily of exocyst and many other Exo70 

paralogues. It is possible that there is a direct interaction between Exo70E2 and 

PI(4,5)P2 on EXPO membrane to recruits other exocyst (Ding et al., 2014). There 

are experiments showing that EXPO has something to do with UPS. The signals 

of S-adenosylmethionine synthetase 2 (SAM2), which does not have a signal 
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peptide, are firstly found in cytosol, then gradually become punctate signals which 

co-localize with Exo70E2 (Ding et al., 2012).  

EXPO has a similar double membrane structure like autophogosome. Under 

normal condition, the signal of EXO70E2 does not colocalize with the marker of 

autophogosome, Atg8e (Lin et al., 2015). When treated with benzo-(1,2,3)-

thiadiazole-7-carbothioic acid S-methylester (BTH) and ConcA, autophagy is 

induced. ConcA is a V-ATPase inhibitor to prevent the degradation of 

antophagosomes. Therefore, autophagosomes are accumulated in vacuole. Under 

autophagic induction, the signal of Atg8e firstly gives cytosolic punctae, then it is 

accumulated in vacuole. Interestingly, the signal of Exo70E2, which is punctae in 

cytosol and PM, gradually accumulated to vacuole and colocalizes with Atg8e 

signal. Similar results are observed from sucrose or nitrogen starvation 

experiments.  

6. The main goal of this study 

The discovery of EXPO raises a possibility that many proteins are secreted to 

extracellular space in plants through this organelle. However, many questions 

remain to be addressed regarding the function of EXPO. For instance, when and 

where or under which conditions, EXPO are formed during physiological and 

developmental processes, and what are cargo proteins carried by EXPO.  As 

Exo70E2 is a known marker of EXPO and might be an important component for 

EXPO function, it might be used as a tool to answer these questions. Toward 

achieving such a goal, molecular, physiological and genetic approaches were 

taken to understand biological function of Exo70E2. The study could provide 

important information of the role of EXPO 
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Chapter 2. Materials and Methods 

2.1 Plant materials  

Wild type plant used was Arabidopsis thaliana ecotype Columbia (Col-0) in this 

study. Three EXO70E2 mutant lines were obtained from Arabidopsis Biological 

Resource Center (http://www.arabidopsis.org/abrc/index.jsp). The seed stock #54-

0139-1 was named e2-1, line GK072F12 was named e2-2 and line CS827449 was 

named e2-3. e2-1 was in Nossen (NO) background, while e2-2 and e2-3 were in 

Col-0 background. e2-2 and e2-3 were used in this study.  

The Ubiquintin10: GFP-Atg8e (Col-0) transgenic line was obtained from Prof. 

Liwen Jiang's lab. By crossing Atg8e-GFP transgenic line with e2-2 and e2-3, the 

GFP-Atg8e reporter gene was introduced in the e2-2 and e2-3 lines.  

 

2.2 Plants growth condition 

For growing Arabidopsis plants in soil, plants were grown in pots, in an air 

conditioned plant growth room, with the temperature set at 22°C. The light 

intensity was around 6,75 x 1010 lux, with a photoperiod of 16 hours of light and 8 

hours of dark (considered as the long-day condition).  For plants used for 

pathogen infection study, the plants were grown under a short-day condition with 

the photoperiod of 8 hours of light and 16 hours of dark.  

For growing plants on plates, seeds were first sterilized with 50% bleach for 5 

minutes, and then rinsed with sterilized water for 5 times. After sterilization, seeds 

were planted on half strength Murashige and Skoog (MS) basal salt medium 

(sigma) containing different concentrations of sucrose, glucose, or other 

chemicals for stress treatments as specified below and in the result section.  
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2.3 Stress treatments 

For osmotic stress treatment, 100mM, 200mM, 300mM or 400mM mannitol 

together with 1% of sucrose in the MS medium was used. For salt tolerance 

experiment, 50mM, 75mM, 100mM or 125mM NaCl with 1% of sucrose were 

used. In addition, special MS medium without nitrogen or phosphate were used 

for nutrient deficiency treatment. A set of plates was put horizontally. Another set 

of plates was put vertically to observe the root length. For plates put horizontally, 

0.6% agar (sigma) was used. For plates put vertically, 1.2% of agar was used. The 

plates were cultured in a growth chamber under 16 hours light and 8 hours dark 

cycles or 8 hours light and 16 hours dark cycles.  

 

2.4 Genomic DNA extraction 

Arabidopsis seedlings or rosette leaves were ground to fine powder in liquid 

nitrogen using 2ml eppendorf tube. 400µl Cetyltrimethyl ammonium bromide 

(CTAB) buffer was added to the tissue powder. The composition of CTAB buffer 

was: 1.4M NaCl, 2% (w/v) CTAB, 20mM EDTA (pH 8.0), 0.2% (v/v) ß-

mercaptoethanol and 0.1M Tris-HCL (pH 8.0). The tubes were kept in 65˚C water 

bath for 10 minutes and inverted for several times.  After 10 minutes, when the 

tubes had cooled down, 400µl chloroform was added. The mixture was 

centrifuged at 8000rpm for 5min at room temperature. After centrifugation, the 

components in the mixture were separated.  The supernatant was transferred to a 

new tube. 400µl chloroform was added to the new tube to purify DNA one more 

time. The centrifugation step was repeated once more. After the supernatant was 

collected, same volume of isopropanol was added to precipitate genomic DNA. 

After 1 hour of incubation at room temperature, the mixture was centrifuged at 
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8000rpm for 10min to collect DNA pellet.  The supernatant was discarded and 70% 

(v/v) ethanol was used to wash the pellet. The DNA pellet was kept at room 

temperature to air-dry.  Finally, 40µl distilled water was added to re-suspend 

DNA.  

For experiments required high quality of genomic DNA, ChargeSwitch gDNA 

Plant Kit (invitrogen) was used. The steps followed the protocol provided by 

manufacturer.  

 

2.5 Genotyping for T-DNA insertion lines 

After the genomic DNA was extracted from e2-2 and e2-3, polymerase chain 

reaction (PCR) was used to genotype Exo70E2 alleles. Primers used to amplify 

the T-DNA flanking sequence of Exo70E2 in e2-2, were the T-DNA left border 

primer 8474 and e2-2-LP. Using a T-DNA left border primer LB1 and e2-3-RP, 

the sequence flanking T-DNA of Exo70E2 in e2-3 was amplified. All the primer 

sequences information was provided in Table2.1. 

The polymerase used for genotyping is Taq DNA Polymerase (Takara). 

Experiment protocol was provided by manufacturer.  

 

2.6 Vector Construction 

To construct E2pro:GUS, a 1903bp Exo70E2 gene promoter region, which was 

amplified by E2Gus-AS and E2Gus-S primers. The amplified promoter region 

was cloned to pMDC18 plasmid firstly. The promoter clone with EcoRI and Agel 

cut sites was sub-cloned into pBar::Gus plasmid by restriction enzyme digestion 

and DNA ligation.  
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35S:E2-eYFP and E2pro:E2-GFP were constructed by Gateway technology. The 

sequence of Exo70E2 gene was amplified with 35S:E2-eYFP-F and 35S:E2-

eYFP-R primers, and the sequence of Exo70E2 gene together with its native 

promoter region was synthesized with E2pro:E2-GFP-F and E2pro:E2-GFP-R 

primers. The PCR products were then cloned into pDonar207 plasmid by BP 

reaction respectively. Afterwards, by LR reaction, the Exo70E2 gene fragment 

was cloned into pEarleyGate 101, and E2pro:E2 fragment was cloned into 

pMDC107. 

A 4786bp long fragment of Exo70E2 gene with its native promoter and 

transcription terminator region was amplified by E2pro:E2-pCambia1300-F and 

E2pro:E2-pCambia1300-R primers. The fragment was cloned to pMDC18 

plasmid firstly. Then this fragment with EcoRI and BamHI cut sites was cloned 

into pCambia1300 plasmid.  

 

2.7 Bacterial strains and plasmids 

Table 2.1 Bacterial strains 

Bacterial strains Description 

A. tumefaciens GV3101 Gentamicin, rifampicin resistant.  

For Arabidopsis plants transformation. 

E.coli DH5 Bacterial transformation and 

propagation of recombinant plasmids. 

Pseudomonas syringae pv tomato 

DC3000 

Arabidopsis pathogen infection. 

 

Table 2.2 Plasmids 
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Plasmids Description 

pMD18-T A vector contains multiple restriction enzyme sites and at the 

insertion site, there are single 3'-T overhangs, which can 

anneal with A-tailed PCR products. Ampicillin resistant. 

pBar:Gus Kanamycin resistant in bacteria and Basta resistant in plants. 

Contain multiple cloning sites and a promoter-less GUS gene.  

pCambia1300 Kanamycin resistant in bacteria and hygromycin resistant in 

plants. Containing multiple cloning sites, which is not flanked 

by a promoter.  

pEarleyGate 101 The destination vector in Gateway Technology. Has a 35S 

promoter and eYFP flanking the attR sequence.  

pMDC107 The destination vector in Gateway Technology. Has a GFP 

sequence flanking the attR sequence.  

pDonor207 The donor vector In Gateway Technology 

 

2.8 Oligonucleotide primers 

Table 2.3 Oligonucleotide primers used in this study 

Primers Sequence Description 

M13F 
CGCCAGGGTTTTCCCAGTCA

CGAC 
Sequencing 

M13R 
TCACACAGGAAACAGCTATG

AC 
Sequencing 

E2Gus-S 
GAATTCGCCGTGAGATAGTG

AGAAGAATGA 

Vector construction of 

E2pro:GUS 

E2Gus-AS ACCGGTAACCAAAACCAAA Vector construction of 
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 GACTAGAGCCTA E2pro:GUS 

8474 
ATAATAACGCTGCGGACATC

TACATTTT 

Left border primer of the 

inserted T-DNA for e2-2 

e2-2-LB 
GGTTTTTACTATGTTCATGTG

GGG 

Left genomic primer for 

e2-2 

e2-2-RP TCACTGGCGAGATAGAC 
Right genomic primer for 

e2-2 

LB1 
GCCTTTTCAGAAATGGATAA

ATAGCCTTGCTTCC 

Left border primer of the 

inserted T-DNA for e2-3 

e2-3-LP 
CCAGGATCAAAATCAAACA

CC 

Left genomic primer for 

e2-3 

e2-3-RP 
CCCCAAACTATAAGCTCCCA

C 

Right genomic primer for 

e2-3 

EF-1∂-F 
ATGCCCCAGGACATCGTGAT

TTCAT 

Forward primer of the 

reference gene for 

Reverse transcription PCR 

EF-1∂-R 
TTGGCGGCACCCTTAGCTGG

ATCA 

Reverse primer of the 

reference gene for 

Reverse transcription PCR 

EXO70E2-RT-

F 

TGTTAAGGCACTGAGGGCAT

CTG 

Forward primer of the 

reverse transcription PCR 

for Exo70E2 

EXO70E2-RT-

R 

TCCATTTTCTCATTGCACCAT

TCA 

Reverse primer of the 

reverse transcription PCR 

for Exo70E2 
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E2pro:E2-GFP-

F 

GGGGACAAGTTTGTACAAA

AAAGCAGGCTCCCCAGGATC

AAAATCAAACACC 

Forward attB primer for 

pMDC107 recombination 

E2pro:E2-GFP-

R 

GGGGACCACTTTGTACAAGA

AAGCTGGGTCTCTCTTACGA

GAGCTGCG 

Reverse attB primer for 

pMDC107 recombination 

35S:E2-eYFP-F 

GGGGACAAGTTTGTACAAA

AAAGCAGGCTTCACCATGGC

AGAGTTTGATTCC 

Forward attB primer for 

pEarleyGate101 

recombination 

35S:E2-eYFP-R 

GGGGACCACTTTGTACAAGA

AAGCTGGGTCTCTCTTACGA

GAGCTGCGCAGTG 

Reverse attB primer for 

pEarleyGate101 

recombination 

E2pro:E2-

pCambia1300-F 

GAATTCTAATTGTTCCCCCG

CCGATT 

Vector construction of 

E2pro:E2-pCambia1300 

E2pro:E2-

pCambia1300-F 

GGATCCCACTAGGAGTTGCG

GCTGAA 

Vector construction of 

E2pro:E2-pCambia1300 

RP1-F GTGCAATGGAGTTTGTGGTC 
Forward primer of RP1 

for real-time PCR 

RP1-R TCACATAATTCCCACGAGGA 
Reverse primer of RP1 for 

real-time PCR 

RP2-F 
AGCTTCCTTCTTCAACCACA

CA 

Forward primer of RP2 

for real-time PCR 

RP2-R 
AAAGAGCCACAACGTCCGA

T 

Reverse primer of RP2 for 

real-time PCR 

E2 qRT-F CAACATTTGGGATTGCTGAT Forward primer of 
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 ACCA 

 

Exo70E2 for real-time 

PCR 

E2 qRT-R 

 

CAACTGCGGATTCTCTTCAC

AGC 

 

Reverse primer of 

Exo70E2 for real-time 

PCR 

UBQ10 qPCR F 

 

GGCCTTGTATAATCCCTGAT

GAA 

Forward primer of 

ubiquitin 10 for real time 

PCR 

UBQ10 qPCR 

R 

AGAAGTTCGACTTGTCATTA

GAAAGAAA 

Reverse primer of 

ubiquitin 10 for real time 

PCR 

 

2.9 Histochemical staining for detecting ß-Glucuronidase (GUS) activity 

The composition of X-Gluc staining solution was: 10mM EDTA-disodium salt, 

0.2% (v/v) Trition X-100, 2mM potassium ferricyanide, 2mM potassium 

ferrocyanide, 50mM sodium phosphate buffer pH7.0, and 0.04mg/ml 5 bromo-4-

chloro-3-indolyl ß-D glucuronide (X-Gluc). Plant tissues were soaked in staining 

solution and kept at 37˚C overnight. The tissues were washed by 70% ethanol for 

several times. The stained tissue samples were observed using a light microscope 

(Olympus SZX18 microscope). 

For observation of flg22-induced expression of the GUS reporter gene, the 

seedlings were planted on half strength MS medium with 1% of sucrose and 

cultured under the long day condition for 7 days. Then the seedlings were 

transferred to liquid MS medium (half strength) with 1% of sucrose supplemented 
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with 1mM, 5mM, or 10mM Flagellin 22. The plates were culture for one day with 

constant shaking. Then the seedlings were stained with X-Gluc staining solution.  

 

2.10 Pseudomonas syringae Preparation 

Pseudomonas syringae pv tomato DC3000 (Pst DC3000), which is a virulent 

strain, were streaked from glycerol stocks to King's B plates with kanamycin and 

rifampicin. The final concentrations of kanamycin and rifampicin were 50µg/ml. 

The plates were incubated at 28˚C for 48 hours. The composition of KB medium 

was: 20g/l Proteose peptone No.3, 1.5g/L K2HPO4, 10mg/L Glycerol, 1.5g/L 

MgSO4. pH was adjusted to 7.2.  Single bacterial colony was transferred to 3ml 

liquid KB medium with same concentrations of kanamycin and rifampicin. The 

liquid medium was incubated in 28˚C incubator with constant shaking at 220rpm 

for 12 hours and harvested by centrifugation at 4000rpm for 10min to collect 

bacteria pellet. The pellet was then diluted to OD600=0.002 in 10mM MgCl2 

solution . 

 

2.11 Treatment of Arabidopsis plants with Pathogens 

Four to five weeks old Col, e2-2 and e2-3 plants were pressure-infiltrated with 

diluted bacterial suspension using a 1ml needless syringe. For mock treatment, 

10mM MgCl2 solution was infiltrated.  

The leave samples were collected on day 0 and day 3. Leaf disks were excised 

and grounded to powder in water by pestles. Three leaves from three different 

plant individuals were collected as one sample. Three biological replicates were 

included for each treatment. For each sample, a serial of 1:10 dilution was 

performed. For each concentration, 100µl of each suspension was spread on KB 
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medium plates with rifampicin and the plates were kept at 28°C for 2 days. After 

two days, the colony forming units for each plate was counted.  

 

2.12 Collection of secreted proteins  

Seeds were planted on half strength MS medium with 1% of sucrose and 

incubated at the long day condition for 7 days. At day 7, the seedlings were 

transferred to liquid MS medium (half strength) with 1% sucrose. Seedlings were 

cultured for 7 days in 6 well plates with constant shaking at 70rpm. At day 14, 

seedlings were transferred to a flask with 20ml liquid MS medium (half strength) 

with 1% of sucrose. Each flask contained 10 seedlings. After two days incubation 

with constant shaking, the liquid medium was collected and centrifuged to remove 

any pellet. The supernatants then went through Amicon Ultra-15 Centrifugal 

Filter Units with a 3kDa cutoff filter. Proteins bigger than 3kDa remained in the 

solution. The protein solution was reduced to 200µl by centrifugation.  

 

2.13 Trypsin Digestion of proteins and TMT labeling 

The concentrated proteins were precipitated in acetone and re-suspended in 

resuspension solution (8M urea, 20mM tris-HCL, 1mM EDTA, 1% protease 

inhibitor). The mixture was centrifuged to remove any precipitation. The 

concentrations of the protein samples were determined. Tris (2-carboxyethyl) 

phosphine (TCEP) was added to the re-suspended solution and the final 

concentration of TCEP was10mM. The mixture was kept at 55°C for 60 minutes 

to break disulfide bonds. Then iodoacetamide (IAM) was added to the mixture. 

The final concentration of IAM was 18.5mM. IAM was able to covalently bind 

with the thiol group of cysteine to prevent the formation of disulfide bonds. The 
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proteins were digested by trypsin overnight at 37°C. 2.5µl of trypsin was used per 

100µg of protein. The digestion reaction was stopped by 1% trifluoroacetic acid 

(TFA). The mixture was desalted using Sep-Pak C18 cartridges and dried in a 

speedVac. After desalting, the protein was labelled with TMT label reagent using 

TMT Mass Tagging Kits and Reagents (Thermo scientific) according to the 

manufacturer's instruction. The dried samples were re-suspended in 100mM 

triethylammonium bicarbonate (TEAB) and the TMT label reagents were 

dissolved in HPLC grade ethanol. Each sample was mix with a label reagent and 

incubates at room temperature for 90min. The reaction was stopped by adding 5% 

hydroxylamine. All samples were combined together and dried in a speedVac. 

 

2.14 Strong Cation Exchange Fractionation of Peptide Mixture 

For better mass spectrometric analysis, the combined samples labeled with TMT 

went through Strong Cation Exchange column to make fractions. Firstly, the dried 

samples were re-suspended with 100µl buffer A. The composition of buffer A was 

10mM KH2PO4 (pH 3.0), ACN/H2O 25/75 (v/v). The samples were then loaded to 

a PolySULFOETHYL ATM column on a HPLC unit (Waters, MA, USA). The 

column was 200mm in length and 4.6 mm in inside diameter. Pore size was 200-

A and the particle size was 5mm (PolyLC, Columbia, MD, USA). The samples 

was fractionated firstly by 100% buffer A for 5 minutes, secondly by a gradient of 

5% to 30% buffer B for 25 minutes, thirdly by a gradient of 30% to100% buffer B 

for 5 minutes, fourthly by 100% buffer B for 5 minutes, and finally 100% buffer 

A for 10 minutes. 1mL/min was used as flow rate. The composition of buffer B 

was 10mM KH2PO4 (pH 3.0), 500mM KCl, ACN/H2O 25/75 (v/v), 500mM KCl. 

Fractions were collected at 1min intervals. 15 fractions were collected. And the 
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samples were dried by speedVac. Mass spectrometer identification and 

quantification of peptides were carried out using Orbitrap Fusion with nano UPLC 

(Thermo Scientific).  Each sample was analyzed twice. 

 

2.15 Arabidopsis transformation 

To make agrobacterium competent cells, GV3101 was streaked from glycerol 

stock to a double-yeast-tryptone medium (DYT) plate with gentamycin and 

rifampicin. The final concentrations of gentamycin and rifampicin were 50µg/ml. 

After 48 hours incubation at 28°C, single colony was picked and transferred to 

3ml liquid DYT. The liquid DYT was incubated for 24 hours with 220rpm 

constant shaking. The culture was sub-cultured to 50ml liquid DYT. The culture 

was kept in 28°C with constant shaking. When the OD600 of the culture reached 

0.6, the culture was chilled on ice for 20min. The culture mixture was centrifuged 

at 6000g at 4°C for 10min to collect bacteria pellet. The bacteria pellet was then 

re-suspended in 20mM CaCl2. Then the competent cells were stored in -70°C 

freezer in 200µl aliquots in 1.5ml eppendorf tubes after frozen in liquid nitrogen.  

For agrobacterial transformation, 2µl constructed plasmid was added to 

agrobacterium competent cells. The mixture was incubated on ice for 5min. Then 

the eppendorf tube was transferred to liquid nitrogen for 1min. After that, the tube 

was translocated to 37°C water bath immediately. After 5 minutes incubation in 

37°, 800µl DYT was added to the transformed cells. The medium with 

transformed cells was kept at 28°C with constant shaking at 170rpm for 2 hours. 

The culture was centrifuged for 2min at 4000rpm to get cell pellet. Then the cells 

were re-suspended in 100µl DYT. The re-suspend cells was spread on DYT plate. 

The plate was incubated at 28°C for 2 days. 
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For preparing agrobacterial culture for plant transformation, single colony was 

picked and transferred to 3ml DYT liquid medium with appropriate antibiotics. 

The culture was then incubated for 24 hour with constant shaking. After that, the 

culture was sub-culture to 100ml DYT liquid medium and incubated overnight. 

The cells were harvested by centrifugation when the OD600 of the medium 

reached 1.0 to 2.0. Re-suspended the cell pellet in 50ml infiltration medium. The 

composition of infiltration medium was: 1X MS, 5% sucrose and 0.02% silwet 

with pH equals to 5.7. Emerge the floral buds into the infiltration medium for 

10min. The plants were covered to keep the moisture and kept in dark for 24 

hours.  

 

2.16 Extraction of plant total RNA and cDNA synthesis 

To extract high quality plant total RNA, Aligent plant RNA isolation Mini Kit 

was used. The protocol provided by the manufacturer was followed. The plant 

tissues was harvested and grounded to fine powder in liquid nitrogen.  

RNA was extracted by TRIzol® Reagent (ambion). The protocol provided by the 

manufacturer was followed.  

gDNA Erase (PrimerScriptTM RT reagent kit with gDNA Eraser) was added to 

eliminate genomic DNA after the extraction of the plant total RNA. For cDNA 

synthesis, the PrimeScript TM RT reagent Kit was used. All the steps followed the 

instruction provided by manufacturer (TAKARA). For storage, RNA samples 

were kept at -80° C and cDNA samples were kept at -20°C. 
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2.17 Real time PCR 

After cDNA was synthesized, Applied BiosystemsTM PowerUpTM SYBRTM Green 

Master Mix was used for real time PCR analysis. Applied Biosystems StepOne 

Plus real time PCR machine was used.  Primers used were listed in Table 2.3. For 

each ecotype, three replicates were tested.  

 

2.18 Light microscope observation and confocal microscope observation 

For GUS staining assay, tissues stained by X-Gluc was observed by a dissection 

microscope (Olympus SZX18).  

The GFP signals of the transgenic plants were observed by Leica TCS SP5II. The 

excitation wavelength used was 488nm, and the emission wavelength was around 

509nm.  

35S:E2-eYFP, E2pro:E2-GFP and E2pro:GUS lines were treated with 1mM, 

5mM or 10mM Flg22 for one day before observation. 

 

2.19 SDS-PAGE analysis of protein and Silver staining 

After 14 days incubation, Arabidopsis seedlings were transferred to flasks with 

20ml liquid half strength MS medium. The medium was collected and 

concentrated after two days incubation. The concentrated proteins were 

precipitated by acetone and resuspended by resuspension solution.  The 

concentrations of the resuspended proteins were determined by Bio-Rad DC 

Protein Assay.  

Then the samples were mixed with SDS-PAGE loading buffer (50% glycerol, 

0.2M Tris-HCL pH=6.8, 0.05% bromophenol blue, 10mM dithiothreitol, and 10% 

SDS), denatured in boiled water for 5 minutes and loaded to SDS-Page gel. After 
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gel electrophoresis, the SDS-Page gel was stained with SilverQuestTM Silver 

Staining Kit. All staining steps followed the protocol provided by the 

manufacturer.   

 

2.20 Mass spectrometry data analysis 

The obtained raw data from mass spectrometry analysis was converted to .mgf 

files by Proteome Discoverer. The converted data was analyzed by Mascot 

version 2.3.2. The A.thaliana protein database was downloaded from Uniport 

(http://www.uniprot.org/). The peptide identities were searched against the 

database.  Peptides had less than 7 amino acids were removed to avoid mismatch. 

Peptides, which had matched for more than one protein, were deleted as they were 

probably matched to the conserved regions for a protein family. Unlabeled 

peptides and peptides with negative values were excluded.  The median of the 

ratio between two different TMT reporters such as 130/129, was normalized to 1. 

Peptides, which were detected in all three biological replicates and have more 

than 4 fragments detected were kept.  The fold change between mutants and wild 

type was quantified by the ratio of the summed intensities of peptides belonging 

to one protein species. For each ecotype, there were three biological replicates and 

two technical replicates. The log2-transformed ratio between two different TMT 

reporters followed normal distribution. Therefore, s student's t-test was performed 

for all replicates from one ecotype. The cutoff value of the adjusted p value was 

set at 0.05.   
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Chapter 3. Results 

3.1 Expression patterns of Exo70E2 revealed using the GUS reporter 

The Exo70E2 (abbreviated as E2) promoter was fused with the GUS reporter and 

Exo70E2pro:GUS transgenic lines were used to show the expression pattern of 

Exo70E2. On day 1 and day 2 during germination, there was no expression 

detected (Figure 3.1 a-b). Starting from day 3 after germination, the Gus activity 

was detected but mainly in roots, especially at root tips (Figure 3.1 c). Besides, 

the GUS activity was primarily detected in the epidermal cells in the roots (Figure 

3.1 e) There were no GUS activity in the leaves, flowers or siliques (Figure 3.1 f-

g).  

When the Exo70E2pro:GUS transgenic line was treated with 1mM, 5mM or 

10mM Flagellin 22, the GUS activity was found to be stronger and detected in 

more cells (Figure 3.2). Flagellin 22 is a 22 amino acids peptide from bacterial 

flagellin and can induce plant defense response.  
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(d) 

(g) 

(a)                                               (b)                                                         (c)     

(e)                                              (f) 
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Figure 3.1 The expression pattern of Exo70E2 in Exo70E2pro:Gus line.  

(a) At germination day 1. (b) At germination day 2. (c) At germination day 3. (d) 

Overall staining profile of a seedling. (e) GUS activity was detected in root tips. (f) 

No GUS activity in flowers and leaves. (g) No GUS activity in siliques. 

 

Figure 3.2 The expression pattern of Exo70E2pro:GUS under Flg22 treatment.  

(a) The seedlings were treated with 0mM Flg22 for one day before staining. 

(b) The seedlings were treated with 1mM Flg22 for one day before staining. 

(c) The seedlings were treated with 5mM Flg22 for one day before staining.  

(d) The seedlings were treated with 10mM Flg22 for one day before staining. 

(a)  

                                                                                                                                                                                                                                                                  
(b)                                                                                                                                                                                                                                                                   

(c)                                                                                                                                                                                                                                                                   (d)                                                                                                                                                                                                                                                                   
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3.2 Observation of tissue distribution of Exo70E2pro:Exo70E2-GFP  

To make Exo70E2pro:Exo70E2-GFP transgenic line, the Exo70E2 gene together 

with its native promoter was translationally fused with GFP at its C-terminal and 

the fusion construct was transformed to Arabidopsis plants to generate the 

Exo70E2pro:Exo70E2-GFP transgenic lines. The transgenic lines were observed 

under a confocal microscope. The GFP signal was weak but could be detected 

root tips, elongation zone and differentiation zone. The signals were mainly 

observed in epidermal cells, which suggests that Exo70E2 gene is localized in 

root epidermal cells (Figure 3.3).   

Exo70E2 gene driven by a 35S promoter was also fused with eYFP to generate 

35S:Exo70E2-eYFP transgenic lines. In the 35S:Exo70E2-eYFP line, YFP signal 

was punctate and detected in root tips, elongation zone and differentiation zone 

(Figure 3.4 a-b). Similar to E2pro:Exo70E2-GFP line, the signal only exists at the 

epidermal cells (Figure 3.4 c).   
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Figure 3.3 Observation of GFP signal in the Exo70E2pro:Exo70E2-GFP line. 

(a) The GFP signals were detected in the root tips.  

(b) The GFP signals were detected in the differentiation zone. 

 

(a)) 

(b)) 
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Figure 3.4 The sub-localization of Exo70E2 in 35S:Exo70E2-eYFP line. 

(a) eYFP signal was detected in root tip.  

(b) eYFP signal was detected in root differentiation zone.  

(c) eYFP signal was only detected in epidermal cells.   

(a) 

  

(b) 

(c) 
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3.3 Mutational analysis of Exo70E2 

To investigate the possible biological functions of Exo70E2, three T-DNA 

insertion lines, #54-0139-1 (e1-1), GK072F12 (e2-2) and CS827449 (e2-3) were 

obtained from Arabidopsis Biological Resource Center. Homozygous T-DNA 

insertion lines were obtained and confirmed by PCR analysis.  The T-DNA 

insertion positions of e2-1, e2-2 and e2-3 were illustrated in figure 3.5. The T-

DNA insertion site of e2-1 and e2-2 was in the exon, whereas of e2-3 carried the 

insertion in its promoter region. e1-1 was in NO-0 background and had similar 

phenotypes with wild type plants, and it was not further used in this study. e2-2 

and e2-3 were in Col-0 background and further used in this study. 

  

Figure 3.5 Schematic representation of Exo70E2 gene and the insertion positions 

of three mutant lines. P1 and P2 were the primers used in the reverse transcription 

PCR. 

  

 

 

 

 

 

P1 

P2 
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Using reverse transcription PCR, the transcription level of Exo70E2 in e2-2, e2-3 

and col was determined using the primer pair P1 and P2 (Figure 3.5). There was 

no Exo70E2 transcript detected from e2-2 (Figure 3.6 a), indicating that e2-2 was 

a knock out mutant. The expression of Exo70E2 was increased in e2-3 (Figure 3.6 

b), suggesting that the T-DNA insertion in its promoter region leads to 

overexpression and/or ecotopic expression of Exo70E2 in e2-3.  

 

 Figure 3.6 The expression levels of Exo70E2 in Col, e2-2 and e2-3. 

The transcript was detected by using reverse transcription of RNA following by 

PCR amplification. 

(a) There was no Exo70E2 transcript detected in e2-2. 

(b) The expression of Exo70E2 was increased in e2-3.  

 

 

 

 

 

 

 

 

 

Exo70E2              EF1-∂                       EF1-∂              Exo70E2   
(a)        e2-2  Col             e2-2  Col      (b)     e2-3  Col             e2-3  Col 
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When grown in soil, it was found that e2-3 had a retarded phenotype which 

probably due to the ectopic expression of Exo70E2 (Figure 3.7). The phenotype 

of e2-2 was similar to the phenotype of Col.  

Figure 3.7 Morphological phenotypes of Col, e2-2, and e2-3. e2-3 showed a slow 

growth phenotype, whereas e2-2 is not significantly different from wild type Col.  

 

Exo70E12 overexpression lines (E2OE) were obtained from Mr. Shai Hu of Prof. 

Liwen Jiang's Lab for phenotypic comparison with the Exo70e2 mutants and wild 

type plants. The E2OE line carries an E2-GFP fusion gene whose expression is 

under the control of the Arabidopsis UBIQUITIN 10 gene promoter.  The 

Ubiquintin10:E2-GFP line also showed retarded growth phenotypes, similar to 

e2-3 (Figure 3.8)                                                     

 Figure 3.8 Phenotype of Ubiquitin10:E2 

                    Col                          Ubiquintin10:E2-GFP 



49 

 

3.4 Phenotypic analysis under various stress response 

3.4.1 Respone to exogenous sugar 

e2-2, e2-3, and Col were planted on MS medium (half strength) with 0%, 1%, 3% 

or 5% sucrose in a growth chamber under the long day condition. One set of 

plates was put horizontally. Another set of plates was put vertically. There was no 

big phenotypic difference between Col and e2-2. However, e2-3 showed a 

retarded growth phenotype. Besides, the cotyledons and the newly formed true 

leaves of the e2-3 mutant were yellowish when grown on the medium with or 

without sucrose (Figure 3.9 a-d). The root length of the e2-3 was a little bit shorter 

compared with wild type (Figure 3.9 e-h). Using ImageJ to calculate the root 

lengths of Col, e2-2, and e2-3 on plated set vertically, the average root lengths 

were listed in the Figure 3.9 j. With the increasing the concentration of sucrose in 

the medium, the growth inhibition phenotype became more obvious for e2-3.  The 

phenotypes of e2-2 and Col were not significantly different and did not change 

much when increasing the sucrose level. The results suggest that the e2-3 

mutation causes a defect in the response to sugar. Similar results were observed, 

when the seedlings were cultured under short day condition (Figure 3.10 a-d). The 

root lengths were also calculated using ImageJ (Figure 3.10 e).   
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(c)                              3% Sucrose 
            

  (b)                               1% Sucrose 

(d)                                5% Sucrose 

(a)                              0% Sucrose 

e2-2                        Col                        e2-3 e2-2                          Col                      e2-3 

e2-2                 Col                   e2-3 e2-2                   Col                 e2-3 

 (h)             5% Sucrose  (g)             3% Sucrose 

   (e)              0% Sucrose  (f)               1% Sucrose 

 e2-3              Col            e2-2  e2-3              Col             e2-2 

 

（i） 

             

 e2-3            Col              e2-2 e2-3           Col             e2-2 
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Figure 3. 9 Phenotypes of Col, e2-2 and e2-3 when grown on the media 

containing different concentration of sucrose under long day condition. The roots 

lengthes of e2-3 were short. The cotyledons and leaves of e2-3 gave a yellowish 

color. 

(a)-(d). The plates were placed horizonatally. The e2-3 seedlings were smaller and 

yellowish.  

(e)-(h). The plates were grown vertically. The e2-3 seedlings had shorter roots 

than wild type and e2-2. 

(i). The average root lengths of Col, e2-2, and e2-3 on medium with 0%, 1%, 3% 

or 5% sucrose under long day condition with standard error bar.  * meant p value 

< 0.05 in a student t-test. 
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Figure 3.10 (a)-(d). Phenotypes of Col, e2-2 and e2-3 when grown on the media 

containing different concentration of sucrose under short day condition. e2-3 had 

shorter root length.  

(e). The average root lengths of Col, e2-2, and e2-3 on medium with 0%, 1%, 3% 

or 5% sucrose under short day condition with standard error bar.  * meant p value 

< 0.05 in a student t-test. 

(a)                         No Sucrose 

 e2-3                  Col                   e2-2 

(b)                     1% Sucrose 

   e2-3                  Col                 e2-2 

(c)                       3% Sucrose 

    e2-3                  Col                  e2-2 
 

(e) 

(d)                   5% Sucrose 

 e2-3                 Col                e2-2 
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In addition to sucrose, the seedling phenotypes in response to exogenous glucose 

were also observed. e2-2, e2-3, and Col were grown on half strength MS medium 

suplemented with 1.5%, 3%, 4.5%, or 6% glucose. On the medium with 1.5% 

glucose, the growth of e2-3 was severely inhibited. e2-3 has yellowish cotyledons 

and leaves (Figure 3.11 a-e). The root length of the e2-3 seedlings was also much 

shorter (Figure 3.11 f-j). The root lengths of Col, e2-2, and e2-3 were determined 

by ImageJ (Figure 3.11 h). When the glucose level increased to 3% or higher, the 

growth of e2-3 was nearly completely inhibited (Figure 3.11 c-e). The difference 

between e2-2 and Col was not very obvious although their growth were slightly 

inhibited when increasing the concentration of glucose.  

 

3.4.2 Response to osmotic stress 

For the osmotic stress response experiment, e2-2, e2-3 and Col were planted on 

half strength MS medium with 200mM or 300mM mannitol under long day 

condition. e2-3 was very sensitive to mannitol, and its growth was almost totally 

inhibited with 200mM or a higher concentration of mannitol (Figure 3.12 a-f), 

although the growth of Col and e2-2 were also affected by the osmotic stress. 

There was no big difference between Col and e2-2. The root lengths of Col and 

e2-2 were obtained by ImageJ (Figure 3.12 j).  
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(a)                       0% Glucose 

e2-2                  Col                  e2-3 

(b)                    1.5% Glucose 

e2-2                   Col                  e2-3 

(c)                      3% Glucose 

e2-2                  Col                  e2-3 

(d)                   4.5% Glucose 

e2-2                 Col                 e2-3 

(e)                     6% Glucose 

e2-2                  Col                 e2-3 

   (f)            0% Glucose 

 e2-3             Col            e2-2 

(j)              6% Glucose  (i)              4.5% Glucose 

(h)              3% Glucose (g)             1.5% Glucose 

e2-3            Col             e2-2 e2-3             Col              e2-2 

 e2-3            Col             e2-2  e2-3             Col            e2-2 
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(h) 

Figure 3.11 Phenotypes of Col, e2-2 and e2-3 when grown on the medium 

containing different concentration of glucose.  

(a)-(e). The plates were placed horizonatally. The e2-3 seedlings were smaller and 

yellowish.  

(f)-(j). The plates were grown vertically. The e2-3 seedlings had shorter roots than 

wild type and e2-2. 

(h). The average root lengths of Col, e2-2, and e2-3 on medium with 0%, 1.5%, 

3%, 4.5% or 6% glucose with standard error bar.  * meant p valve < 0.5 in a 

student t-test.  
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  (a)                      1% Sucrose 

e2-2                Col                 e2-3 

 (b)       1% Sucrose 200mM Mannitol 

         (c)        1% Sucrose 300mM Mannitol 

e2-3                Col                e2-2 

 (d)            1% Sucrose 

 e2-3            Col            e2-2 

e2-2                   Col                  e2-3 

(e)  1% Sucrose 200mM Mannitol        (f) 1% Sucrose 300mM Mannitol 

 e2-3              Col            e2-2 
 e2-3             Col             e2-2 

(j) 
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Figure 3.12 Phenotypes of Col, e2-2 and e2-3 under the osmotic stress caused by 

mannitol.  

(a)-(c). The plates were placed horizonatally. e2-3 could not germinate on 

mannitol containning medium.  

(d)-(f). The plates were grown vertically. The growth of e2-3 was largely 

inhibited on medium supplemented with mannitol. 

(j). The average root lengths of Col, and e2-2 on medium with 0mM, 200mM and 

300mM mannitol with standard error bar.   

 

3.4.3 Phenotypes under high salt stress 

e2-2, e2-3, and Col were grown on half strength MS medium supplemented with 

50mM, 75mM, 100mM or 125mM NaCl. Surprisingly, the e2-3 mutant seedlings 

grew better under the salt stress than on the medium without salt. The e2-3 

seedlings were smaller than wild type and e2-2 seedlings, but the difference was 

smaller than the difference between them on the 1% sucrose medium (Figure 3.13 

a-e). The leaves of e2-3 seedlings were green rather than yellowish. e2-3 was only 

a little bit smaller than Col.  On plates with 50mM NaCl, the root length of e2-3 

was almost the same as that of wild type. On plates with higher concentration of 

NaCl, such as 125mM, the size of e2-3 was still smaller than Col and the root 

length was also shorter (Figure 3.13 f-j). The root lengths of Col, e2-2 and e2-3 

were calculated with ImageJ (Figure 3.13 h).  The phenotype of e2-2 was similar 

to Col. 
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3.4.4 Phenotypes under phosphate deficiency 

e2-2, e2-3, and Col were germinated and grown on half strength MS medium 

without phosphate. The seedlings of e2-3 also appeared healthier under phosphate 

deficiency than the seedlings on the normal MS medium containing the normal 

concentration of phosphate although they still grew slower than wild type (Figure 

3. 14 a-b). Again, the color of cotyledons and leaves turned greenish instead of 

yellow. The difference of the root lengths (Figure 3.14 e) was also smaller 

between e2-3 and Col compared with the difference under the normal MS 

medium (Figure 3.14 c-d). The phenotype of e2-2 was again similar to Col.   
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(c)             1% Sucrose 75mM NaCl (d)           1% Sucrose 100mM NaCl 

(e)           1% Sucrose 125mM NaCl 

 (b)            1% Sucrose 50mM NaCl (a)                       1% Sucrose 

e2-2                  Col                 e2-3 e2-2                  Col                 e2-3 

e2-2                   Col                  e2-3 e2-2                   Col                  e2-3 

e2-2                 Col                  e2-3 

 (f)               1% Sucrose 

 e2-3              Col           e2-2 

    (i)    1% Sucrose   100mM NaCl     (j)      1% Sucrose 125mM NaCl 

  (h)     1% Sucrose 75mM NaCl   (g)    1% Sucrose 50mM NaCl 

 e2-3              Col             e2-2  e2-3              Col             e2-2 

 e2-3             Col             e2-2  e2-3              Col             e2-2 
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(h) 

Figure 3.13 Phenotypes of Col, e2-2 and e2-3 under high salt stress.  

(a)-(e). The cotyledon and leaves of e2-3 were green instead of yellowish in 

presence of salt on the medium. 

(f)-(j). The difference of the root lengthes between e2-3 and Col was small.  

(h). The average root lengths of Col, e2-2 and e2-3 on medium with 0mM, 50mM, 

75mM, 100mM or 125mM NaCl with standard error bar.  * meant p valve < 0.05 

in a student t-test. 
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Figure 3.14 Phenotypes of Col, e2-2 and e2-3 under phosphate deficiency.  

Seedlings were grown on the normal MS medium (a,c) or the medium without 

phosphate (b,d). The difference between e2-3 and wild type was more obvious on 

the normal medium than on the phosphate deficiency medium. (e) The average 

root lengths of Col, e2-2 and e2-3 on medium with or without phosphate with 

standard error bar.  * meant p valve < 0.05 in a student t-test.  

              (b)                         1% Sucrose  P- 

(d)                 1% Sucrose P- 

  (a)                        1% Sucrose 

e2-2                      Col                  e2-3 

 (c)                1% Sucrose 

 e2-3              Col             e2-2 

 e2-3                Col                e2-2 

e2-2                      Col                    e2-3 

(e) 
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3.5 Chloroplasts observation 

Cotyledons and true leaves of the e2-3 mutant displayed a yellowish phenotype 

when grown on the medium, suggesting that there could be some defect in 

chloroplast in the mutant. Chloroplasts in Col, e2-2 and e2-3 were observed under 

microscope by using chloroplast autofluorescence (Figure 3.15). There was a big 

difference of the organization of chloroplasts in the newly formed true leaves 

between e2-3 and Col. The well organized distribution of chloroplasts was lost in 

e2-3. There was no big difference between e2-2 and Col.  

Figure 3.15 Chloroplasts distribution in Col, e2-2 and e2-3. 

(a) The chloroplasts distribution of Col. 

(b) The chloroplasts distribution of e2-2. 

(c) The chloroplasts distribution of e2-3. 

(a)   

 
(b)                               

6% 

(c) 

Col                



63 

 

3.6 Analysis of autophagy using the GFP-Atg8e reporter in Col, e2-2 and e2-3 

Atg8e is a marker associated with autophagosomes. Exo70E2 was previously 

found to be associated with autophagosome under autophagy-inducing conditions 

(Lin et al., 2015). To observe whether the E2 mutation affects autophagy. 

Ubiquintin10pro:GFP-Atg8e reporter was introduced in Col, e2-2 and e2-3. In 

Col, and e2-2, the GFP signals were not very strong (Figure 3.16 a-b). However, 

in e2-3, the signal of GFP was very strong which indicated a stronger activity of 

Atg8e (Figure 3.16 c). 

 

Figure 3.16 Ubiquitin10:GFP-Atg8e in Col, e2-2 and e2-3.  

(a) Ubiquintin10:GFP-Atg8e in Col. (b) Ubiquintin10:GFP-Atg8e in e2-2. 

(c) Ubiquintin10:GFP-Atg8e in e2-3. 

(a)       (b)       

(c)       
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3.7 Comparison of secretomes of Col, e2-2 and e2-3 

It is possible that the mutation of Exo70E2 might affect function of EXPO and 

thereby affect secretion of proteins. To test that, proteomics analysis was 

employed to compare profiles of proteins secreted from wild type, e2-2, and e2-3. 

After growing 7 days on the 1/2 MS plates, seedlings were transferred to 1/2 MS 

liquid medium and grown in 6-well plates for another 7 days. Seedlings were then 

transferred to a flask with 20ml liquid 1/2 MS medium. After 2 days incubation, 

the medium in the flask was collected and concentrated.  

The profiles of secreted proteins from the different genotypes were first examined 

by SDS-PAGE analysis as shown in Figure 3.17. Overall, the difference in 

secreted protein profiles between e2-2 and Col was relatively small compared to 

the difference between e2-3 and wild type. Some protein bands had much higher 

intensity in Col than in e2-3 whereas the others showed opposite.  

Proteomics approach was then taken to identify proteins whose secretion might be 

affected by the Exo70E2 mutations. The secretion proteins were labeled using the 

Tandem Mass Tag (TMT) labeling method. The labeled samples were subjected 

to MS analysis. For each genotype, three biological replicates were included and 

were labeled with TMT labeling reagents. Each sample was subjected to MS 

analysis twice. The detected proteins were listed out in table 3.1.  In total, 14 

proteins had a significantly higher level (with adjusted p value of 0.05 or smaller) 

and 19 proteins had a significantly lower level in the e2-3 secretome than in the 

wild type secretome. In the e2-2 secretome, twelve proteins and ten proteins had 

higher and lower levels of accumulation, respectively, compared to the wild type 

secretome. The results indicate that the e2-3 mutation causes a much more 

significant effect in protein secretion than e2-2.  
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Table 3.1 lists all proteins that showed at significant difference in their levels in 

the comparison between e2-3 and wild type or between e2-2 and wild type.  The 

proteins that showed highest levels compared to wild type include CHI, 

AT3G53980, and AT4G17680. The proteins whose levels showed lowest in e2-3 

compared to wild type include LTP1, FLA13, and FLA7.  

Figure 3.17 The secretion protein profile of Col, e2-2 and e2-3. 

Samples of secreted proteins from the difference genotypes were separated by 

SDS-PAGE and visualized by silver staining. The arrows point to some protein 

bands that showed pronounced difference in their intensity in comparison between 

the mutants and wild type. 

kDa 

180- 

130- 

100- 

70- 

55- 

  

40- 
      

35- 

 e2-2         Col         e2-3 
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Í 
Í 
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Table 3.1 Differences in abundance of the secretory proteins from Col, e2-2 and e2-3 

Accession 

Number 
Gene name Annotation 

Signal 

peptide 

 Fold change 

of e2-2/WT 

Adjust p-

value  

Fold change 

of e2-3/WT 

Adjust p-

value 

AT2G38540 LP1 Lipid transfer protein 1 Yes 0.2109 0.0000 0.1994 0.0000 

AT5G44130 FLA13 
FASCICLIN-like arabinogalactan protein 13 

precursor 
Yes 0.3900 0.0014 0.2058 0.0000 

AT2G04780 FLA7 FASCICLIN-like arabinoogalactan 7 Yes 0.2132 0.0000 0.2851 0.0005 

AT3G08770 LTP6 Lipid transfer protein 6 Yes 0.1417 0.0000 0.3008 0.0000 

AT5G20630 GLP3, germin 3 Yes 0.2310 0.0003 0.3406 0.0026 

AT5G22410 RHS18 Root hair specific 18 Yes    0.3702 0.0000 

AT1G52060   Mannose-binding lectin superfamily protein Yes 0.4106 0.0000 0.4108 0.0000 

AT5G47550   Cystatin/monellin superfamily protein Yes 0.6933 0.0003 0.4127 0.0000 

AT2G45470 FLA8 FASCICLIN-like arabinogalactan protein 8 Yes     0.4246 0.0000 

AT2G38530 LTP2 Lipid transfer protein 2 Yes     0.4837 0.0006 

AT5G67360 ARA12 Subtilase family protein Yes 0.5447 0.0017 0.5332 0.0011 

AT1G52070   Mannose-binding lectin superfamily protein Yes     0.5961 0.0001 

AT3G54420 ATEP3, Homolog of carrot EP3-3 chitinase Yes 0.2461 0.0000 0.6044 0.0372 

AT3G04120 GAPC, Glyceraldehyde-3-phosphate dehydrogenase C No 1.4054   0.6452 0.0003 
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subunit 1 

AT4G34180   Cyclase family protein #N/A 0.4974 0.0371 0.6692 0.0449 

AT5G17920 ATCIMS, Cobalamin-independent synthase family protein No     0.6739 0.0071 

AT5G60530   Late embryogenesis abundant protein-related  #N/A 0.6438 0.0824 0.7041 0.0366 

AT1G21750 
ATPDIL1-

1 
PDI-like 1-1 Yes    0.7853 0.0297 

AT3G04720 PR4 Pathogenesis-related 4 Yes     0.8217 0.0099 

AT3G25520 ATL5, Ribosomal protein L5 No 1.6849 0.0033 1.3243 0.0214 

AT3G22230   Ribosomal L27e protein family No 1.2556   1.4715 0.0101 

AT5G64570 XYL4, Beta-D-xylosidase 4 Yes 1.2303 0.0320 1.5494 0.0335 

AT3G09630   Ribosomal protein L4/L1 family No     1.5526 0.0100 

AT1G03870 FLA9 FASCICLIN-like arabinoogalactan 9 Yes 1.5455 0.0301 1.6400 0.0000 

AT3G04840   Ribosomal protein S3Ae No     1.7236 0.0010 

AT5G04885   Glycosyl hydrolase family protein #N/A 1.4215 0.0001 1.7501 0.0000 

AT3G48340   Cysteine proteinases superfamily protein Yes 1.6018 0.0139 1.8651 0.0002 

AT4G25810 XTR6 Xyloglucan endotransglycosylase 6 Yes 1.4548 0.0198 2.3024 0.0017 

AT2G13820   
Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 
Yes 1.7151 0.0362 2.3168 0.0000 
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protein 

AT1G20160 ATSBT5.2 
Subtilisin-like serine endopeptidase family 

protein 
Yes 1.7458 0.0643* 2.4523 0.0000 

AT4G17680   
SBP (S-ribonuclease binding protein) family 

protein 
#N/A 1.9227 0.0334 3.2293 0.0000 

AT3G53980   

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

#N/A     5.6579 0.0000 

AT2G43570 CHI chitinase, putative Yes 1.5880 0.0005 12.3917 0.0000 

AT1G18210   Calcium-binding EF-hand family protein No 1.2512 0.0155     

AT2G28470 BGAL8 Beta-galactosidase 8 Yes 1.7132 0.0386     

AT1G35720 ANNAT1 Annexin 1 No 1.9526 0.0060     
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3.8 Defense resistance 

Leaves of 5 weeks old Col, e2-2 and e2-3 were infiltrated with Pseudomonas 

syringae pv tomato DC3000. By counting the colony forming units on day 3, 

pathogen growth rates were analyzed. From Figure 3.18, on day 3 after pathogen 

inoculation, the CFU/ml of e2-2 and e2-3 were a little bit less than Col.  

 

Figure 3.18 Difference in bacterial numbers in the leaves of the different 

genotypes following infection with Pseudomonas syringae. 

Log(CFU/ml) of Col, e2-2 and e2-3 with standard error bar. * meant p<0.05. 

 

 

 

 

 

  

  * * 
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Chapter 4. Discussion and Conclusion  

4.1 Exo70E2 possibly has a role in plant root specific defense response 

Using the Gus reporter lines, E2 was found to be expressed in the roots, especially 

in root tips and the epidermal cells. The roots of the plants have many roles. They 

anchor the plants in soil, uptake nutrients, and defend the plants against other 

organisms in the soil. Proteins, secondary metabolites (Walker, 2003) and 

compounds in gas form (Baldwin et al., 2002) are secreted out of the roots. Some 

examples of the defense related proteins that are secreted out of the roots are 

chitinases, myrosinases and glucanases (De-la-Peña et al., 2010).  

As illustrated in the result part, the secreted protein profile of e2-3 was very 

different from Col. The protein with the greatest fold change was chitinases. e2-3 

secreted more chitinases to the environment. Many experiments show that 

chitinases can inhibit fungal growth by digesting fungal cell walls (Passarinho and 

de Vries, 2002).  

Using the Gus reporter lines, when seedlings were subjected to Flg22, a plant 

defense response inducer, the Gus signal was stronger. In another word, the 

expression of Exo70E2 in roots was induced by pathogen recognition. Exo70E2 

could have a role in the Arabidopsis pathogen defense response. 

In yeast and mammals, most of the unconventional secretion are not constitutive, 

but induced by stress, such as starvation, inflammation, and mechanical stress 

(Keller et al., 2008b). In plants, a lot more leaderless secretory proteins (LSP) are 

secreted out of cell than in other eukaryotes (Agrawal et al., 2010). Most of these 

LSPs seem to have something to do with stress or defense responses.  It was 

possible Exo70E2 and therefore EXPO are involved in root specific defense 

pathways.  
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4.2 Ectopic expression of Exo70E2 lead to a low ability to utilize sugar from 

the medium 

The e2-1 and e2-2 mutants are apparently knockout mutants, however their 

phenotypes have not been found to be different from wild type plants, suggesting 

pathway or functional redundancy.  The e2-3 mutation is more likely a gain-of-

function mutation because of its higher level of Exo70E2 transcript. Possibly, the 

T-DNA insertion in its promoter region leads to de-regulation of its cell-specific 

expression patterns. When Exo70E2-GFP is under the control of a strong 

constitutive promoter (such as the Arabidopsis ubiquitin 10 gene promoter), the 

GFP signal was often found to be mainly in roots, particularly in root tips. The 

results suggest that expression of Exo70E2 is under stringent control and could 

not be accumulated in other tissues.  

The e2-3 mutant had a slow growth phenotype, especially when grown on MS 

medium. They were small, yellow and had short root length. When sucrose or 

glucose was supplement to MS medium, the growth of e2-3 was inhibited more. It 

was possible that, the e2-3 causes a defect in response and/or utilization sugar 

from the medium.  

Sugars act as signaling molecules in lots of pathways in plants (Arenas-Huertero 

et al., 2000). The expression of a set of genes is regulated by sugars. Based on 

previous studies, sugars inhibit seed germination and seedling development at 

early stage (Price et al., 2003). The sensing and regulation of sucrose and glucose 

are very complicated and have crosstalk with plant hormones.  
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4.3 The e2-3 mutation causes accumulation of Atg8e, a marker of 

autophagosomes 

Autophagosomes have important cellular roles in materials turnover and the 

adaption to nutrient deficient environment (Kissová et al., 2004). The formation 

of the autophagosome is highly regulated by a group of proteins. The function of 

ULK1, Atg13, FIP200 (focal adhesion kinase family interacting protein of 

200kDa) and Atg101 complex are inhibited by the mTORC1 (target of rapamycin 

complex 1) via the phosphorylation of ULK1 (Hosokawa et al., 2014). Another 

group of proteins involved in autophagosome formation are Beclin1, Atg14L, 

VPS34 (vacuolar protein sorting protein 34) and VPS15 complex. This complex 

produces the phosphatidylinositol 3-phosphate (PI3P), which is crucial for 

autophagosome formation and recruits Atg16, Atg5 and Atg12 (Suzuki et al., 

2001). Atg16, Atg5 and Atg12 on the other hand are essential for the formation of 

Atg8, LC3 and PE (a membrane phospholipid) complex (Amar et al., 2006). 

There are studies show that RalB and exocyst have a role in the regulation of 

autophagosome formation under starvation (Bodemann et al., 2011b). Ral 

interacts with Sec5 and Exo84 which units the two subsets of exocyst on the 

vesicle and target membrane to one. Under nutrient starvation condition, active 

RalB promotes the assembly of Exo84-Beclin1. In addition, RalB and ULK1 

complex are formed with the involvement of Exo84. Another exocyst membrane, 

Exo70B1 was also found to be involved in the autophagic transportation to 

vacuole. Exo70B1 together with Sec5 and Exo84b, form a complex and work 

together in autophagy transportation (Kulich et al., 2013). Therefore there is a 

crosstalk between exocyst subunits with autophagosome formation. 
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In the study from Youshun Lin (Lin et al., 2015), EXPO and autophagosomes are 

two distinct organelles under normal conditions. However, under autophagic 

induction condition, the signal of Ex070E2 gradually colocalize with 

autophagosome marker genes. In this study, Ubiquitin10: GFP-Atg8e reporter was 

introduced into Col, e2-2 and e2-3. In e2-3, the GFP signal was much stronger 

compared with the signals in Col and e2-2. The ectopic expression of Exo70E2 

could be the reason of the induced signal of GFP-Atg8, supporting the notion that 

Exo70E2 plays a role in autophagy.  

 

4.4 e2-3 mutant favor high salt and phosphate deficient conditions 

One interesting observation was that on MS medium supplemented with salt or on 

phosphate deficient medium, the slow growth phenotype and the yellowish color 

of e2-3 was partially restored to normal phenotypes. It seemed that e2-3 favored 

the condition with a little bit of salt and was resistant to phosphate deficiency.  

Salt stress can cause Na+ toxicity, osmotic stress, and increased reactive oxygen 

species (ROS) (Mahajan and Tuteja, 2005). Under salt stress or nutrient 

deficiency, autophagy is required for cells to adapt to environment (Liu et al., 

2014). The damaged proteins oxidized by ROS are engulfed by autophagosome 

for materiel turnover (Xiong et al., 2007). The elevated autophagy activities in e2-

3 could make the mutant more adaptable to the stress conditions.  

However, on medium supplemented with mannitol, which created osmotic stress, 

the growth of e2-3 was greatly inhibited. As illustrated in Matsuura' work, a rapid 

translational alteration can be induced by mannitol treatment but not by LiCl 

treatment which mimics the ionic stress (Matsuura et al., 2014) . Therefore, e2-3 

responded well to ionic stress but not to osmotic stress. It could be the reason that 
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e2-3 could not accumulate effective osmolytes inside the cells (Stoop et al., 1996). 

It remains to be determined whether salt and phosphate deficiency conditions 

leads to suppression of ecotypic expression of Exo70E2 in the e2-3 mutant. 

 

4.5 Overexpression of Exo70E2 affect chloroplast distribution 

The e2-3 mutant gave a yellowish color of the cotyledon and true leaves. To 

investigate whether there was abnormity of the chloroplast of e2-3, the 

autofluorescence of the chloroplast was observed in Col, e2-2 and e2-3. The 

chloroplasts of e2-3 lost the well-organized distribution. This could be the reason 

why the true leaves of e2-3 gave a yellowish color. Since autophagy was induced 

in e2-3, it was possible that elevated autophagy activities disturbed the normal 

arrangement of chloroplast in mesophyll cells (Ishida et al., 2014).   

 

4.6 Conclusive remarks 

The discovery of EXPO sheds new light into non-conventional pathways of 

secreting proteins, other biomolecules, and metabolites. However, the biological 

function of EXPO remains largely unknown. As a confirmed marker of EXPO, 

Exo70E2 offers an avenue to discover EXPO-regulated biological pathways.  

Exo70E2 was found to be mainly expressed in the epidermal cells of roots, 

particularly in the root tips and division and elongation zones. These cells secrete 

proteins, polysaccharides, and other biomolecules and metabolites. For instance, 

root cap cells exude mucilage and slough off root tips to assist in penetration into 

soil for interaction with environments and communication with microorganisms in 

rhizosphere. The expression patterns of Exo70E2 suggest that EXPO could play 

an important role in these processes.  
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Knocking out Ex070E2 apparently does not lead to any significant change under 

the conditions tested in this study, suggesting that Exo70E2 acts redundantly with 

another protein. Overexpression or ectopic expression of Exo70E2 could disturb 

function of EXPO, leading to various phenotypes observed from the e2-3 mutant 

and the E2-GFP overexpression lines.  It remains to be determined how Exo70E2 

ectopic expression or overexpression alters EXPO-mediated vesicle trafficking 

pathways.  

The e2-3 mutant displayed a defect in response to exogenous sugar. The mutant 

also showed alteration in its growth and chlorophyll/chloroplast under various 

abiotic stresses. Exo70E2 expression was also found enhanced in response to 

flg22 treatment. The results indicate that Exo70E2 and EXPO could be involved 

in responses to biotic and abiotic stresses. 
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