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4. Disscusion

1. Introduction

1.1 Eukaryotic membrane trafficking and signal transduction.

Eukaryotic cells require accurate levels of expression and turnover of cell surface receptors and other transmembrane proteins in order to respond to changes in the extra-cellular environment. Membrane protein expression, delivery and degredation are controlled through the trafficking of cargo-loaded vesicles between intracellular compartments and the plasma membrane. In the endocytic pathway cargos are endocytosed at the plasma membrane and targeted to the early endosomes. Vesicles can then be recycled to the plasma membrane, pass to the Trans-Golgi network (TGN) or form Multivesicular bodies (MVB’s) (Fig. 1a). MVB’s or endosomal carrier vesicles are an intermediate compartment that act as an isolated sorting point in this and several other membrane trafficking pathways (Pfeffer, 2003). Vesicles containing cargo for degredation are targeted to the lysosome (mammals) or vacuole (yeast) through late endosomes.

Membrane phospholipids, such as phosphatidylinositol (PtdIns) and its phosphorylated products, phosphoinositides (PI)’s, are integral to the regulation of these pathways and undergo high turnover upon cell stimulation (Hokin, 1985). PtdIns can be reversibly phosphorylated at positions 3,4 and 5 of the inositol ring to produce seven phosphoinositide species (Fig 1b). PI’s are highly concentrated to cytosolic membranes and each of the seven phosphorylated species demonstrates a unique intracellular localization profile across membranous compartments. In addition to roles in cell signaling and membrane trafficking PIs have been implicated in cytoskeletal reorganisation, DNA synthesis and correct cell cycle progression.
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Downstream protein effectors are recruited to PI’s through a number of evolutionarily conserved PI binding domains. These can be unique to a few or even a single PI species and include PH (Plekstrin Homology), PHD (PlantHomeoDomain) and the FYVE finger domain (Fab1p, YOTB, Vac1p and EEA1) among others. For a full review of PI function, compartmentalization and protein effectors see (Di Paolo and De Camilli, 2006). 

Mammalian PIKfyve is a FYVE finger domain-containing enzyme that can bind and synthesise PI’s. It specifically binds membranous PtdIns and PtdIns(3)P and phosphorylates the inositol ring D-5 position to generate PtdIns(3,5)P2 and PtdIns(5)P, (Sbrissa et al., 1999) (Fig. 1b). Due to the compartmentalization of its PI substrates to cytosolic membranes of the endosomal pathway, in particular the early endosome, PIKfyve has been shown to function in some, but not all, of the endosomal trafficking pathways; depicted by the green arrows in figure 1a.  

1.2 PIKfyve: Function, domains and partners.

PIKfyve is an evolutionarily conserved single copy gene found in higher eukaryotes; an orthologue, Fab1, is present in yeast. PIKfyve and Fab1 gene products demonstrate lipid and protein kinase activity and share domains essential for PI synthesizing function (Fig. 2). An N-terminal FYVE finger domain is a phosphatidylinositol-phosphate binding motif essential for membrane association. The C- terminally located PIP5K domain is essential to PtdIns(3,5)P2 and PtdIns(5)P synthesis, however when expressed as a purified GFP-fusion peptide the domain loses function (Shisheva, 2008), indicating that PIKfyve has a complex molecular organization that governs its activity. Lipid kinase activity is also lost in deletion mutants of the central Cpn60_TCP1 (HSP chaperonin_T-complex protein 1) domain. 
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Yeast two hybrid screens with this central domain have revealed a number of potential PIKfyve protein partners which is suggestive of a specific regulatory interaction that controls PI synthesis (Sbrissa et al., 1999). 

The DEP (Dishevelled, Eg110 and Pleckstrin) domain is only present in PIKfyve genes of higher eukaryotes and has unknown function, similarly the conserved CHK-homology domain has no known function although it shows some sequence similarities to cytoskeleton proteins, which is noteworthy considering a proportion of PIKfyve is recovered with cytoskeletal elements (Shisheva et al., 2001). Only a small proportion of cellular PIKfyve is associated with membranes, vital for PI synthesizing function (Shisheva et al., 2001). The majority of PIKfyve is cytosolic and with its largely uncharacterized protein kinase activity it is likely that PIKfyve controls a number of alternate cellular functions whose nature is not yet known. 

Lipid kinase deficient mutants of PIKfyve are shown to produce enlarged vacuoles of endosomal origin in COS and Hela cell types (Ikonomov et al., 2001). This phenotype is attributed to a defect specifically in PtdIns(3,5)P2 synthesis from PtdIns(3)P as a point mutant defective in PtdIns5P synthesis shows normal vacuole morphology (Ikonomov et al., 2002). PtdIns(3)P is heavily concentrated on the early and late endosomes consistent with an enlarged vacuolation phenotype and with a recent study that has proposed a role for PIKfyve in triggering vesicle formation at the early endosome (Ikonomov et al., 2006).
Similar compartmental enlargements are seen within the endosomal trafficking system for PIKfyve mutants in Caenorhabditis elegans (Nicot et al., 2006) Drosophila melongaster (Rusten et al., 2006) and for Fab1 mutants in yeast (Phelan et al., 2006). These indicate an evolutionarily conserved function for PtdIns(3,5)P2 in the endo-lyosomal pathway. Compartmental enlargements of lysosomes in lower eukaryotes however occur later in the endosomal pathway than those of Drosophila and mammals where defects occur at the level of early endosomes and MVB’s.

PIKfyve synthesis of PtdIns(5)P has been implicated in F-actin remodeling (Shisheva, 2008) although the relative contribution of PIKfyve to the synthesis of total cellular PtdIns(5)P is unclear. 
PIKfyve has a number of proposed functional partners in mammals. ESCRTI, II and III (Endosomal Sorting Complexes Required for Transport) complexes act in a sequential manner to assist in the degradive sorting of cell surface proteins and targeting intra-lumenal vesicles of MVB’s to the lysosome or vacuole (Slagsvold et al., 2006) (Fig 1b). ESRCT proteins, first identified in yeast as Vacuolar Sorting Proteins (Vsp), are conserved across mammals. Whilst PIKfyve and Fab1 are not components of the ESCRT system a number of functional associations have been put forward. Fab1 mutants in yeast prevent sorting of a proportion of ubiquitylated cargoes and reduces the number of intra-luminal vesicles connected to the vacuole (Odorizzi et al., 2000). In addition Vps24, a component of the ESCRTIII complex, has been shown to bind PtdIns(3,5)P2 and is postulated to be an effector in endosome compartmentalization as Vps24 mutants induce a vacuolation phenotype in COS cells analogous to that seen for defective PIKfyve 


(Whitley et al., 2003) ADDIN EN.CITE .

1.3 Phosphoinositides and PIKfyve in plants.

All mono and bi phosphorylated PI species have been identified in plants. Drought, salinity and pathogen stresses are shown to increase PI synthesis in plant cells (Meijer and Munnik, 2003), indicative of mammalian-like PI functions in signal transduction and membrane trafficking. In addition Pikfyve synthesized phoshoinositols, PtdIns(3,5)P2 and PtdIns(5)P, have been shown to accumulate in osmotically stressed plant cells 


(Meijer et al., 1999, Meijer et al., 2001) ADDIN EN.CITE . The primary PIKfyve substrate PtdIns(3)P has been implicated in stomatal closure and reactive oxgen species generation in plant guard cells (Park et al., 2003), although it is unknown if these processes require PIKfyve like protein effectors.

Genomic sequencing of Arabidopsis thaliana revealed sixteen genes containing FYVE finger domains capable of targeting phosphoinositols (Leeuwen et al., 2004). Only two of these, At3g14270 and At4g33240 contain the necessary domains for PIKfyve/Fab1-like activity: FYVE, Tcp_Chn60 & PIP5K (Fig. 2). The remaining fourteen are divided into two groups: PRAF (PH domain, Regulator of chromosome condensation and FYVE) and FYVE genes. FYVE genes have no known function and only one of the eight plant specific PRAF genes is currently assigned ultraviolet B resistance function 


(Kliebenstein et al., 2002) ADDIN EN.CITE .
MVB’s have been described in plants although less is known about their cargos and function in the endosomal pathway compared to yeast and mammals, although orthologous genes for all three ESCRT complexes have been recently identified in Arabidopsis thaliana and Oryza sativa (Winter and Hauser, 2006, Spitzer et al., 2006).

1.4 Previous Work

Prior work in the lab (Guo, 2006) used T-DNA insertions to knock out putative ESCRT III complex genes in Arabidopsis thaliana. Included in this work was T-DNA knockout analyis of the two PIKfyve orthologues At3g14270 (line C) and At4g33240 (line J). T-DNA insertion lines for genes relevant to this report are highlighted in Table 1. 
	Saccharomyces
	Mammals
	Arabidopsis
	Arabidopsis locus
	Line Name

	Fab1
	PIKfyve
	FAB1
	At3g14270
	C

	
	
	FAB2
	At4g33240
	J

	ESCRT III
	
	
	
	

	Vps2p
	CHMP2
	VPS2
	At2g06530
	B

	
	
	VPS2
	At1g03950
	A

	
	
	VPS2
	At5g44560
	H

	Vps20p
	CHMP6
	VPS20
	At5g63880
	

	
	
	VPS20
	At5g09260
	

	Vps24p
	CHMP3
	VPS24
	At5g22950
	K

	
	
	VPS24
	At3g45000
	I

	Vps32p
	CHMP4
	VPS32
	At2g19830
	N

	
	
	VPS32
	At4g29160
	


Table 1.  Comparison of orthologous endocytic pathway effectors in Saccharomyces, mammals and Arabidopsis. Green boxes indicate lines considered in this report

Knock out lines were confirmed for the two PIKfyve orthologues and two CHMP2 orthologues: At1g03950 (line A) and At5g44560 (line H). CHMP2 is part of a subcomplex of ESCRT-III (Babst et al., 2002). T-DNA insertions for both At3g14270 and At4g33240 are exonic insertions (Fig 3). Primers were designed for DNA genotyping 
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and RT-PCR knock out verification (See appendix). Knock-out lines were confirmed for lines A, C, H, and J (Table 1). A double homozygous plant line was generated for AxH, CHMP2, and was attempted but was unsuccessful for a double CxJ, PIKfyve, homozygote after the screening of thirty plants.

1.5 Aims and Objectives 

The primary aim of this project is to create a double homozygous plant line for two PIK-fyve like genes in Arabidopsis thaliana and report any resulting phenotype. Phenotypic analysis will also be carried out for the single homozygous plant lines alongside a short in-silico analysis of the genes involved.
2. Materials and Methods.  


2.1 Phylogenetic analysis.

PIKfyve-like genes in green plants 
were identified through protein BLAST searches of the FYVE domain amino acid sequences of At3g14270 and At4g33240. Only proteins showing greater than 50% identity and containing FYVE, Cpn60_TCP1 and PIP5K domains were selected. A multiple alignment of the amino acid sequences was carried out using clustalX (Thompson 1997) using a Point Accepted Mutation (PAM) matrix with Gap opening 10 and Gap extension 0.1. End gap separation was set to “off” with penalties for both residue specific and hydrophilic residues. Neighbo
r Joining and Maximum Parsimony analyses were performed using Phylo win  (Galtier 1996) incorporating a minimum of 10,000 bootstrap replicates. Maximum likelihood analysis was performed using the phylogenetic inference package (PHYLIP) (Felsenstein 1989) ML tree was rooted by mammalian PIKfyve amino acid sequence. 

2.2 Plant growth conditions. 

All plants described were grown in 
growth room
s constant light
, temperature (220C) and humidity (60%) levels.

2.3 Genomic DNA extraction protocol

Plant material for DNA extraction was collected through closing a 0.5ml eppen
dorf tube lid around plant leaves. Single cut leaf sections were transferred to 1.5ml eppendorf tubes containing a small amount of acid-washed glass beads (COMPANY
) and 100(l DNA extraction buffer (0.14M D-sorbitol, 0.22M Tris-HCl pH 8.0, 0.02M EDTA pH 8.0, 0.8M NaCl, 0.8% CTAB, 0.1% n-Lauroylsarcosine). Leaf material was homogenized by grinding with a strerilised burnt-shaped 
1ml pipette tip-end before incubation at 65OC for 5 minutes. 100(l of chloroform was added and mixed by 30 second to vortex before tubes were centrifuged at 13000rpm for 10 minutes. The clear upper phase was transferred to a fresh 1.5ml eppendorf tube and 100(l of isopropanol was added to precipitate DNA; mixing was ensured by the gentle flicking of tubes before incubation at room temperature for 15 minutes. Tubes were centrifuged at 1300
0rpm for 20 minutes to pellet DNA. Excess isopropanol was removed and the pellet was gently washed in 1ml 70% ethanol by inverting the tube several times. A further 20-minute centrifugation followed before ethanol was removed and the pellet air dried at room temperature for 15 minutes. Pellets were re-suspended in 50(l of dH20 and stored at 40C.

2.4 PCR screening for T-DNA insertion verification.
Genomic DNA was screened for T-DNA insertions by PCR using T-DNA and genome specific primers. Genomic primers used in this study were previously designed (Guo 2006) using the ‘SALK T_DNA verification primer design package’ (http://signal.salk.edu/tdnaprimers.2.html) (see appendix for full primer sequences). LBa1 primer (LB) is used as T-DNA specific. Left and right primers (LP and RP) were designed for genomic sequences at a set distance from the insertion site (Figure 4a). PCR performed for SALK line DNA using LP,RP and LBa1 primers results in a product of 900-1100 base pairs (bp’s) for wild type DNA (no T-DNA insertion); a product of 410 + N bp’s for homozygous SALK lines (T-DNA insertions in both chromosomes; N is 0-300bp’s) and both 900-1100bp and 410 + Nbp for heterozygous lines (T-DNA insertion in one chromosome only) (Figure 4b). 


PCR reactions to detect T-DNA insertion (LB + RP) and wild type (LP + RP) DNA were always ran separately due to similar melting temperature (Tm) for LP and RP primers. An additional PCR using LP and RP primers on known wild type DNA was included as a positive control in all reactions. 

PCR reaction:

1(l Genomic DNA

1(l Forward primer (5(M)

1(l Reverse primer (5(M)

4(l dH20

3(l Master Mix – containing – COMPANY

PCR conditions:

· 94oC 
1minute
Denature

· 35 cycles of

94 oC 
30 seconds
Denature

55 oC 
1 minute
Anneal 

72 oC 
1 minute
Extension

· 72 oC
5 minute
Extension

4 oC
For 
ever
Hold

PCR products were loaded directly on a 1% agarose gel containing 0.016mM ethidium bromide (COMPANY
). Product sizes (bp) were estimated with 3.5(l 1kb marker (COMPANY). Sample seperation was achieved by gel electrophoresis in TBE running buffer (MAKE UP) at 100 volts for 20 minutes. DNA bands were visualized using UV light.
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2.5  Preparation of media and seed sterilization. 

Agarose solidified medium (1x MS salts (COMPANY), 0.7% Agar, pH 5.7) was supplemented with 0.5% sucrose for root growth and germination experiments; a further addition of 160mM NaCl to media was included for experiments requiring a high salt concentration. Media was autoclaved before use and cooled to 500C before pouring to plates. Approximately 50ml of media was used per square plate for root growth observations and 30ml of media per Petri dish for germination experiments. 

For experiments in media seeds had to be sterilized immediately prior to sowing. Dry seeds were treated in 1ml 95% ethanol for 5 minutes and then in 1ml 50% bleach for one minute. Seeds were rinsed three times with dH20.

2.6 Germination assays.

Individual dry seeds were sown directly to soil, and were sterilized prior to sowing on 1x MS media and 1x MS media containing 160mM NaCl. For all germination experiments seeds underwent a 48-hour cold treatment at 40C before being placed in the growth room; germination was scored seven days later. At least 100 seeds were used in each analysis.

2.7 Root growth observations. 

Sterilized seeds were sown in a horizontal line on 1x MS media, plates were fixed vertically at a slight angle and placed in the growth room. Root growth was recorded after seven days. For root growth analysis in high salt medium, seedlings were transferred using fine tweezers from 1xMS media to 1xMS media + 160mM NaCl after seven days. Root growth on both normal and high salt media was recorded eight days later.

2.8 Seed abortion assay. 

Fully developed green siliques were removed from plants and placed in fixative (10% Acetic acid, 30% Chloroform, 60% EtOH) for at least 24 hours. Siliques were then mounted on slides in 150(l mounting media (CONTAINING) and cover slips were added. Siliques were observed under light field illumination.   

2.9 Leaf Spread Analysis

Leaf spread area in mm2 was estimated by threshold analysis 
of the visible leaf area in ImageJ (Abramoff 2004) using photographs taken from directly above plants. Images of lower leaves not visible from original photographs were recorded after the removal of upper leaves. Individual leaves were numbered (Figure 5a) and then removed from the plant and immediately flattened on clear adhesive plastic (COMPANY) (Figure 5b). Full leaf area was then estimated using ImageJ. Increase of leaf area upon flattening was estimated from the difference in leaf spread on plant and fully flattened as a percentage of original leaf spread on plant. The full leaf complement of two plants each from lines C, J and WT was analysed. 

2.10 Pollen tube growth analysis.

Male sterile A.thaliana A9
 stigmas were hand pollinated with pollen from C, J and WT lines. Pollinated stigmas were placed in fixative (10% Acetic acid, 30% Chloroform, 60% EtOH) one hour after pollination. This was repeated for a two-hour time interval. Stigmas were kept in fixative for at least 24 hours before treatment in 8M NaOH for 48 hours. Stigma’s were stained in 0.1% aniline blue in 108mM K3PO4 buffer (pH 11) for five hours and then mounted on slide in 15(l mounting media (CONTAINING). Cover slip was placed on slide and sealed with nail polish. Stigma’s were observed under fluorescence using a DAPI filter (MICROSCOPE). 
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3. Results. 

3.1 Identification of a PIKfyve-like gene family in green plants
.

Relatively little is known about the abundance and evolution of PIKfyve-like genes in green plants in comparison with other eukaryotes. (Lipid Ref). The evolution of FYVE domain containing genes, including PIKfyve-like genes, has been assessed within the A.thaliana genome (Ref), however evolutionary analysis has not been extended to consider PIKfyve–like genes across green plant species. 

Based on BLAST searches of At3g14270 and At4g33240 FYVE domain amino acid sequences, thirteen pro
teins were identified as PIKfyve-like (as determined by the presence of FYVE, tcp_chn160 and PIPKc domains) in green plants: Oryza sativa (rice) 8, Vitis vinifera (grapevine) 2, Medicago truncatula (Mediteranian legume) 1, Ph
ycomitrella patens (Moss) 1 and Chlamydomonas reinhardtii (green algae) 1, see appendix for protein description and GI numbers. Only sequences with greater than 50% identity were considered.

Amino acid sequence alignments reveal distinct FYVE domain regions within green plants to be conserved with those of mammalian PIKfyve and yeast Fab1 sequences (Fig. 6). Alignments reveal a number of Oryza sativa FYVE domains to be identical, extended amino acid sequences could resolve phylogenetic identity between these proteins, however for the purpose of an across plant comparison it was suitable to group identical O.sativa sequences into three distinct clades: A-C, D-G and H. Two PIKfyve-like proteins identified in Vitis vinifera (Grapevine) are named A and B for the purpose of this study. 

Neighbor Joining (NJ) and Maximum Parsimony (MP) analyses were performed for twelve FYVE domain sequences (Fig. 7). Phylogenetic trees reveal  
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mammilian PIKfyve and yeast Fab1 to be suitable outgroups. Both NJ and MP analyses show Arabidopsis PIKfyve-like genes, At3g14270 and At4g33240 to be contained within a clade including O.sativa genes A-C and Vitis V
inifera A; the positioning of O.sativa genes A-C within this clade differs between NJ and MP analysis although the higher bootstrap values in the NJ analysis suggests that O.sativa genes A-C are closely related to At3g14270. Neighbo
r joining analysis places the Chlamydomonas reinhardtii FYVE domain sequence as the most ancestral member in plants, as is expected for green algae. Maximum parsimony analysis conflicts with this, placing Medicago trunculata as the more anscesteral sequence. 

Due to the differences in MP and NJ analysis a powerful Maximum likelihood analysis was performed. The mammalian PIKfyve outgroup was used to root the ML 
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phylogram (Fig. 8). The rooted tree depicts Arabidopsis PIKfyve-like genes within a small clade concurrent with NJ analysis (Fig x a dotted line).

There is still confusion over ancestral plant PIKfyve-like genes as ML analysis places O.sativa genes D-G and H as ancestral to Chlamydomonas reinhardtii. However due to the ancestral nature of green algae to plants it can be concluded that the NJ analysis (Figure xb) depicts the most likely evolutionary scenario for PIKfyve-like gene evolution in plants.

All three analyses are suggestive of a number of gene duplication and loss events in a plant PIKfyve-like gene family. Importantly a relatively recent duplication event in an ancestor common to A.thaliana, O.sativa and V.vinifera seems to account for the occurrence of the two Arabidopsis PIKfyve-like genes (Figure x dotted line).  

3.2. Single Homozygous PIKfyve-like g
ene analysis: lines C and J. 

Expression levels for the two A.thaliana PIKfyve-like proteins
 were compared using expression data published in GENEVESTIGATOR (Zimmermann et al., 2004). At3g14270 and At4g33240
 gene transcripts are found in all plant tissues (Appendix). At3g14270 (C) gene expression was highest in the root hair zone, pollen and stamen. High expression in pollen caused probably caused an overrepresentation of At3g14270 transcript detection in stamen
. At4g33240 (J) showed high expression levels in pollen, seed and the scenescent leaf, although general expression levels for At4g33240 were much lower than those of At3g14270 (see appendix).A full phenotypic analysis of T-DNA insertion knock-out lines C (At3g14270) and J (At4g33240) was undertaken with particular reference to regions of high gene expression. See project planning appendix.
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3.21 Homozygous T-DNA insertions are confirmed for PIKfyve-like genes.



Homozygous T-DNA insertions were confirmed in six plants for line C (At3g14270) (Fig .9a) and six plants for line J (At4g33240) (Fig. 9b).
3.22 T-DNA insertion lines show strong
 germination. 

Seed germination was assessed for lines C and J in soil, 1x MS media and 1x MS media containing 160mM NaCl (Table 2). Lines C (95.3%) and J (97.5%) germinated well on soil compared to WT (90%)
. When sown onto 1xMS media supplemented with sucrose, seed germination percentage increased to close to 100% for C, J and WT lines. There is a slight reduction in germination percentage uniform to all plant lines investigated upon the introduction of 160mM NaCl to MS media, indicating that germination for lines C and J is not specifically affected under osmotic stress.

	Line
	Soil (germination %)
	1xMS Media

(germination %)
	1xMS Media + 160mM NaCl (germination %)

	C
	95.3
	98
	96

	J
	97.5
	100
	94

	WT
	90.0
	98
	96


 Table 2. Germination rates for T-DNA insertion knock out lines. A minimum of one hundred seeds were analysed for each line. 

3.23 Osmotic stress induces cotyledon leaf curling in mutant line C.


Seedling phenotype was assayed after seven days growth on normal and high salt (160mM NaCl) MS media supplemented with sucrose. A normal wild-type like phenotype was observed for lines C and J seedlings on 1x MS media (Fig. 10a). A uniform reduction in seedling growth was observed for C, J and WT lines in 160mM NaCl MS media (Fig. 10b). In addition there was a dramatic curling of cotyledon leaves observed in line C compared to WT in high salt media and to that of cotyledon leaf spread for line C in 1x MS media (Fig. 10b).

3.24 A reduction in root branching is observed in line C. 


Seeds were sown onto vertical 1x MS media plates to assess root growth. There was no immediate difference in root hair production or length in the primary root for lines C, J and WT (Fig. 11a). Lateral roots were allowed to develop and seedling root systems were analysed after twelve days. Line C showed a reduction in root branching compared to lines J and WT even though primary roots showed near equal growth and seedling size was largely similar across all three lines (Fig. 11b). Mean branching events were scored for each line: C = 8, J = 13 and WT =15
. T-test analysis reveal a significant difference in branching events between lines C and WT  (t value: 4.6014, degrees of freedom: 7, p value: 0.0025). T-test analysis of J vs WT revealed no significant difference in branching events (t value: 1.1892, degrees of freedom: 7, p value: 0.2731). Indicating a significant reduction in root branching in line C, but not J, in comparison to WT.


Root growth was also assessed under osmotic pressure induced by high salt concentrations. Seedlings were transferred from 1xMS media to media containing 160mM NaCl after one week of growth. Branching was scored eight days later. Overall seedling growth was restricted across all lines compared to controls in 1x MS media and a reduction in root branching is observed for line C seedlings compared to lines J and WT, similar to that of 1x MS media. Mean number of branching events per seed: C = 3.8, J = 6.2 and WT = 6.  T-test analysis for branching event frequency in C vs WT lines reveals a significant difference in branching events (t value: 3.3166, degrees of freedom: 8, p value: 0.0106). T-test analysis of J vs WT reveals no 
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significant difference in branching events (t value: 0.2722, degrees of freedom: 8, p value: 0.7924). It can be concluded that high NaCl concentration does not specifically affect the root growth of either lines C or J
.

3.25 A reduction in leaf spread in observed in lines C and J.

Due to the leaf curling phenotype observed in line C cotyledon leaves under osmotic stress (Figx b), leaf phenotype was monitored closely throughout plant lifecycle. A reduction in leaf spread is seen for line C when compared to wild type plants after four weeks of plant growth (Fig. 12). A more subtle reduction is noted for line J (Fig x). Accurate measurements of leaf spread were used to estimate the extent of leaf curling in lines C, J and WT (See materials and methods 2.9) 
This procedure was completed for two plants each from lines C, J and WT and measurements were collected for a minimum of 30 leaves (Appendix). Leaf curling was determined through the percentage increase in leaf area upon flattening. Average leaf areas and percentage increases (Table 3) indicate a marked increase in leaf area 

for both lines C (47.23%) and J (32.79%) compared to WT (21.19%). 

	Line
	Leaf area on plant
 mm2
	Full leaf area mm2
	Increase in area (%)

	C
	84.86
	127.01
	47.23

	J
	102.75
	143.10
	32.79

	WT
	96.26
	119.33
	21.19


Table 3. Leaf spread analysis. All measurements are averages from at least thirty leaves. Area increase is calculated from the difference in leaf area on plant and full leaf area upon flattening as a percentage of the original leaf area on plant.  

A natural degree of leaf curling is expected in wild type leaves and T-test analysis was performed to confirm a statistically significant difference in leaf curling for mutant and wild type plants. T-tests reveal a statistical difference at the 5% significance level between leaf spread in WT and C plants (two tailed t-test P value: 
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0.0045. t value: 2.9517. 60 degrees of freedom), and between WT and J plants (two tailed t-test P value: 0.0282. t value: 2.2486. 60 degrees of freedom). T-test comparison of leaf spread in lines C and J do not reveal a significant difference (two tailed t-test P value: 0.1125. t value: 1.5659. 62 degrees of freedom), however results do suggest that line C displays greater leaf curling phenotype than that of line J. Average percentage increase in leaf area upon flattening is 14.44% greater in line C than line J across thirty-two leaves (Table 3). A more obvious leaf curling phenotype can be observed by eye (Fig. 12) and line C is the only line where a leaf curling phenotype is observed  under high salt conditions in seedlings (Fig.10b).
3.26 A slight reduction in life cycle progression is identified in lines C and J.


Reduced root branching and an increased leaf curling phenotype in line C did not seem to affect overall plant health compared to lines J and WT. All plants grew to comparable heights and successfully completed a full life cycle, however WT plants appeared to reach later parts of the life cycle slightly before both lines C and J suggestive of a slight retardation of growth rate in homozygous T-DNA insertion lines. This was particularly evident during growth of the inflorescence (Fig. 13). In addition at the end of the life cycle it was noted as a casual observance that line J siliques on the whole appeared to senesce slightly before those of line C (data not shown). Indicating a slightly quicker progression through the life cycle for plants in line J compared to line C.

[image: image18.png]Atsgisarn Rt R ook
Crapevinen CRLccvR oo
oo SO CRVECAK:
Capevines e R oo
Frore Sooc e oRERCok

Greennlgse cRECoRTEcon
ity ciicogeRcoRscnor
Far G 4 A CRECoRERG: -3cTLL

uler 1 1 u a0 a0 s &





.  
3.27 Pollen tube formation and growth appear normal in lines C and J.


Restricted pollinations were performed on the stigmas of male sterile  A9 A.thaliana plants with pollen from C, J and WT plants. A9 stigmas were fixed at one and two hour timepoints to assess pollen tube formation and growth. In all three lines pollen tubes are shown to form correctly and grow down through the central part of the stigma (Fig. 15). Ovaries of comparable distance from the site of pollen attachment are fertilized after one hour in WT and J lines (Fig. 15a). Although no preparations were gathered 
that specifically show pollen tubes gaining access to ovaries for line C, strong pollen tube growth observed in figure 15b and the production of viable seed from self-pollination with C indicate successful fertilization.

3.28 Phenotypic comparison with line H: an Arabidopsis CHMP2 orthologue 

Prior work has identified a reduction in leaf spread for an ESCRT component homologue in Arabidopsis thaliana (Guo 2006). To identify if this reduction was due to leaf curling WT, H and C plant lines were compared after three weeks of growth. Line H plants are comparably smaller 
than line C and WT after three weeks (Fig. 16). Suggesting an increased reduction in life cycle progression than that observed for line C. Line H plants also demonstrate a subtle leaf curling phenotype although this is not as dramatic as that observed for line C 
(Fig. 16).
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3.3 Double homozygous PIKfyve-like gene analysis: line C x J. 

Lines C and J had previously been crossed and F1 seed produced and stored. F1 plants were grown and confirmed as heterozygous for both C and J T-DNA insertions (Fig. 16). 

Gametes produced by F1 plants were analysed for aberrant phenotype 
and plants were allowed to self fertilize in an attempt to produce a double homozygous plant line for C and  J in the F2 generation. 

Steve I would insert here a very brief overview of what has gone before…I would mention that a double mutant could not be isolated previously…sample size etc could be the issue although a potential problem may be seed/ embryo lethality in double mutant progeny
3.31 Seed abortion assays reveal healthy ovules in F1 plants.

Ovule viability was assessed in F1 siliques. Female gametes produced by the F1 generation have a 1 in 4 chance of containing T-DNA insertions in both C and J 


Move figure 16 into the correct section…make sure all figures are in logical position in your final version
alleles (Fig. 17) Undeveloped ovaries or seed abortion results in a gap present in the seed complement of the silique, see

figure 18. A total of 13 gaps in 604 seeds were identified over 9 F1 siliques (Table 5), (for individual silique scores see appendix). 
	Line
	Average number of seeds per silique
	Total no of seeds observed
	Total number of gaps observed

	F1
	67.11
	604
	13

	WT
	70.5
	564
	5


Table 5. Gap occurrences in F1 and WT siliques.

5 gaps were found for 564 wild type seeds in 8 WT siliques. All gaps in F1 siliques were further investigated to identify the point of seed or ovary
 
abortion. In each case an undeveloped ovary 
was identified (Fig 18b) indicating that the ovary did not progress to form a seed, similar to the situation observed in wild type plants (data not shown). 95% confidence intervals (CI’s) were calculated for the proportion of gaps observed in each line, WT and F1, and also for the proportion of gaps for a 1/16 seed abortion rate that equates to the expected numbers of double homozygous mutant seeds (Table 6).

	
	Total number of seeds

(N)
	Proportion of gaps

(P)
	Estimated Standard Error

(((P-(1-P))/N)
	95% Confidence Interval

P ( 2* e.s.e

	WT progeny
	564
	0.0089
	0.0039
	(0.0010, 0.0165)

(0.55, 9.33)

	F1 progeny
	604
	0.0182
	0.0054
	(0.0073, 0.0291)

(4.42, 17.56)

	Expected F1 progeny for 1/16 non-viable seeds.
	604
	0.0629
	0.0099
	(0.0431, 0.0827)

(26.06, 49.94)




Table 6. Generation of 95% confidence intervals for gap proportions. 

The 95% confidence interval proportions applied to a number of 604 seeds indicate that for WT between 0.55 and 9.33 gaps are expected. For F1 siliques betwen 4.42 and 17.56 gaps are expected. An overlap in WT and F1 C.I’s indicates no significant difference in the proportion of gaps in F1 and WT progenies. The 95% C.I for the predicted number of gaps for a 
double homozygote lethal phenotype (ccjj - 1/16) indicates that between 26.06 and 49.94 seeds would be expected in a total of 604; this is significantly higher than the CI calculated for F1 siliques. Results confirm no phenotypic difference for ovule and seed development in the F2 progeny compared to WT.

3.32 Pollen viability assays reveal …….in F1 plants.

Fig. 19

3.33 Normal seed germination levels are observed in F1 and F2 generations.

Germination of F1 and F2 seeds was compared to WT on soil and 1x MS media supplemented with sucrose. F1 seeds germinate well compared to wild type (Table 4). F2 seeds show a slight reduction in germination in soil compared to wild type, however they show strong germination (100%) on 1x MS media with sucrose. Indicating healthy germination levels in the F2 generation.

	Line
	Soil (germination %)
	Media (germination %)

	F1
	98
	96

	F2
	86
	100

	WT
	92
	98


Table 4. Germination rates for F1 and F2 PIKfyve-like gene generations. 

3.34 Segregation analysis of PIKfyve-like genes in the F2 generation.


Assuming no genetic linkage for genes C and J 
due to their positions on distinct chromosomes it can be assumed that F2 plant genotypes will follow mendelian genetics. There will be four possible haploid genotypes for both pollen and ovaries: CJ, cJ, Cj, and cj. When crossed these will produce nine possible F2 genotypes (Fig. 17). There is a predicted one in sixteen chance of producing a double homozygote for alleles C and J
Forty-eight plants were genotyped in an effort to identify a plant homozygous for T-DNA insertions in both C and J genes. Segregation results are shown for double and single genotypes
 in table 7. Although three double homozygote mutants (ccjj) were expected none were recovered. Plants homozygous for one gene and heterozygous for the other were viable and grow well (Ccjj – 2) and (ccJj – 5). Chi-squared analysis (((O-E)2/E where O = observed and E = expected) for segregation 


of double genotypes
 reported a p-value of 0.2478, indicating that there is no statistical difference between the observed and expected frequencies.  


Chi squared tests for single gene segregation in the F2 population shows that C (p-value 0.5698) and J (p-value 0.1245) as expected follows mendelian genetics, although importantly it should be noted that the values for homozygous J (jj) mutants were lower than expected (Table 7)
.  
	Genotype
	Expected
	Observed
	Chi-squared value

((O-E)2/E

	
	C & J
	
	

	CCJJ
	3
	3
	

	CCJj
	6
	6
	

	CcJJ
	6
	10
	

	CcJj
	12
	13
	

	CCjj
	3
	5
	10.252

	Ccjj
	6
	2
	

	ccJJ
	3
	4
	

	ccJj
	6
	5
	

	ccjj
	3
	0
	

	
	C
	
	

	CC
	12
	14
	

	Cc
	24
	25
	1.125

	cc
	12
	9
	

	
	J
	
	

	JJ
	12
	17
	

	Jj
	24
	24
	4.167

	jj
	12
	7
	


Table 7. Segregation analysis for F2 genotypes.  Expected values calculated for 48 plants.

3.35 Subtle variations in plant growth rate in the F2 generation.

Due to the reduced growth rate observed for lines C and J compared to WT (Fig. 13) it was decided to analyse relative growth rates within the F2 generation. A subtle difference in plant size is observed between plants with three or four wild type alleles across the two PIK-fyve genes and plants with one or two wild type alleles (Fig. 20). This is suggestive of an effect of PIK-fyve-like gene transcript levels on plant growth rate.    


4. Discussion 
CHMP2 Line H showed low leaf spread

PIKfyve Line C shows low leaf spread

CHMP2 = VPS24

PIKfyve = PIKfyve 

VPS24 – induces vacuolation in COS cells 

· induces reduction of leaf spread

PIKfyve – induces vacuolation in COS cells 

· induces reduction in leaf spread

Now that the leaf curling phenotype is known, it would be good to go back and screen lines K I etc for any degree of curling

Speak about how different the genes are localized and so wouldn’t have an effect on each other in the F2  progeny.

Leaf morphology altered in CHMP1 homologue in Nicotiana benthamiana (Yang et al 2004)
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Figure 1. The mammalian endosomal pathway and phosphoinositol species generation (Adapted from � ADDIN EN.CITE <EndNote><Cite><Author>Di Paolo</Author><Year>2006</Year><record><dates><pub-dates><date>Oct 12</date></pub-dates><year>2006</year></dates><keywords><keyword>Animals</keyword><keyword>Cell Membrane/ metabolism</keyword><keyword>Endocytosis</keyword><keyword>GTP Phosphohydrolases/metabolism</keyword><keyword>Golgi Apparatus/metabolism</keyword><keyword>Humans</keyword><keyword>Phosphatidylinositols/ metabolism</keyword><keyword>Signal Transduction</keyword></keywords><isbn>1476-4687 (Electronic)</isbn><titles><title>Phosphoinositides in cell regulation and membrane dynamics</title><secondary-title>Nature</secondary-title></titles><pages>651-7</pages><number>7112</number><contributors><authors><author>Di Paolo, G.</author><author>De Camilli, P.</author></authors></contributors><edition>2006/10/13</edition><language>eng</language><ref-type>17</ref-type><auth-address>Department of Pathology and Cell Biology, The Taub Institute for Research on Alzheimer&apos;s Disease and the Aging Brain, Columbia University Medical Center, New York, New York 10032, USA. pietro.decamilli@yale.edu</auth-address><rec-number>49</rec-number><accession-num>17035995</accession-num><electronic-resource-num>nature05185 [pii]10.1038/nature05185 [doi]</electronic-resource-num><volume>443</volume></record></Cite></EndNote>�(Di Paolo and De Camilli, 2006)� and � ADDIN EN.CITE <EndNote><Cite><Author>Shisheva</Author><Year>2008</Year><record><dates><pub-dates><date>Jan 25</date></pub-dates><year>2008</year></dates><isbn>1065-6995 (Print)</isbn><titles><title>PIKfyve: Partners, significance, debates and paradoxes</title><secondary-title>Cell Biol Int</secondary-title></titles><contributors><authors><author>Shisheva, A.</author></authors></contributors><edition>2008/02/29</edition><language>Eng</language><ref-type>17</ref-type><auth-address>Department of Physiology, Wayne State University School of Medicine, Detroit, MI 48201, USA.</auth-address><rec-number>42</rec-number><accession-num>18304842</accession-num><electronic-resource-num>S1065-6995(08)00023-1 [pii]10.1016/j.cellbi.2008.01.006 [doi]</electronic-resource-num></record></Cite></EndNote>�(Shisheva, 2008)�).


(a) Schematic depicting membrane transport between compartments of the endosomal pathway in eukaryotes. Vesicles bearing cargo originate from the early endosome and can be recycled, targeted to MVB (multivescular bodies) or the TGN (trans-golgi network). Vesicles containing cell surface proteins labeled for degredation are targeted to the late endosome for delivery to the lysosome. Bold green arrows indicate pathways that require PIKfyve function. (b) Schematic indicating pathways for the generation of mono, bi and tri phosphorylated phosphoinositol species. Dashed arrows demonstrate reactions observed in-vitro only. Bold green arrows show reactions synthesized by PIKfyve.








Figure 14. Line H plants show reduced growth and slight leaf curling compared to wild type.


Line H plants are homozygous for CHMP2 allele. Picture taken 3 weeks after seed germination. 
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Figure 12. Leaf curling phenotype in mutant lines C and J.


Dramatic leaf curling can be seen in line C (left) compared to WT in plants four weeks of growth after germination. More subtle levels of curling is observed for line J  leaves (middle).





Figure 5. Leaf spread analysis. 


(a) Leaves are catalogued on the plant and visable leaf area is estimated. (b) Leaves are then removed from the plant at the base and flattened to estimate full leaf area. Leaf areas are estimated using image J.





Figure 4. Primer design for T-DNA insertion analysis. 


(a)





Figure 18. Identification of ‘gaps’ in F1 silique seed complement.


Siliques photographed using light field microscopy do you mean bright field? Also make clear this was a dissecting scope…model number etc. (a) Complete WT silique with full seed complement. (b) F1 silique with three gaps as indicated by arrows. Under higher magnification an undeveloped ovary is observed at one gap location. 





Figure 16. Confirmation of heterozygous T-DNA insertions for the C and J in the F1 generation by PCR verification. More info required here to understand the figure





Figure 17. Expected F2 progeny from F1 plant heterozygous for T-DNA insertions (CcJj). Capital case letters indicate wild type alleles. Lower case letters indicate mutant alleles containing a presense of T-DNA insertion in the gene. 





(b)





(a)





Figure 13. Lines C and J show a reduced rate of progression through the life cycle. 


Plants with homozygous T-DNA insertions for PIKfyve-like genes show a reduced progression though the life compared to WT. This is eEvident here during the production of the influorescence five weeks after germination. All plants eventually grew to the same size.








Figure 9. Confirmation of homozygous T-DNA insertions for lines C and J by PCR screening. Plants 1-6 of line C (a) and 1-6 of line J (b) were confirmed as homozygous for T-DNA insertions due to an absence of a PCR product for WT DNA. WT samples were used as a positive control for DNA primers. 





Figure 11. Root growth analysis reveals a reduction in root branching in line C. (a) Root hair production and growth appears normal in lines C and J compared to WT after seven days of growth in 1x MS media supplemented with sucrose. (b) Root branching events are reduced in line C compared to line J and WT after fourteen days. Mean number of branching events per seedling are recorded for each line (M). 





Figure 10. Line C cotyledon leaves show leaf curling when grown under high salt conditions. Seedling phenotype was assessed after seven days growth on either normal, 1xMS media, or high salt, 1x MS media + 160mM NaCl. Seedlings show healthy growth on 1xMS media in all plant lines. Line  C seedling cotyledon leaves show a high level of curling in high salt media compared to line J and WT.  





Figure 8. Maximum Likelihood analysis confirms a conserved A.thaliana gene containing clade in plants. Maximum likelihood tree was rooted by mammalian PIKfyve FYVE domain sequence. A.thaliana genes are grouped in a small clade (dotted rectangle) similar to that observed in NJ analysis. 





Figure 7. Phylogenetic analyses identify a PIKfyve-like gene family in plants. 


(a) Neighbor Joining (NJ) phylogenetic tree reveal yeast Fab1 and mammalian PIKfyve to be suitable outliers and places the green algae Chlamydomonas reinhardtii as ancestral in a plant PIKfyve-like gene family. A.thaliana PIKfyve-like genes show relatively recent divergence and form part of a strong clade with O.sativa A-C and Vitis vinifera A genes (dotted rectangle). (b) Maximum parsimony (MP) phylogenetic tree places A.thaliana genes in a similar clade to NJ (dotted rectangle). MP places Medicago trunatula FYVE domain as ancestral to the plant gene family. Generally bootstrap values are lower for MP analysis than NJ.





Phylogenetic trees were constructed with 10000 bootstrap repeats and bootstrap percentages can be seen in red.








Figure 3. T-DNA insertion and primer design in Arabidopsis Fab1-like genes.


Black arrows indicate the position and direction of primers used for DNA genotyping of plant lines. Red arrows indicate the position and direction of primers used in RT-PCR experiments for knock out verification. Primer sequences are listed in the appendix.





Figure 2. Functional domains of the PIKfyve and Fab1 proteins.


Schematic showing the positions of conserved functional domains for phosphinositol binding and synthesizing orthologues PIKfyve and Fab1. The FYVE domain targets enzymes to membranes, Cpn60_TCP1 is involved in regulatory interactions with protein partners and the C-terminal PIP5K is central to lipid kinase activity. The DEP domain is an evolutionary acquirement of higher eukaryotes with unknown function. CHK-Hom is a region of enriched Cysteine, Histadine and Lysine that shows some sequence homology to cytoskeletal proteins. 





Figure 15. Pollen tube growth is observed for lines C and J by immunofluorescence detection of …..stained A9 anthers.


(a) Pollen tubes are shown to correctly form and fertilise ovules at similar distances from pollen one hour after pollienation in line J and WT. (b) Line C shows strong pollen tube growth towards female ovaries two hours after pollenation. All images taken at 10x magnification.





Figure 6. Multiple alignments of FYVE domain amino acid sequences.


Alignments show Arabidopsis and other plant PIKfyve like FYVE domain protein sequences to demonstrate good levels of conservation with PIKfyve and Fab1 proteins. Green plants share a highly conserved HHCRXCGRVFC cluster. Amino acids conserved across all species are denoted *.
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Figure 20. Subtle differences in growth rate are observed in the F2 generation.


Plants 4-7 (2 or 3 T-DNA insertion alleles) appear to grow at a slower rate than plants 1-3,8 and 9 (0 or 1 T-DNA insertion allele).
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�Sentence structure poor…rewrite..cant start a sentence ‘Suggesting..’


�Steve it is not immunofluorescence as no antibody was used. Aniline Blue stained pollen tubes visualized by UV microscopy


Also can you put a few arrows on the image for line C indicating the spread of pollen tubes entering the chamber of the ovary


�Don’t like this title. How about something like ‘Attempted isolation of a PIKfyve-like double mutant in A. thaliana:CxJ F1 and F2 analyses


�This needs expanding on as it is not clear what you mean or did


�C and j are not the genes but the lines..give gene names


�ovule


�These are not ovarys but ovules…check through and correct all


�Ovule – correct throughout


�Expand this sentence to explain more clearly..have to state that if the double lead to seed abortion we would expect etc


�Need some indication of the actual numbers of seeds used in this study


�State on which chromosomes they reside and use the word mendelian genetics somewhere


�Not clear what this means…reword


�Insert what this genotype would be…this section needs to be made very clear particularly as it is so important in this report


�Why is there not an analysis for just the double mutant? Is this due to the numbers being too low? Need to make this clear.


�Make the lines clearer in the table so the different categories stand out more


�The chi squared data in this table is not useful in the current form as it does not tell us anything


�I guess this section is not finished yet. Could you make sure that you refer closely to the figure that shows this to guide the reader.





