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(ABSTRACT) 

 
 

Dodders (Cuscuta spp.) are parasitic plants that live by tapping into the vascular tissue of 

a host plant.  Contents of the host phloem translocate readily into the parasite, and shared 

plasmodesmata have been documented between host cortical cells and dodder searching 

hyphae.  Dodder is known to transmit viruses from one host to another, which is 

consistent with viral ability to traverse plasmodesmata (PD) with the aid of movement 

proteins (MPs).  Plant endogenous mRNAs may also associate with specific proteins to 

pass through PD and traffic long distances in the phloem, a process that appears to play a 

role in coordination of development.  We have evaluated the hypothesis that dodder is 

able to accumulate host phloem-mobile mRNAs by assaying lespedeza dodder (C. 

pentagona) for the presence of host transcripts.  Reverse transcriptase PCR (RT-PCR) 

and tomato microarrays were used to probe RNA from dodder parasitizing tomato.  

Transcripts from four tomato genes were detected in dodder grown on tomato, but were 

not detected in control dodder grown on other hosts.  Notable among these was LeGAI, a 

transcript previously shown to be phloem translocated.  In addition, RT-PCR of RNA 

from dodder grown on pumpkin detected three mobile pumpkin mRNAs (CmNACP, 

CmSUTP1, and CmWRKYP).  These results imply the existence of an extraordinary 

situation in which mobile mRNAs move from one plant into another, and raise questions 

about the role of this phenomenon in plant development and parasite pathogenicity.  
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CHAPTER I: 

Review of Literature 



I.1 PARASITIC PLANTS: Cuscuta  

I.1.1 Introduction 

Cuscuta spp. (dodders) are parasitic plants that are marked by rapid, spreading growth 

that establishes a stranglehold on their host plants.  Dodder species are found on nearly 

every continent, and display diversity in size and color, yet all dodders share close 

connections with the vascular system of the host.  They rely on their hosts for all water 

and nutrients, and crops parasitized by dodders have reduced yields.  Although dodders 

are an agricultural weed, they are also interesting organisms and have been used for the 

study of plant virus host specificity.  The connections formed between dodder and its 

host are capable of transmitting viruses and dodder can be used to transfer virus from 

one host to another. 

 

I.1.2 Distribution and Host Range 

Dodders are obligate stem parasites with limited photosynthetic ability that become 

dependent upon a host for water and nutrients a few days after germination (Press and 

Graves, 1995).  Once established on a host, the dodder root senesces and the plant 

consists of a thin, yellow-orange stem that twines around host leaves and stems (Fig. 1).  

A single dodder plant can form many attachments to a host plant, and is capable of 

parasitizing different species at once. 

 The host-range of dodder is relatively broad.  Although dodder species show 

some host preferences, hosts are found in a diversity of plant families, including but not 

limited to Compositae, Cruciferae, Cucurbitaceae, Fabaceae, Solanaceae, Umbelliferae, 

and Vitaceae (Parker and Riches, 1993).  Dodders are members of the Convolvulaceae 
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family and may parasitize autotrophic relatives.  The generally do not form successful 

attachments to grasses.  Dodders are destructive weeds and can cause total losses in a 

wide range of economically important crops (Parker and Riches, 1993).  Control of 

dodder is difficult once plants are established, but selective herbicides can be used 

effectively prior to host attachment. 

 

I.1.3 Host Connections 

Parasitic angiosperms are a diverse group of organisms, but they all have in common a 

specialized organ called a haustorium, which penetrates the tissues of a host plant and 

transfers water and nutrients (Kuijt, 1983).  Some parasitic plants have haustoria that 

form connections only with a host’s xylem, while others form connections with both 

phloem and xylem.  Dodder is among those that connect to both vascular tissues. 

 The development and anatomy of dodder haustoria have been well characterized.  

Shoots of dodder seedlings locate a host by rotating in a circular, anti-clockwise motion.  

Once a host is contacted, the dodder stem wraps tightly around the stem of the host plant 

and exudes cutin, which allows it to adhere to the stem of the host (Parker and Riches, 

1993).  The first structure in haustorial development, termed the lower haustorium, 

develops as a peg from the dodder stem and penetrates host tissue with the aid of 

enzymes that break down cell wall connections (Vaughn, 2002).  Cells then begin to 

elongate from the lower haustorium and grow toward the host phloem and xylem.  These 

cells, termed searching hyphae, grow invasively into the host, appearing to penetrate host 

cells, but in fact they are encased by a thin host cell wall that forms along the hyphae 

(Vaughn, 2003).  Searching hyphae may encounter three possible developmental fates.  
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The first occurs when connections are made with the host xylem, inducing the hyphae to 

develop as a xylem element.  Second, hyphae may differentiate into cells that are similar 

to sieve elements after contacting host phloem.  Third, hyphae may remain 

parenchymatous, and these seem to have an insignificant role in nutrient acquisition 

(Kuijt, 1983). 

 

I.1.4 Macromolecular Movement between Host and Parasite 

A well-known functional aspect of the connections between dodder and a host plant is 

the transmission of viruses.  A single dodder simultaneously parasitizing two plants may 

transmit plant viruses from an infected plant to a non-infected plant (Bennet, 1940; 

Johnson, 1941; Bennet, 1944; Hosford, 1967).  First reported by Bennett (1940), dodder 

growing on curly-top virus-infected beet and Turkish tobacco acquired viral 

concentrations similar to those of the infected plants and the virus was transferred from 

infected to non-infected plants.  Hosford (1967) reviewed 56 viruses reported as 

transmitted by dodder, involving multiple host species. 

 A more recent study shows evidence of other macromolecular trafficking between 

a host plant and dodder.  The movement of carboxyfluorescein (CF), a phloem-specific 

dye, from a host plant to dodder was monitored in dodder parasitizing Pelargonium 

zonale, Vicia faba, and Nicotiana tabacum (Birschwilks et al., 2006).  They found that 

CF moves not only from host to dodder, but from dodder injected with the dye into its 

host.  Furthermore, evidence for the movement of radioactively-labeled compounds, as 

well as a virus, provided strong support for the translocation of phloic compounds.  An 

earlier study also found that CF was transferred to dodder (Haupt et al., 2001). In 
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addition, they found that transgenic tobacco plants expressing the green fluorescent 

protein (GFP) under control of a companion cell-specific promoter transmitted the 

protein to dodder, suggesting that the trafficking of macromolecules between host and 

parasite is possible.  Considering this evidence, it may be hypothesized that mobile 

genetic material is also transferred between host and parasite. 

 

I.2 PARASITIC PLANTS: Orobanche aegyptiaca 

 Orobanche aegyptiaca (Egyptian broomrape) is an obligate root holoparasite that 

subsists on many economically important crop plants, primarily in the Mediterranean 

Basin, Middle East, Eastern Europe, and parts of Asia.  Broomrape thrives on a wide 

range of host plants including members of the Solanaceae, Cucurbitaceae, Cruciferae, 

Compositae, Leguminosae, and Umbelliferae families (Parker and Riches, 1993; Press 

and Graves, 1995).  A major portion of broomrape’s life cycle occurs underground 

where it germinates and forms connections with the roots of a host plant.  A germinated 

broomrape seed produces a radicle, which must contact a host root to allow further 

development.  The radicle stops elongating once it reaches the host root and the cells at 

the tip of the radicle begin to differentiate into a mass of papillate cells that serve as the 

attachment organ (Joel and Losner-Goshen, 1994).  The cells of the attachment organ 

secret a mucilaginous-like substance which allows the attachment organ to attach to the 

host root (Joel and Losner-Goshen, 1994).  It then secretes pectolytic enzymes (pectin 

methyl esterase and polygalacteronase) that digest connections between host cells and 

aid in the penetration of the host root (Losner-Goshen et al., 1998).  After penetration of 
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the host, broomrape pushes aside host cells until connections with the phloem and xylem 

are established. 

Anatomical evidence shows that the sieve-tube elements of broomrape and its 

host are in direct contact (Dorr, 1996).  Furthermore, a study done by Hamamouch et al. 

(unpublished results) using GFP (27 kDa) suggested protein movement between host and 

parasite.  They also showed the movement through xylem connections of 10-70 kDa 

dextrans tagged with Texas red from a host to broomrape.  The results of these studies 

showed that broomrape maintains connections with the phloem and xylem of the host 

plant, and that the parasite may take in large molecules from the host. 

 Comparative studies between dodder and broomrape will provide information 

relevant to the differences between host-parasite connections.  Dodder and broomrape 

both form phloem connections, but we have detected differences in how the parasites 

access host resources.  We were unable to detect pumpkin transcripts in RNA extracted 

from broomrape grown on pumpkin using reverse transcriptase PCR (RT-PCR) analysis, 

but we have detected transcripts from both tomato and pumpkin in dodder grown on 

these hosts.  Therefore, this thesis focuses on the trafficking of RNA between hosts and 

dodder. 

 

I.3 CELL-TO-CELL AND SYSTEMIC MOVEMENT OF MACROMOLECULES 

I.3.1 Introduction 

Long-distance transport of macromolecules appears to follow the same paths as 

metabolites and other small molecules.  Movement from cell-to-cell occurs through 

membrane lined structures called plasmodesmata (PD).  Whereas small molecules may 
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pass freely through PD, large molecules such as mRNA are regulated by PD.  Because 

PD are also the gate-keepers for entry into sieve elements, an understanding of 

intercellular trafficking through PD is essential to understanding the movement of 

phloem mobile mRNA. 

 

I.3.2 Plasmodesmata and Intercellular Trafficking  

Communication and sharing of materials between plant cells is made possible through 

PD, whose structure and function have been outlined in several reviews (Ghoshroy et al., 

1997; Aaziz et al., 2001; Ruiz-Medrano et al., 2004).  Structurally, PD are membrane-

lined channels that pass through the cell wall to interconnect adjacent cells.  A tube of 

endoplasmic reticulum (ER) passes through the PD.  There are two types of PD—

primary and secondary.  Primary PD arise during cell division while secondary PD are 

formed from existing cell walls, and PD can be simple or branched (Ghoshroy et al., 

1997). 

 In addition to allowing passage of small molecules, PD may allow the trafficking 

of macromolecules from one cell to another, and this process is complex and highly 

regulated.  Normally, PD have small channels that allow passive transport of only small 

molecules.  The normal size exclusion limit (SEL) of PD is approximately 800 daltons 

(Ghoshroy et al., 1997; Van Bel et al., 2002).  However, larger molecules, such as 

mRNA-protein complexes, may traffic through PD (Lucas and Lee, 2004).  
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I.3.3 Movement Proteins and RNP Complexes  

Much of our understanding of endogenous RNA trafficking in plants is based on studies 

of viral movement.  Plant viruses encode non-structural proteins, called movement 

proteins (MPs), which act to facilitate the movement of virus particles from cell-to-cell 

(Carrington et al., 1996).  The MP increases the SEL of PD to allow the passage of virus 

particles.  One well-studied example of a MP is a 30-kDa protein (P30) of tobacco 

mosaic virus (TMV) which was first described by Deom et al. (1987).  This protein 

associates with TMV RNA and acts to increase the SEL of PD to allow transport of the 

RNA-protein complex from cell-to-cell (Ghoshroy et al., 1997).  Many other MPs have 

been characterized from various other plant viruses, and may act upon PD in the same 

way (Lucas, 2006). 

 The movement of endogenous RNA from cell-to-cell also requires association 

with specific movement proteins called NCAPs (non-cell-autonomous proteins).  Lucas 

et al. (2001) proposed that mobile mRNAs contain cis-elements that are recognized and 

bound by a group of proteins that are nucleotide-specific and serve to target the mRNA 

by providing a “zip code”.  These proteins facilitate the binding of another group of 

proteins that are endogenous movement proteins to form a stable ribonucleoprotein 

complex (RNP) that can enter the sieve tube complexes of the phloem (Lucas et al., 

2001).  Several NCAPs, such as KNOTTED1 (Lucas et al., 1995; Ruiz-Medrano et al., 

2001), CmPP16 (Xoconostle-Cazares et al., 1999), SUT1 (Kuhn et al., 1997), 

NtNCAPP1 (Lee et al., 2003), and CmPP36 (Xoconostle-Cazares et al., 2000) have been 

isolated and shown to facilitate the movement of RNA. 
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 The plant cell cytoskeleton also plays an important role in the regulation of 

trafficking through PD (Aaziz et al., 2001).  It was found that high concentrations of 

calcium cause PD to be less permeable, which suggests that calcium-sensitive 

cytoskeletal proteins associated with PD are involved in the opening and closing of PD.  

Moreover, the cytoskeleton helps position RNP complexes within the viscous cytoplasm 

so they may be translocated to the PD. 

 

I.3.4 Systemic Transport: The Phloem 

The plant vascular system is composed of phloem and xylem tissues and allows the 

transport of water and nutrients throughout the plant.  The xylem transports water and 

minerals extracted from the soil by the roots to the stems and leaves of the plant, while 

the phloem transports sugars synthesized by photosynthesis.  The phloem transport 

system also allows for the transport of molecules such as proteins and nucleic acids.  In 

order to understand the mechanism of RNA trafficking, it is important to describe the 

components of the phloem that allow for such trafficking. 

 Phloem is composed of two cell types: companion cells and sieve-tube elements.  

The companion cells contain a nucleus while the sieve-tube elements are enucleate.  The 

role of the companion cell is to provide metabolites and macromolecules to the sieve-

tube elements (Van Bel et al., 2002).  Companion cells and sieve-tube elements are 

connected by PD that branch on the side of the companion cells, but have a single pore 

on the side of the sieve element.  Sieve elements are connected end-to-end by sieve 

plates, which allow free movement of contents.  Thus, the PD at the companion cell-

sieve element interface control import and export from sieve elements.  Transport within 
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the sieve-tube elements is driven by osmotically generated pressure flow.  Therefore, 

macromolecules that are able to move through PD into sieve-tube elements may be 

systemically trafficked along with sugars.  This mechanism seems to apply to mobile 

RNA messages produced in one tissue that are targeted for another tissue, as 

demonstrated by GAI, a phloem-mobile RNA that is translocated along source-sink paths 

(Haywood et al., 2005). 

 

I.4 PHLOEM-MOBILE RNA IN PLANTS 

I.4.1 Introduction 

The movement of viruses via the phloem is well established.  However, only in the past 

10 years has it been widely accepted that RNA can be translocated by the phloem.  

CmPP16, a protein from pumpkin (Cucurbita maxima), was determined to have similar 

properties to viral MPs and mediates the transport of RNA into phloem sieve elements 

(Xoconostle-Cazares et al., 1999).  This suggested that development is influenced by 

supracellular controls through information molecules such as proteins and RNA. 

 

I.4.2 Phloem-mobile RNA in Pumpkin 

Ruiz-Medrano et al. (1999) isolated and cloned mRNAs from phloem sap of pumpkin 

(Cucurbita maxima).  One of the mRNAs isolated (CmNACP) was characterized as a 

member of the NAC gene family and is a transcriptional factor known to be involved in 

apical meristem development, suggesting that this message is translocated to coordinate 

meristem maintenance.  The CmNACP message was shown by in situ RT-PCR to 
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accumulate in vegetative, root, and floral meristems, which is consistent with the 

hypothesized function of this gene.  

  In order to demonstrate that CmNACP is phloem mobile, grafting experiments 

were conducted using genetically distinct material.  Cucumber (Cucurbita pepo) scions 

were grafted onto pumpkin and the phloem sap from the scions was extracted and 

analyzed.  RT-PCR performed using primers specific for the pumpkin genes confirmed 

the presence of pumpkin transcripts in the grafted cucumber scions.  In addition to 

CmNACP, they characterized nine other mRNAs from pumpkin phloem sap in the same 

manner: CmCYCLINP (involved in the cell cycle), CmGAIP (regulator of gibberellin 

response), CmPDHPP (glycolysis regulation), CmPP16 (RNA transport), CmRABP 

(intracellular vesicular trafficking), CmRINGP (transcriptional regulation), CmSTMP 

(cell fate in meristems), CmSUTP1 (sieve element sucrose transport), and CmWRKYP 

(defense response). 

 

I.4.3 More Evidence for Phloem-Mobile RNA  

The pumpkin-cucumber heterografting experiments showed movement of phloem-

mobile transcripts but did not determine the fate of each transcript within the target 

tissue, i.e. whether or not the transcript was functional.  The recent study of 

GIBBERELLIC ACID-INSENSITIVE (GAI), a phloem-mobile mRNA, showed that it 

plays a role in regulating leaf development (Haywood et al., 2005).  This transcript was 

mobile in pumpkin, tomato (Lycopersicon esculentum), and Arabidopsis thaliana, which 

suggests that phloem-mobile messages may be conserved between species.  A study by 

Kim et al. (2001) elucidated the functional importance of a mobile transcript that affects 
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leaf morphology, producing the phenotype mouse ears (Me) in tomato.  They grafted 

wild-type scions onto a tomato stock expressing Me and found that the scions showed 

the phenotype of transgenic tomato expressing Me.  Another study provided similar 

evidence of a functional translocatable message through grafting wild-type tobacco 

scions onto root stocks in which nitrate reductase or nitrite reductase expression was 

suppressed through gene silencing (Palauqui et al., 1997).  There was 100% suppression 

of the nitrate or nitrite reductase within the wild-type scion.   

 Another study showed systemic silencing of the expression of jellyfish green 

fluorescent protein (GFP) within a line of transgenic Nicotiana benthamiana engineered 

to express GFP (Voinnet and Baulcombe, 1997).  A tumor-inducing (Ti) Agrobacterium 

tumefaciens plasmid containing a GFP coding sequence was introduced into the plants 

by infiltration.  The infiltrated leaves showed silencing in groups of mesophyll cells.  

GFP silencing spread through PD and was translocated within the vascular system to the 

upper leaves and axillary shoots.  The silencing corresponded with a decreased level of 

GFP mRNA within the silenced areas. This study established that PD and sieve-tubes 

form a system that mediates the delivery of RNA signaling molecules. 

 

I.4.4 Regulation and Characteristics of Phloem-Mobile RNA 

The delivery of long-distance messages to target tissues is a highly regulated process.  

Plants contain an RNA signal surveillance system that prevents RNPs from being 

delivered to the wrong tissues (Lucas et al., 2001; Foster et al., 2002).  Evidence for this 

surveillance system comes from a study in which cucumber scions were heterografted 

onto pumpkin stocks and then later analyzed for phloem-mobile mRNA from pumpkin 

 12



(Ruiz-Medrano et al., 1999).  Only a subset of phloem-mobile pumpkin mRNA was 

detected in the apices of the grafted plants, suggesting the existence of an RNP 

surveillance system localized between the protophloem and meristem (Lucas et al., 

2001).  Foster et al. (2002) suggest that the surveillance system within the shoot apex 

protects the developing germline from being exposed to viruses that are also trafficked in 

the phloem via viral movement proteins, yet it allows necessary developmental messages 

to reach the germline. 

 It has been estimated that there are greater than 1,000 different transcripts within 

the sieve-tube system of a plant’s phloem (Lucas and Lee, 2004).  The population of 

RNAs in the phloem includes not only full-length mRNA molecules described above, 

but also small single-stranded RNAs, specifically small interfering RNA (siRNA) and 

micro RNA (miRNA) (Yoo et al., 2004).  A NCAP, PSRP1, was shown to bind the 

siRNA and miRNA and mediate their trafficking (Yoo et al., 2004).  Although some 

aspects of the RNA population within the phloem have been elucidated, much is still 

unknown. 

 

I.5 RNA SILENCING 

Gene function in plants is now commonly studied through the use of post-transcriptional 

gene silencing (PTGS), which is a form of RNA silencing that degrades RNA through 

sequence-specific targeting.  PTGS is initiated through the formation of double-stranded 

RNA (dsRNA) which is recognized and cleaved into 21 to 22 nucleotide length pieces of 

dsRNA called short interfering RNAs (siRNA) by a protein called Dicer.  The siRNA 

binds to its complementary target and a protein called RISC recognizes the siRNA/target 
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RNA complex and cleaves the target RNA (Hamilton and Baulcombe, 1999; Matzke et 

al., 2001; Hannon, 2002; Hutvagner and Zamore, 2002; Baulcombe, 2004; Burch-Smith 

et al., 2004; Horiguchi, 2004).  This effectively destroys the mRNA, and eliminates any 

translation into a protein.  PTGS has been shown to significantly reduce the expression 

of a target gene experimentally (Waterhouse and Helliwell, 2003; Horiguchi, 2004).  

PTGS may play a role in plant defense against transposons and viruses, as well as 

developmental control of gene expression shown by the identification of microRNAs 

(miRNA) (McConnell et al., 2001; Park et al., 2002; Schauer et al., 2002; Finnegan et 

al., 2003; Palatnik et al., 2003; Tang et al., 2003; Horiguchi, 2004).   

 There are at least two methods that generate dsRNA to initiate PTGS.  The first 

method utilizes an enzyme complex called RdRP which recognizes and hybridizes two 

transgene copies arranged as inverted repeats (Burch-Smith et al., 2004; Horiguchi, 

2004).  Transgenes incorporated into the genome by a single copy and usually associated 

with a high transcription rate are normally hybridized by RdRP.  The second method, 

virus-induced gene silencing (VIGS), uses recombinant viruses to silence gene 

transcription (Baulcombe, 2004; Burch-Smith et al., 2004; Horiguchi, 2004).  This 

method requires a minimum 23 nucleotide-long fragment with 100% complementarity to 

the target gene that is inserted into a viral vector (Thomas et al., 2001; Burch-Smith et 

al., 2004).  VIGS is a powerful gene-silencing tool because of its high efficiency and 

relative simplicity (Burch-Smith et al., 2004). 

 The silencing signal can move from cell-to-cell and systemically.  The initial pool 

of siRNA is amplified using an RNA-dependent RNA polymerase (SDE1) and an RNA 

helicase (SDE3) (Himber et al., 2003).  The spreading of the silencing signal requires 

 14



transcription of the target gene. A recent study showed that a silencing signal spread 

from cell-to-cell and systemically (Vaistij et al., 2002).  In this study, Nicotiana 

benthamiana plants expressing GFP were infiltrated with A. tumefaciens carrying the 

silencing signal.  GFP expression in transgenic tobacco was silenced not only in the area 

of infiltration, but also spread into the lamina where GFP expression was silenced.  

Another study showed systemic silencing by grafting non-silenced tobacco scions onto 

glucuronidase-silenced tobacco stocks (Palauqui et al., 1997).  The silencing signal was 

shown to move from silenced stocks to non-silenced scions systemically.  

Since the silencing signal has been shown to move systemically, a system 

utilizing gene silencing may allow us to determine if the messages trafficked into dodder 

are functional.  A system, such as that developed by David Baulcombe at Sainsbury 

Laboratories (Voinnet and Baulcombe, 1997), in which gene silencing results in a visible 

phenotype would allow us to easily determine the movement of a functional signal into 

dodder.  In this system, GFP expression in N. benthamiana is silenced using 

Agrobacterium mediated silencing.  Silenced tissues do not contain GFP expression, and 

therefore fluoresce red while tissues that are not silenced express GFP and fluoresce 

green. 

 

I.6 Study of mRNA Movement using Dodder 

Parasitic plants such as dodders can help us understand the regulatory mechanisms and 

functions of mobile RNA within plants.  Parasitic plants have proven useful in 

understanding areas such as chloroplast evolution (de Pamphilis and Palmer, 1990; 

Bungard, 2004) and plant-to-plant signaling (Timko et al., 1989; Keyes et al., 2001; 
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Yoder, 2001).  The use of dodder in the study of phloem-mobile RNA may be similarly 

useful. 

 One of the major challenges associated with studying phloem-mobile RNA is 

getting accurate samples of phloem contents.  Ruiz-Medrano et al. (1999) used 

heterografting techniques to show movement of mRNA from a pumpkin stock to a 

cucumber scion, but it had to be shown that the results were not due to artifacts from the 

grafting.  The use of dodder may reduce this problem because, “after all, a normal 

haustorium is an extraordinarily successful vegetative graft” (Kuijt, 1983).  Dodder has a 

broad host range which makes it an excellent tool to study the phloem-mobile RNA of 

many plant species.  Dodder parasitizes crop species as well as model plants such as 

Arabidopsis (Hibberd and Jeschke, 2001), and this wide range of host species would 

allow comparative studies that might otherwise be limited by grafting compatibility. 

 Dodder forms connections with the host phloem, and thus dodder may contain a 

representation of the host phloem.  The research described in this thesis suggests that this 

is at least partially true.  Dodder may also have evolved mechanisms to exclude or 

degrade certain host transcripts.  In any case, the host-dodder system can be an important 

new tool to study long distance trafficking of mRNA. 
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Dodders (Cuscuta spp.) are parasitic plants that live by tapping into the vascular 

tissue of a host plant.  Contents of the host phloem translocate readily into the 

parasite, and shared plasmodesmata have been documented between host cortical 

cells and dodder searching hyphae.  Dodder is known to transmit viruses from one 

host to another, which is consistent with viral ability to traverse plasmodesmata 

(PD) with the aid of movement proteins (MPs).  Plant endogenous mRNAs may also 

associate with specific proteins to pass through PD and traffic long distances in the 

phloem, a process that appears to play a role in coordination of development.  We 

have evaluated the hypothesis that dodder is able to accumulate host phloem-mobile 

mRNAs by assaying lespedeza dodder (C. pentagona) for the presence of host 

transcripts.  Reverse transcriptase PCR (RT-PCR) and tomato microarrays were 

used to probe RNA from dodder parasitizing tomato.  Transcripts from four tomato 

genes were detected in dodder grown on tomato, but were not detected in control 

dodder grown on other hosts.  Notable among these was LeGAI, a transcript 

                                                 
Abbreviations: EST, expressed sequence tag; GFP, green fluorescent protein; MP, (viral) movement 
protein; PCR, polymerase chain reaction; PD, plasmodesmata; RT-PCR, reverse transcription polymerase 
chain reaction 
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previously shown to be phloem translocated.  In addition, RT-PCR of RNA from 

dodder grown on pumpkin detected three mobile pumpkin mRNAs (CmNACP, 

CmSUTP1, and CmWRKYP).  These results imply the existence of an extraordinary 

situation in which mobile mRNAs move from one plant into another, and raise 

questions about the role of this phenomenon in plant development and parasite 

pathogenicity.  

 
 

Key Words: Cuscuta pentagona, phloem-mobile mRNA, tomato, pumpkin 

 

Dodders are obligate stem parasites that have limited photosynthetic ability and 

depend upon a host plant for water and nutrients.  In order to survive, a dodder seedling 

must form connections with a host within a few days after germination.  Once 

established, the dodder root system senesces, and the mature plant consists of a yellow-

orange stem that twines around host leaves and stems (Fig. 1). At points of contact with 

the host, the coiled dodder stem produces haustoria that penetrate host tissues and form 

vascular connections (1).  Hyphae are specialized cells of the haustorium that grow 

through the host tissue to form vascular connections, but remain extracellular to host cells 

(2).  Although some hyphae appear to grow through host cells, they are in fact encased by 

a host cell wall that develops around the elongating hyphae, and these may contain 

plasmodesmata (PD) connections between host and parasite cells.  Dodders form direct 

xylem connections with host xylem, and although the precise nature of phloem 

connections is still unresolved, the phloem-specific dye carboxyfluorescein readily moves 

from the host into dodder (3).  Furthermore, transgenic tobacco plants expressing green 
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fluorescent protein (GFP) in companion cells transmitted the protein to dodder (4), 

suggesting that direct transfer of macromolecules may occur.  A well-known aspect of 

host-dodder connections is the transmission of viruses, and a single dodder plant may 

simultaneously parasitize two hosts and thereby transmit plant viruses from one host to 

the other (5-8).   

In plants, the movement of virus particles from cell to cell occurs through PD.  

Normally, PD channels are narrow and allow passive movement of small molecules, 

while macromolecules are excluded.  However, viruses may traffic through PD with the 

aid of viral movement proteins (MPs) that increase the size exclusion limit of PD (9).  

Plants have endogenous counterparts to MPs, termed non-cell-autonomous proteins (10), 

that facilitate the movement of endogenous mRNA from cell to cell.  An example of this 

is the transcription factor KNOTTED1 (KN1), which mediates local cell-to-cell 

trafficking of the kn1 sense mRNA through PD (11, 12).   

 There is growing evidence that mRNA is also trafficked long-distance through the 

phloem and plays an important role in regulating plant development.  CmPP16, a protein 

from pumpkin (Cucurbita maxima), was determined to have properties similar to viral 

MPs and mediated the transport of RNA into phloem sieve elements (13).  Ruiz-

Medrano et al. (14) isolated and cloned mRNAs from phloem sap of pumpkin.  They 

demonstrated through grafting cucumber (Cucumis sativus) scions onto pumpkin stocks 

that pumpkin transcripts were translocated into the scions through the phloem.  The 

functional significance of translated messages has been demonstrated in several cases, 

such as by the movement of a transcript that affects leaf morphology, producing the 

phenotype Mouse ears (Me) in tomato (Lycopersicon esculentum) (15).  Wild type 
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tomato scions grafted onto stocks with the Me mutation showed leaf pinnation and 

rounded lobes resembling the Me mutation.  A similar study provided evidence of a 

functional translocated mRNA through grafting wild type tobacco scions onto root 

stocks in which nitrate reductase or nitrite reductase expression was suppressed through 

gene silencing (16).  Recently a transcript of GIBBERILLIC ACID-INSENSITIVE (GAI) 

was shown to be phloem mobile in three plant species, Arabidopsis thaliana, tomato, and 

pumpkin, and was important in regulating leaf development (17).  It has been estimated 

that there are greater than 1,000 different mobile transcripts in the phloem (18), but the 

identities and targeting mechanisms for these remain largely unresolved.  Although 

several phloem-mobile transcripts have been characterized, much remains to be learned 

about the mobile RNA population in the phloem. 

 Here we report the detection of four tomato transcripts in dodder grown on 

tomato, including LeGAI.  We have also detected three pumpkin transcripts previously 

characterized as phloem-mobile in dodder parasitizing pumpkin.  These findings suggest 

that host mobile transcripts move into dodder, implicating a new level of host-parasite 

interaction and raising questions about the role of such mobile transcripts in the host-

parasite communication. 

 

Results  

Translocation of pumpkin phloem-mobile mRNAs into dodder.  An initial survey for 

host transcripts in dodder was conducted using pumpkin because it has been a model 

species for mRNA trafficking and contains several characterized phloem-mobile 
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transcripts (14). The movement of eight of these transcripts (14) was evaluated using 

reverse transcriptase PCR (RT-PCR). 

 RT-PCR of RNA from dodder grown on pumpkin produced products for three 

genes, CmNACP, CmSUTP1 and CmWRKYP, that were the same size as products from 

similar reactions using pumpkin RNA (Fig. 2).  Sequencing confirmed that the RT-PCR 

products from dodder grown on pumpkin were identical to those from pumpkin.  The RT-

PCR products corresponding to CmNACP, CmSUPT1, and CmWRKYP were also 

detected in RNA from the pumpkin host, but not from tobacco, dodder grown on tobacco, 

or the no template negative control.  The remaining pumpkin mobile transcripts 

(CmGAIP, CmPP16, CmRABP, CmRINGP, and CmSTMP) were not detected in RNA 

from control tissues, but were present in the host tissue as evidenced by RT-PCR 

products from pumpkin RNA.  

 Repetition of this experiment using plants grown at different times of year and 

slightly different ages yielded variable results.  The presence of CmNACP in dodder 

grown on pumpkin was confirmed in a second, but not a third biological replicate.  

CmSUTP1 and CmWRKYP were detected in only one biological replicate.  In all cases 

the expected band was amplified from host RNA, but the inability to confirm movement 

into dodder may be due to complexities of the dynamic interactions of dodder and its 

host.  Alternatively, the amount of mobile transcript moving into dodder may be low, and 

thus difficult to detect consistently.  Non-mobile controls, CmRBCS and CmIMPORTIN 

α, previously characterized for pumpkin (14) were also evaluated, but were highly 

conserved among species and a band was amplified from nearly all tissues assayed 

including dodder and tobacco (data not shown).  A lack of characterized pumpkin 
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sequences beyond those cited here hindered efforts to identify other mobile or non-

mobile pumpkin transcripts, so we switched to tomato as a host for further study.  We had 

observed that lespedeza dodder established more readily on tomato than on pumpkin, and 

tomato had the additional advantage of more genomic resources such as EST sequences 

and microarrays available for analysis. 

 

Microarray analysis identifies tomato transcripts in dodder.  In order to investigate 

the movement of host transcripts into dodder using a non PCR-based method, microarray 

analysis was performed on RNA from dodder and hosts.  Total RNA was extracted from 

dodder grown on tomato, dodder grown on A. thaliana, dodder grown on tobacco, dodder 

grown on pumpkin, and the tomato host.  The dodder samples grown on tobacco, A. 

thaliana, and pumpkin served as controls for dodder genes that may cross-hybridize with 

tomato array probes.  The three different host species were used to minimize any host-

specific effects on dodder gene expression.  The host tomato RNA was included to verify 

that any transcripts detected in the parasite were in fact expressed in the host.  Samples 

were analyzed using Affymetrix GeneChip Tomato Arrays (9,200 transcripts) and 

transcripts scored for presence or absence in each sample.  Considering that host 

transcripts present in dodder would be at low levels and diluted with dodder transcripts, 

we set the threshold for determination of a transcript being present at a P-value of 0.06. 

Three biological replicates were analyzed for tomato, dodder grown on tomato, and 

control dodders grown on other hosts.  Transcripts present in at least two of the three 

replicates were considered reliable and were categorized to reflect potential for mobility 

based on presence in the dodder or host plants.   
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The majority of tomato transcripts (7,689) were detected only in leaves of the 

parasitized tomato, reflecting an overall high level of gene specificity for the microarray 

(Table 1).  A much smaller number (135) were detected in all samples and likely 

represent genes conserved among dodder and tomato.  More transcripts were detected in 

dodder grown on tomato and tomato (putatively mobile genes) than transcripts detected 

in the negative controls and tomato (see Appendix B for a list of transcripts in this 

category). The scarcity of annotation information on tomato ESTs makes categorizing 

gene functions difficult, but a sampling of this group suggested that most are conserved 

housekeeping genes, such as a 25S ribosomal RNA (Genbank Acc. X13557).  The 

disproportionate number of tomato transcripts detected in dodder grown on tomato (474) 

as compared to dodder grown on other hosts (146) suggested that the microarrays may be 

detecting mobile tomato mRNAs in the parasite.   

Transcripts detected in tomato and the negative control dodders grown on 

tobacco, A. thaliana, and pumpkin may be interpreted several ways.  Most of these 

transcripts may represent random hybridization or conserved dodder genes that cross 

hybridize with tomato microarray probes, but for some reason were not expressed in 

dodder on tomato.  An example from this category is a highly conserved cysteine 

protease (Genbank Acc. AF172856.1).  Although it is theoretically possible that some of 

the transcripts detected in this category may be conserved mobile transcripts from non-

tomato hosts that have moved into dodder, we consider this to be unlikely.  All remaining 

transcripts, negative in tomato but present in dodder, likely reflect random hybridization. 
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RT-PCR analysis detects tomato transcripts in dodder grown on tomato.  To further 

investigate the microarray results, three gene transcripts identified by microarray as 

putatively mobile, and one putatively non-mobile transcript, were analyzed by RT-PCR.  

A tomato transcript previously reported to be mobile, LeGAI (17), that was present in one 

microarray replicate was also included.  The three other putatively mobile transcripts 

were beclin 1 (LeBEC1), a protein of unknown function (named LeMOB1, for mobile), 

and an auxin-regulated gene (LeIAA7), as well as a putative non-mobile calmodulin 

transcript (CALM1LE).  These were selected based on the significance of their P-value. 

 RT-PCR amplified LeGAI from all three replicates of tomato and dodder grown 

on tomato (Fig. 3A).  The RT-PCR products were sequenced and those from dodder 

grown on tomato were found to be identical to those from tomato.  The detection of 

LeGAI in dodder is in agreement with reports that this transcript is phloem-mobile (17).  

Identical reactions using RNA from control tissues (tobacco, dodder grown on tobacco, 

pumpkin, and dodder grown on pumpkin) did not amplify a product. 

RT-PCR products corresponding to LeBEC1 were amplified from all replicates of 

tomato and dodder grown on tomato, and sequencing again confirmed that the dodder 

contained sequence identical to tomato.  Products amplified from control dodders and 

pumpkin were not the same size or sequence as authentic tomato LeBEC1, and likely 

represent a conserved gene among these plants.  LeBEC1 is the beclin 1 protein from 

tomato, which is involved in the regulation of autophagy and senescence during defense 

response (19). 

 A band corresponding to LeMOB1 was amplified in two biological replicates of 

dodder on tomato, but not in any other dodders or control plants.  The gene LeMOB1 is a 
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tomato protein with unknown function and no significant homology to Genbank 

sequences.  LeMOB1 was expressed in all replicates of tomato and sequencing showed 

that LeMOB1 detected in dodder grown on tomato was identical to tomato LeMOB1 in all 

replicates.  A notable aspect of LeMOB1 is that a second band of slightly higher 

molecular weight was also amplified from tomato RNA.  Sequencing of this band showed 

that it was a splice variant of the lower band and included a 58 bp intron.  However, only 

the lower band was detected in dodder grown on tomato, suggesting that mRNA 

processing affected mobility of the transcript.  Unfortunately, insight into the functional 

significance of this finding must await further characterization of LeMOB1. 

 Whereas the microarray analysis correctly predicted the presence of LeBEC1 and 

LeMOB1 in dodder on tomato, the approach was not accurate for CALM1LE and LeIAA7. 

The putatively non-mobile gene, CALM1LE, was detected in all biological replicates of 

dodder grown on tomato and in host tomato.  Sequencing showed that these products 

were identical to tomato, which again suggests trafficking of CALM1LE transcript.  The 

calmodulin protein CALM1LE is involved in signal transduction of defense genes in 

response to wounding (20).  Conversely, a putatively mobile gene, LeIAA7, was not 

amplified from any samples of dodder grown on tomato, although it was clearly detected 

in the tomato host.  The absence of an RT-PCR product would indicate LeIAA7 does not 

traffic into dodder.  The gene LeIAA7 plays a role in auxin signaling, as it was shown to 

be induced by auxin in tomato plants (21).  Although LeIAA7 did not behave as predicted, 

the lack of product in dodder grown on tomato fills the function of a non-mobile control 

and indicates that there was no tomato RNA contamination in the samples of dodder 

grown on tomato.  
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 PCR of tomato and dodder genomic DNA was performed to confirm that the 

primers used in the RT-PCR analysis did not amplify dodder homologues (Fig. 3B).  No 

bands were generated from dodder in these reactions, suggesting that the primers were 

specific for tomato.  Furthermore, the differences in molecular weight between the 

genomic PCR products and RT-PCR products indicates that there was no genomic DNA 

contamination in the RNA samples. 

 

Discussion 

 We have detected evidence for the movement of transcripts from two host species 

into dodder.  Three pumpkin transcripts previously documented to be phloem-mobile 

were detected in dodder grown on pumpkin.  Four tomato transcripts, including the 

phloem-mobile transcript LeGAI, were detected in dodder growing on tomato.  Together, 

this suggests that a symplastic continuum exists between host and parasite that involves a 

previously unreported level of macromolecular exchange.  

The detection of tomato and pumpkin transcripts in dodder has implications for 

understanding connections between host and parasite.  Anatomical evidence exists for PD 

connections between host cortex cells and developing dodder hyphae (2).  These 

connections appear to be transitory, and may be occluded in older haustoria, but a dodder 

plant constantly makes new haustorial connections with its hosts so it is reasonable that 

the parasite could have continuous access to host cytoplasm through PD connections.  

Physiological evidence indicates that there are open connections with host phloem by the 

movement of the phloem-mobile fluorescent dye carboxyfluorescein (3) and GFP (4).  

Although we cannot distinguish between the movement of host messages through cortex 
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PD or direct phloem-phloem connections, the detection of four known phloem-mobile 

transcripts from hosts in dodder supports transcript movement directly from host phloem.  

Furthermore, dodder tissues used in this research were harvested at least 4 cm from the 

point of attachment to the host, suggesting that these messages are mobile in the phloem 

of dodder.  Regardless of the precise route of entry into dodder, any host transcripts in the 

parasite must have passed through a PD, presumably escorted by a non-cell-autonomous 

protein. 

  Considering the transmission of viruses by dodder, it may not be surprising that 

endogenous mRNAs are also mobile, since they traverse PDs by a similar mechanism.  

However, it is interesting that not all phloem mobile pumpkin transcripts were detected in 

dodder.  GAI was assayed from both host species and only found to be mobile from 

tomato.  For pumpkin, only 3 of 8 transcripts were detected in the dodder.  While it is 

possible that such discrepancies may be due to limits of mRNA detection, there may also 

be a physiological explanation.  Foster et al. (22) described a regulatory “surveillance 

field” at the apex that controls the movement of phloem-mobile mRNA and viruses into 

the shoot apex, with the hypothesized function of protecting the germline from viral 

infection.  A similar regulatory mechanism may exist at the interface of host and parasite 

to control the movement of host phloem-mobile transcripts.  This raises the question of 

which organism, host or parasite, regulates movement between the species. 

 The trafficking of host mobile genes into dodder suggests that this parasite may 

be useful in delineating the mechanisms and functions of mobile RNA within plants.  

One of the major challenges associated with studying phloem-mobile RNA is obtaining 

accurate samples of phloem contents.  Heterografting techniques have been used to show 
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movement of mRNA from a stock to a scion, but elaborate measures are needed to show 

that the results were not due to artifacts from the grafting.  The use of dodder may reduce 

this problem because, “after all, a normal haustorium is an extraordinarily successful 

vegetative graft” (1).  Another advantage of dodder is its broad host range which is less 

limited by grafting compatibility and would allow dodder to be used as a common 

“scion” to study the phloem-mobile RNA of diverse plant species.  The detection of 

transcripts in dodder from two hosts, tomato and pumpkin, in the present study supports 

dodder as a new tool for studying phloem mobile transcripts.  There is also potential for 

detecting host mobile transcripts in dodder using microarray analysis.  The 474 genes 

identified by this method suggest that it has utility, as a screening tool, even if further 

validation by RT-PCR is required.  In our limited sampling, RT-PCR data agreed with 

microarray data 50% of the time.  While this suggests that the microarray approach alone 

is not a reliable tool for surveying dodder for the presence of host transcripts, it 

facilitated identification of a new set of mobile transcripts.  It should be noted that our 

microarray analysis was aimed at detecting full length transcripts, so the small RNA 

population of the phloem (23) was not sampled.  It is estimated that there are at least 100 

(14) to 1000 (18) mobile transcripts in the phloem, and our detection of 474 tomato 

transcripts in dodder is consistent with this estimate.  

 We have described a unique situation in which the RNA of two different species 

coexists in dodder, and this raises several interesting biological questions.  For example, 

does dodder use host transcripts as a way to eavesdrop on host development and thus 

regulate its own development?  Alternatively, does dodder possess a mechanism that 

restricts or degrades foreign transcripts?  In any case, dodder must have evolved 

 36



mechanisms for managing this situation, and understanding these mechanisms will 

provide insight into dodder biology and mRNA trafficking. 

 

Materials and Methods 

Plant Growth.  Pumpkin (Curcurbita maxima, Blue Hubbard Winter Squash, Heirloom 

Seeds, West Elizabeth, PA), tobacco (Nicotiana tabacum), and tomato (Lycopersicon 

esculentum) plants were grown in Metro Mix 360 potting medium (Griffin Greenhouse 

and Nursery Supplies, Richmond, VA) under greenhouse conditions.  A. thaliana was 

similarly grown in Metro Mix 360 potting media, but in a growth room at 20ºC and 8 

hours light.  Lespedeza dodder seeds were scarified by soaking in concentrated sulfuric 

acid for one hour, rinsed thoroughly in water, and planted around the base of two-week 

old tomato seedlings, four-week old A. thaliana plants, and seven-week old tobacco 

plants.  Dodder seedlings did not establish readily on pumpkin, so mature dodder stems 

were trained from tomato to four-week old pumpkin plants and dodder connections 

between tomato and pumpkin were severed two weeks after the formation of new 

haustorial connections with pumpkin.   

 Dodder stems at least 4 cm from the host plant were harvested after 9-12 weeks of 

growth.  Host leaf tissue from parasitized plants was harvested simultaneously. All 

tissues were immediately frozen in liquid nitrogen and stored at -80ºC. 

 

DNA and RNA Extraction.  DNA was extracted from host and dodder tissues using a 

DNeasy Plant Mini Kit (Qiagen, Valencia, CA) according to manufacturer’s 

recommendations.  RNA was extracted from host and dodder tissues by grinding in liquid 
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nitrogen, and extracted using TRIzol reagent (Invitrogen, Carlsbad, CA).  The RNA was 

precipitated with 100% isopropanol followed by a second precipitation with 100% 

ethanol and 3M sodium acetate (pH 5.2).  The RNA pellet was dissolved in DEPC-treated 

water and treated with DNase using a DNA-free Kit (Ambion, Austin, TX). 

 

PCR and RT-PCR Reactions.  Polymerase Chain Reactions (PCR) for gene 

identification and cloning were performed using Taq PCR Master Mix Kit (Qiagen, 

Valencia, CA).  Primers for pumpkin CmRBCS, CmIMPORTIN α, CmGAIP, CmNACP, 

CmPP16, CmRABP, CmRINGP, CmSTMP, CmSUTP1, and CmWRKYP genes were as 

described in Ruiz-Medrano et al. (14).  The PCR reaction using pumpkin primers 

consisted of an initial melting step at 94ºC for 2 min followed by 30 cycles of 94ºC for 30 

s, 60ºC for 30 s, and 72ºC for 1 min followed by a final extension of 8 min at 72ºC.  

Reverse Transcriptase PCR (RT-PCR) reactions were performed using a SuperScript 

One-Step RT-PCR with Platinum Taq System (Invitrogen, Carlsbad, CA).  RT-PCR 

reactions using the above pumpkin primers were performed with an initial reverse 

transcriptase step at 50ºC for 30 min using oligo-dT primers, followed by the above PCR 

program at 55 cycles.  Tomato specific primers used for PCR and RT-PCR analysis are 

listed in Table 2.  PCR reactions using tomato primers were performed with an initial 

melting step at 94ºC for 2 min, followed by 30 cycles of 94ºC for 30 s, the corresponding 

annealing temperature for 30 s, and 72ºC for 1 min followed by a final extension of 8 min 

at 72ºC.  RT-PCR reactions using tomato primers were performed with a preliminary 

reverse transcriptase step at 50ºC for 30 min using oligo-dT primers, followed by the 

above PCR program at 55 cycles. 
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PCR product sequencing.  PCR and RT-PCR products were separated by agarose gel 

electrophoresis and then extracted from the gel using a QIAquick Gel Extraction Kit 

(Qiagen, Valencia, CA).  Purified products were sequenced (Virginia Bioinformatics 

Institute, Blacksburg, VA), and results were compared against the National Center for 

Biotechnology Information database to confirm the identity of the products.  Host 

sequences were aligned with dodder sequences using the ClustalW method in Lasergene 

MegAlign software (DNAStar, Inc., Madison, WI) to determine the percent identity 

between the sequences. 

 

Microarray Analysis.  Microarray analysis was performed on three biological replicates 

of dodder grown on tomato, three biological replicates of tomato, two replicates of 

dodder grown on pumpkin, and one sample each of dodder grown on A. thaliana and 

dodder grown on tobacco.  Arrays used were the Tomato GeneChip Arrays (Affymetrix, 

Santa Clara, CA).  Processing of the chips was performed at the Virginia Bioinformatics 

Institute.  A linear amplification of total RNA was performed using Ovation Biotin RNA 

Amplification and Labeling System (NuGEN, San Carlos, CA).  The 0.06 P-value 

determined by the Affymetrix analysis program was used as a cut-off for calling genes as 

present or absent. 

 

This research was supported by Jeffress Memorial Trust Grant No. J-790, with additional 

funding from the Kriton Hatzios Crop Protection Scholarship, the Weed Science Society 

of America, and USDA Hatch Project No. 135657. 
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Table 1.  Microarray detection of tomato transcripts from tomato, dodder grown on 

tomato, and dodder grown on other hosts.  The (+) denotes transcripts present in at least 

two of the three biological replicates. 

Tomato Dodder on 

tomato 

Dodder on 

other hosts 

No. of 

genes 

Interpretation 

+ – – 7,689 Non-mobile tomato-specific transcripts 

+ + – 474 Mobile tomato transcripts 

+ + + 135 Conserved, cross-hybridizing transcripts 

+ – + 146 Background hybridization 

– + – 32 Background hybridization 

– – + 0 Background hybridization 

– + + 4 Conserved, cross-hybridizing transcripts 

– – – 1,560 Non-expressed tomato-specific genes 
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Table 2.  Tomato genes and specific primers characterized by RT-PCR. 

 

Gene Name Genbank Acc. 

Numbers 

Forward Primer Reverse Primer 

LeGAI AY269087 TTCTCACAAAATCATCGAACAAGTA ATAACAATCGATGAAGCTCAAAAAC 

LeBEC1 AW223712 AATGCATGAGGGTGCTGTCT AACTTTGGTCGGAAATGCTG 

LeIAA7 AF022018.1 GAACATGTTGTCTCAAAAAGGGA TGAGGACATCCATCAGTTTCC 

LeMOB1 BE449715 CGCACGCCTTCTAAAAGTTC AAGAGAGGCACACAAGTCAGAA 

CALM1LE M67472 AGGAGAAAAATGGCAGAGCA AGCCGCTTTAGGCCACTAAT 
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Fig. 1. Lespedeza dodder growing on tomato. 
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Fig. 2. Detection of pumpkin mobile transcripts in dodder using RT-PCR.  Tissues 

assayed included total RNA from: Lane 1, pumpkin; Lane 2, dodder grown on pumpkin; 

Lane 3, tobacco; Lane 4, dodder grown on tobacco; Lane 5, no template negative control.   
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Fig. 3.  Detection of tomato transcripts in dodder by RT-PCR. (A) Total RNA was 

assayed from the following tissues: Lane 1, tomato replicate 1; Lane 2, dodder grown on 

tomato replicate 1; Lane 3, tomato replicate 2; Lane 4, dodder grown on tomato replicate 

2; Lane 5, tomato replicate 3; Lane 6, dodder grown on tomato replicate 3; Lane 7, 

tobacco; Lane 8, dodder grown on tobacco; Lane 9, pumpkin; Lane 10, dodder grown on 

pumpkin; Lane 11, no template negative control.  (B) Dodder genomic DNA was assayed 

for homologues to tomato genes using PCR.  Samples assayed were: Lane 1, pumpkin 

genomic DNA; Lane 2, dodder genomic DNA; and Lane 3, no template negative control. 
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Appendix A 

Summary of Relevant Experiments not Described in 
Chapter II 



I. Introduction 

 Much work went into generating the data that culminated in the manuscript in 

Chapter II.  This appendix describes the approaches, reasoning, and methodology used 

along the way.  Specific experiments included: 

1. Assays for pumpkin transcripts in O. aegyptiaca 

2. Microarray analysis for A. thaliana transcripts in dodder 

3. Mobility of GFP-silencing signal 

4. Transmission of virus from an infected host to a non-infected host 

5. Transmission of the phloem-specific dye carboxyfluorescein 

6. Assays for reducing sugars in dodder exudate 

 

II. Assays for Pumpkin Transcripts in O. aegyptiaca 

 Initial experiments to determine if we could detect movement of host transcripts 

into a parasitic plant were conducted on O. aegyptiaca (Egyptian broomrape) grown on 

pumpkin.  We began with broomrape because this is the parasitic species we were most 

familiar with, and previous studies had shown that phloem-specific molecules, such as 

the fluorescent dye carboxyfluorescein and GFP, moved from host to broomrape 

(Hamamouch, 2004).  Using RT-PCR, we assayed for three pumpkin phloem-mobile 

mRNAs (Ruiz-Medrano et al., 1999) in broomrape grown on pumpkin using the same 

procedure as described in the materials and methods section of Chapter II. 

 RT-PCR indicated that we were unable to detect three pumpkin transcripts, 

CmNACP, CmRINGP, and CmWRKYP, in dodder grown on pumpkin (Fig. A1).  All 

three transcripts were expressed in pumpkin, but the lack of RT-PCR product in dodder 
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grown on pumpkin indicated a lack of movement.  The negative control, broomrape 

grown on tobacco, also did not produce an RT-PCR product, which suggested that the 

pumpkin primers were specific for pumpkin transcripts.  We also performed an RT-PCR 

on broomrape RNA samples using broomrape-specific actin primers in order to verify the 

quality of RNA extracts.  RT-PCR products using these primers were detected in both 

broomrape RNA samples and confirmed the quality of the samples. 

 The inability to detect movement of pumpkin transcripts into broomrape led us to 

attempt to quantify the limit of detection of PCR in this system.  PCR products from 

genomic pumpkin DNA using CmNACP, CmRINGP, and CmWRKYP primers were 

ligated into a pDRIVE vector (PCR Cloning Kit, Qiagen, Valencia, CA) and cloned in 

DH5α E. coli cells.  Vectors were extracted (QIAprep Spin Miniprep Kit, Qiagen, 

Valencia, CA), quantified using spectrophotometric analysis, and sequenced to verify the 

sequence of each PCR product.  Serial dilutions of each vector were used as template for 

PCR reactions (Fig. A2).  The PCR limit of detection for CmNACP and CmWRKYP was 

approximately 40 copies of the transcripts, while the limit of detection for CmRINGP was 

a higher at about 4000 copies.  This experiment showed PCR was sensitive and could 

detect down to tens copies of a transcript. 

 

III. Microarray Analysis for A. thaliana Transcripts in Dodder 

 We turned to A. thaliana as a host in order to take advantage of its genetic 

resources, such as oligo-based microarray analysis.  Since there were no A. thaliana 

mobile transcripts characterized in the literature, we chose to perform microarray 

analysis.  One biological replicate of dodder grown on A. thaliana was analyzed for the 
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presence of A. thaliana transcripts, and one negative control, dodder grown on tobacco, 

was also assayed.  We were able to assay only one biological replicate for each of these 

tissues because of difficulties generating multiple replicates.  Microarray analysis was 

performed exactly as described in the materials and methods section of Chapter II using 

Affymetrix ATH1 chips. 

 Microarray data (Table A1) showed that there were more transcripts detected in 

dodder on A. thaliana (245) than dodder on tobacco (75).  A small group of transcripts 

(42) were detected in both samples.  Transcripts detected in dodder grown on tobacco 

were considered to be background hybridization, while those present in both samples 

may be genes conserved between A. thaliana and dodder.  The transcripts detected in 

dodder on A. thaliana were interpreted as putatively mobile A. thaliana genes, and twelve 

genes from these were chosen for RT-PCR confirmation based on function and signal 

intensity (Table A2).  Fig. A3 shows representative RT-PCR results from five of the 

twelve genes assayed, including two non-mobile controls (Actin and Dynamin).  We 

were unable to confirm the movement of any of the twelve genes chosen by function and 

signal intensity using RT-PCR.  All genes were expressed in A. thaliana, but there were 

no corresponding RT-PCR products present in dodder grown on A. thaliana.  The 

inability to confirm the A. thaliana microarray results does not necessarily indicate the 

microarray did not detect mobile A. thaliana transcripts.  The lack of biological replicates 

may have affected out ability to distinguish mobile A. thaliana transcripts from non-

specific or background hybridization, therefore the genes we chose for RT-PCR 

confirmation may have been eliminated from our pool of putatively mobile genes by 

additional tests.  We also tested a small portion of the genes identified as putatively 
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mobile, and it is possible that to confirm microarray results we needed to test more genes.  

A. thaliana microarray results are inconclusive since microarray analysis was performed 

with only one biological replicate of each sample.  This experiment should be repeated 

with more replicates in order to draw more conclusive results. 

 

IV. Mobility of GFP-Silencing Signal 

To test the function of mobile signals, we designed an experiment to track a 

mobile GFP-silencing signal from a silenced to a non-silenced plant through a dodder 

bridge.  We obtained Nicotiana benthamiana plants expressing GFP (L16C) from David 

Baulcombe (Sainsbury Laboratory, UK) along with A. tumefaciens carrying the silencing 

signal.  A. tumefaciens was grown according to Dr. Baulcombe’s instructions, except 

kanamycin was omitted from all mediums.  L16C was grown in ProMix potting medium 

under greenhouse conditions.  Several attempts were made to establish dodder on tobacco 

seedlings in a timely manner for silencing including training mature dodder onto L16C 

seedlings and infesting very young (1 week old) L16C seedlings with scarified dodder 

seeds.  Neither method resulted in successful establishment of dodder on L16C seedlings 

such that sufficient growth occurred to train onto another L16C seedling.  By the time 

dodder had established on the seedlings and produced enough growth to connect two 

seedlings, the plants were older than the recommended age for induction of silencing, and 

attempts at inducing silencing in the L16C plants were unsuccessful.  According to Dr. 

Baulcombe, the key to inducing GFP silencing is to induce silencing when the plants are 

very young, approximately 3 weeks old.  At this age, however, the seedlings are not yet 
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big enough to support sufficient dodder growth.  This experiment may require more work 

to coordinate GFP silencing with dodder growth. 

GFP silencing was monitored using a UV light, and images were taken with an 

exposure of 8-10 s.  A Kodak Wratten Gelatin Filter No. 8 was placed over the lens to 

filter out interfering purple light.  In order to obtain optimum quality images, plants were 

placed under a steady UV light in complete darkness while film was exposed (Fig. A4).  

This experiment may be very useful with further work. 

 

V. Transmission of TMV from an Infected Host to a Non-Infected Host 

 We performed an experiment in order to determine the transmission of virus from 

an infected host plant to a non-infected host plant.  This experiment served as a positive 

control to validate the experimental design for movement of a GFP silencing signal.  We 

obtained TMV from Dr. Sue A. Tolin and inoculated N. tabacum plants infected with 

dodder.  Once dodder reached a sufficient biomass, tendrils were trained from infected N. 

tabacum to uninfected N. benthamiana and allowed to establish.  After 1 ½ months the 

movement of TMV from infected N. tabacum to non-infected N. benthamiana was 

evident (Fig. A5).  The N. benthamiana plants had large areas of necrosis, and eventually 

collapsed due to the TMV infection.  These results confirmed that under our conditions 

(greenhouse grown, fall 2005) the dodder bridge between two hosts would transmit 

mobile particles from one host to another. 
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VI. Transmission of the Phloem-Specific Dye CF 

 We also performed an experiment to determine the transmission of a phloem-

specific dye, CF, from a host plant into dodder.  This experiment served to show the 

movement of a phloem-specific molecule from a host plant into dodder.  There were 

many difficulties with the experimental procedures that we were unable to overcome, and 

we were therefore unable to show the movement of CF into dodder.  We introduced CF 

(60 µg/µl) into pumpkin, A. thaliana, and tomato plants infected with dodder.  Initially, 

the top surface of a mature leaf was gently abraded with fine grain sandpaper, and CF 

was applied liberally to the wound.  Cellophane wrap was placed over the wound, and 

after 16-24 hours dodder stems near the point of inoculation were harvested from all 

hosts and visualized under a fluorescent dissecting microscope.  Using this method we 

were unable to detect CF in any host leaves and dodder stems.   

 Next, we attempted to introduce CF using a syringe needle holding CF solution 

inserted into the stem of a host plant.  The syringe needle held 100-200 µl of CF solution, 

and the top of the needle was covered with Parafilm to prevent evaporation.  For larger 

host plants, such as tomato and pumpkin, the syringe needle was modified to hold more 

solution by melting a portion of a 1 ml disposable pipet tip onto the opening of the 

syringe needle.  The modified needle held 1-1 ½ ml of CF solution, and the opening of 

the modified needle was covered with Parafilm to prevent evaporation.  The syringe 

needle was inserted into a thick stem of A. thaliana, pumpkin, or tomato, and dodder 

sections from all hosts were harvested 16-24 hours after inoculation with CF.  Using this 

method we were able to detect CF in the leaves of A. thaliana, but we were unable to 

detect CF in the leaves of tomato and pumpkin, nor in dodder from all hosts. 
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 In a third attempt to introduce CF into tomato and pumpkin, we removed the leaf 

blade from its petiole, and dipped cut end of the petiole into a microfuge tube containing 

a solution of CF.  The top of the microfuge was sealed against the petiole using Parafilm, 

and after 16-24 hours dodder stems near the point of CF inoculation were harvested and 

visualized under the fluorescent dissecting microscope.  We were able to detect CF in the 

leaves of tomato plants, but were unable to detect it in the leaves of pumpkin or the stems 

of dodder grown on tomato or pumpkin.  The movement of CF from a host plant into 

dodder has been detected (Haupt et al., 2001; Birschwilks et al., 2006), and the abrasion 

method used by Haupt et al. (2001) was first attempted to introduce CF into the host 

plant.  It would seem that the introduction of CF into a plant depends on the plant species; 

perhaps the size and leaf surface of the plant plays a role in CF introduction.  More work 

on refining techniques for CF introduction must be explored for A. thaliana, tomato, and 

pumpkin. 

  

VII. Assays for Reducing Sugars in Dodder Exudate 

 Certain plants, such as pumpkin, exude phloem sap when cut making the 

collection and study of phloem contents fairly simple.  We noticed that cut dodder stems 

also exuded a droplet of liquid that could be collected (Fig. A6), and wondered if the 

exudate may be phloem sap.  Using sterile microcapillary tubes, we collected the exudate 

and then assayed for reducing sugars to determine if it was phloem sap using a reducing 

sugar assay as described (McFeeter, 1980; Waffenschimdt and Jaenicke, 1987).  The 

reducing sugar concentration of dodder exudate was 30 mM, while the sugar 

concentration of phloem sap is 490 mM (Buchanan et al., 2000).  This ten-fold 
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discrepancy in reducing sugar concentration indicated that the dodder exudate was not 

phloem sap, and further research showed that dodder contains lactifers (Lyshede, 1985).  

Therefore, it seems that dodder exudes latex rather than phloem sap. 
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Table A1. Detection of A. thaliana transcripts in dodder grown on A. thaliana using 

microarray analysis.  RNA from dodder grown on A. thaliana and dodder grown on 

tobacco was hybridized against the ATH1 array. 

Arabidopsis Tobacco No. of  
genes 

Interpretation 

+ — 245 Mobile A. thaliana transcripts that have moved into dodder 
— + 75 Background hybridization 
+ + 42 Genes conserved between A. thaliana and dodder 
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 Table A2. Genes chosen from A. thaliana microarray data analysis for RT-PCR 

confirmation. 

Gene Function Forward Primer Reverse Primer Signal Int./ 
P-value 

Dynamin Non-mobile control GAGCCCTGAAGATTGCAAAG CCCAAGTCCAGGTGTAGCAT  
AP2 Apetala2, floral organ 

development  
GTTGAAAAAGAGTCGGCGTG AGAGGAGGTTGGAAGCCATT 14.3/0.024 

CRF putative retroelement 
polymerase polyprotein 

TGAAAAGTGCTCCACCACAG TGTTCCGTCTCTTATTGCCA 8.4/0.010 

DPMB Dolichol phosphate-
mannose biosynthesis 

regulatory protein 

GAATTAGCGGATCGAGCAGT TCTCGTACGGTTCAACGACA 8.1/0.0020 

E2F cell cycle control GAGTTGAACGTCGGCGTATT CGTTGTAATGCGCAAAAAGA 8.4/0.008 
GPT Ras-related GTPase 

signal transduction 
TCCGTACGCGTTTTCTTACC ACTTGAGCAGCATCCAACCT 12.3/0.0060 

LRR defense-response signal 
transduction 

GCGCAGTCACGAAGATACAA GGTCGAGCTCTTTGAGGTTG 11.5/0.0073 

LRP1 auxin response TCCGACATTAACTTCCTCGG CATTAGGCGGGTCGAGAATA 13.3/0.030 
MST monosaccharide 

transporter 
CTGGCGTATCTCGCTAGGTC GTAAAGATCCAACCGCCGTA 15.6/0.014 

NRP putative nematode 
resistance protein 

CGTTCAAAATCGTCCCTGTT CTCCGGTTGGATCTACCTCA 10.9/0.0060 

PRA1 interacts with CaMV 
movement protein 

CAGTCAATTACTGGAGCGGC CCAGAGGTAGAGAGCATCGG 12.1/0.014 

SKP1 SKP1 family protein AGGTTGCAATGTTCTGTCCC CTTGTAGTCCGTTGCCATT 14.9/0.019 
STP4 sugar transporter 

induced by wounding 
GTCGATGTTTCTCGGTGGTT ACCGAAACGTTTATGGCTTG 7.5/0.037 

SUB proteolysis GTGCAAAAGGGTCAGGTTGT GTGTTTTGGGCTGGACAGTT 15.7/0.010 
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             1     2     3    1    2    3   1    2     3        2    3 

Fig. A1. RT-PCR assay for pumpkin transcripts in broomrape grown on pumpkin.  

Samples assayed included: Lanes 1, pumpkin; Lanes 2, broomrape grown on pumpkin; 

and Lanes 3, broomrape on tobacco. 
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Fig. A2. PCR limit of detection.  PCR products were cloned into pDRIVE vectors and 

used as a template to assay the limit of detection of PCR analysis.  A known amount of 

cloned PCR product was added to PCR reactions, and the resulting PCR products 

indicated the amount of template we could detect using PCR. 
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Actin AP2 E2F LRP1 PRA1 STP4Dynamin 

 

1  2  3  4  5  1  2  3  4  5  1  2  3  4  5  1  2  3  4   5  1  2  3  4  5   1  2  3  4  5   1  2  3  4  5

Fig. A3. RT-PCR confirmation of A. thaliana transcripts in dodder grown on A. thaliana.  

Tissues assayed included: Lanes 1, A. thaliana; Lanes 2, dodder grown on A. thaliana; 

Lanes 3, tobacco; Lanes 4, dodder grown on tobacco; Lanes 5, no template negative 

control. 
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Fig. A4. L16C and wild type N. benthamiana plants photographed under UV light.  The 

plant on the left is expressing GFP and the plant on the right does not contain GFP. 
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N. tabacum inoculated with TMV 

N. benthamiana

Fig. A5. Movement of TMV from N. tabacum to N. benthamiana.  The N. tabacum near 

the top of the picture were inoculated with TMV, and dodder tendrils were trained from 

N. tabacum to N. benthamiana, near the bottom of the picture.  Necrotic leaves were 

visible about 1 ½ months after dodder establishment, and the N. benthamiana eventually 

collapsed due to TMV infection. 
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Fig. A6. A cut dodder stem exudes liquid that can be collected using microcapillary 

tubes.  Reducing sugar assays show this liquid may not be phloem sap, but latex. 
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Appendix B 

Summary of Tomato Putatively Mobile 

Transcripts 



To classify the putatively mobile tomato transcripts, we performed a BLAST analysis of 

the transcripts against the A. thaliana protein database.  A consensus of the top three A. 

thaliana genes was recorded, along with the TAIR accession number.  The NCBI 

accession number was also recorded since the TAIR accession number was not available 

for every gene.  LeBEC1 and LeMOB1, putatively mobile tomato transcripts confirmed 

by RT-PCR, are listed in this table in bold green font. 

 

Tomato Gene 
Accession No. 

Tomato Gene 
Description (if app.) 

TAIR 
Accession 
No. 

NCBI 
Accession 
No. 

A. thaliana Protein 
Name/Function 

Kinase Activity 
 

    

BT012983.1 none  AB005240 adenosine kinase-like protein 
BI209742.1 none At2g37250 AY045694 adenylate kinase 
BT012964.1 none  AC005489 mitogen activated protein 

kinase (imported) 
BM411655.1 none AT4g14350 AC003027 probable protein kinase 
AW219856.1 none  AC012562 protein kinase 
BT013653.1 none  AJ316009 protein kinase 
AW442458.1 none AT5g14640 AY065043 protein kinase 
U89680.1 protein kinase (lepk3) AT5g47750 AB022222 protein kinase 
BF052024.1 none AT4g30960 AL022198 ser/thr kinase 
BG128497.1 none AT5g58350 AC009465 ser/thr kinase 
AI897806.1 none AT3g24550 AB019232 similarity to receptor protein 

kinase gene 
AI776858.1 none AT4g18710 AL161549 shaggy-like protein kinase 
BM411655.1 none AT4g14350 AC003027 probable protein kinase 
BT014317.1 none At1g32440 AY058121 pyruvate kinase enzyme 
BG124426.1 none At2g44680 AK119067 casein kinase II beta chain 
BG629314.1 
 

none  AP001307 casein kinase like protein 

Hydrolase Activity 
 

    

BM410423.1 none  AL133292 beta-d-glucan exohydrolase 
like protein 

BT013385.1 none At2g47510 AY054252 fumarase/fumarate hydratase 
BM535304.1 none  AF067141 gamma-glutamyl hydrolase 
AW649205.1 none At1g29670 AY086296 lipase/hydrolase 
BF113622.1 
 

none At2g32150 AF370598 probable hydrolase 

Transferase Activity     
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X74072 aspartate 
carbamoyltransferase 

AT3g20330 AB024036 aspartate carbamoyl 
transferase 

AI895624.1 none  D29017 farnesyl-diphosphate 
farnesyltransferase 

BE434722.1 none At2g31750 AY084687 glucosyltransferase 
(imported) 

AY082341.1 s-transferase like 
protein 

At1g78380 AK118907 glutathione transferase 
(imported) 

BM412916.1 none At2g30860 AB010072 glutathione transferase 
(imported) 

BI934658.1 none  AY086258 glycoprotein-specific udp 
glucuronyltransferase 

AW031656.1 none AT3g15940 AY091763 glycosyl transferase-like 
protein 

BT013712.1 none  AF441079 o-linked n-acetyl glucosamine 
transferase 

BF113103.1 none  AL162295 phosphatidate 
cytidylyltransferase-like 
protein 

BT014168.1 none At1g04870 AL079344 protein-arginine N-
methyltransferase 

BF096962.1 none  L78444 serine acetyltransferase 
BG628255.1 none At1g76090 U71400 s-adenosyl-methionine-sterol-

c-methyltransferase 
BT013028.1 none At2g02390 AJ278293 probable glutathione s-

transferase zeta-class 2 
BT013057.1 none  AB007727 Rab 

geranylgeranyltransferase 
beta subunit 

BG627521.1 none AT3g07020 AY057496 udp-glucose: sterol 
glucosyltransferase 

Nucleotide and DNA/RNA Binding Activity 
 

  

AW036059.1 none  AB013389 atp-binding protein 
AF176641.1 bZIP DNA-binding 

protein mRNA 
At2g18160 AY133545 bZIP transcription factor 

(imported), bZIP Family 
BG734608.1 none AT4g18040 AB013393 eukaryotic translation 

initiation factor 4e 
AF296086.1 eukaryotic translation 

factor 5a-4 
At1g69410 AF296082 eukaryotic translation 

initiation factor 5A 
BI209612.1 none  AP001297 gata-binding transcription 

factor 
BT013605.1 none  AB013396 GTP-binding protein 
AW222094.1 none  P49177 guanine nucleotide binding 

protein 
AF148934.1 phantastica mRNA  AF175996 probable myb family 

transcription factor (imported) 
CD003000.1 none  AK119157 putative atp-binding protein 
AI490119.1 none At5g50917 AY057549 putative DNA binding protein 
CK716303.1 none At5g38470 AY034912 putative DNA repair protein 
BT013394.1 none  AB025628 Ras related GTP-binding 

protein 
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BT013071.1 none  AB026654 RAS-related GTP-binding 
protein 

BT012784.1 none  Q96283 RAS-related GTP-binding 
protein RAB11A 

BT012785.1 none  AB015475 Ras-related protein small 
GTP-binding protein 

AW621228.1 none  AL078579 ring finger 
BT014445.1 none AT3g22320 AB022215 RNA polymerase I, II, and III 
BG627815.1 none  AF370569 similar to transcription factor 
BT014265.1 none  AB009052 similarity to RNA binding 

protein 
BI930502.1 none  AC002535 swi/snf family transcription 

activator (imported) 
AW093589.1 none  Y13726 transcription factor 
BT014077.1 none AT5g51120 AB023044 contains similarity to poly(A)-

binding protein II 
AJ785316.1 none At2g21660 Q03250 glycine rich RNA binding 

protein 
BT013761.1 none AT3g05060 AF302491 nop58-like protein. DNA 

binding protein 
BG135831.1 none  AC069471 nuclear transcription factor 2 
AW623022.1 none AT3g54400 AY088661 nucleotide DNA binding like 

protein 
BG126984.1 none  AY084823 putative ring finger 
BT014586.1 none  AY087401 putative small nuclear 

ribonucleoprotein (imported) 
AF296084.1 eukaryotic translation 

factor 5a-2 
At1g69410 AF372933 initiation factor 5a-4 

(imported) 
BT014586.1 none  AY087401 putative small nuclear 

ribonucleoprotein (imported) 
U89255 DNA-binding protein 

Pti4 
AT4g17500 Z97343 ethylene responsive element 

binding factor 1 (imported), 
AP2-EREBP Family 

BM535807.1 none At1g76900 AY139758 hypothetical tub family 
protein, TUB Family 

AW092295.1 none AT4g24660 AL035356 hypothetical protein, ZF-HD 
Family 

BT013877.1 none At2g27230 AC006233 hypothetical protein, BHLH 
Family 

Transporter Activity     

AF013280.1 amino acid transporter AT5g09220 AY085581 amino acid carrier/transport 
protein 

AJ132225 hexose transporter At1g11260 AF001308 glucose/hexose transporter 
AW737175.1 none  AL589883 metal-transporting ATPase 
AF022873.1 inorganic phosphate 

transporter 
At2g32830 AB000093 phosphate transporter 

(imported) 
BT013314.1 none  AC013453 probable ABC transporter 

(imported) 
BI205155.1 none  AC005167 tetracycline transporter 

protein (imported) 
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BT013080.1 none  AY078410 transporter associated with 
antigen processing-like 
protein 

L24011.1 TOMTRALTAK 
meloidogyne-induced 
giant cell protein 

 AL138656 ABC transporter-like protein 

AI721286.1 
 

none  AB016890 sugar transporter like protein 

Other Enzyme Activity     

AB013101 1-aminocyclopropane-
1-carboxylate oxidase 

At1g12010 AC005322 1-aminocyclopropane-1-
carboxylate oxidase 

BT012705.1 none At2g20140 AB019228 26S proteasome AAA-
ATPase 

BT013439.1 none  AL161502 4-coumarate--Co-A ligase-like 
protein 

CN384665.1 none AT5g17920 AY057478 5-
methyltetrahydroyltriglutamate

AW621890.1 none At2g33150 AB016886 acetoacyl-Co-A-thiolase 
BT014125.1 none AT5g24420 AF378879 6-phosphogluconolactonase-

like protein 
AW429212.1 none AT5g15950 AF436825 adenosyl methionine 

decarboxylase 
BT013923.1 none  AB025627 amino acid permease 6 
BT014438.1 none AT5g08100 AY039555 asparaginase 
BM535346.1 none AT5g60160 AY045584 aspartyl aminopeptidase 
AW031439.1 none  AY085975 atp sulfurylase 
M60166.1 H+-ATPase (LHA1) 

mRNA 
AT5g62670 AY125493 ATPase 11, plasma 

membrane type 
BM410423.1 none  AL133292 beta-d-glucan exohydrolase 

like protein 
BG123587.1 none AT5g43760 AB026651 beta-ketoacyl Co-A synthase 
U13054.1 endo-1/4-beta-

glucanase precursor 
 AL161515 cellulase 

Z21796 chorismate synthase I 
precursor 

At1g48850 AY057519 chorismate synthase activity 

AW038373.1 none  AF387018 citrate synthase 
AI776475.1 none  AB012246 cu/zn superoxide dismutase 
AF362735.1 succinate 

dehydrogenase 
subunit 4 

 AC007143 cytochrome c oxidase 
polypeptide III 

BI203988.1 none  AB044959 cytosolic phosphoglucose 
isomerase 

CK714980.1 none AT5g11200 AF378868 dead box RNA helicase 
BF050423.1 none AT5g28840 AY057660 dtdp-glucose 4-6-dehydratase 
CK714985.1 none  AL162351 endo-1,4-beat-mannosidase-

like protein 
BG643663.1 none  AC005275 endotransglycosylase 
BG643871.1 none  AC005970 enoyl-acp reductase 
BG628725.1 none  AB011474 ferredoxin nadp+ reductase, 

unknown protein 
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U93208.1 glyceraldehyde 3-
phosphate 
dehydrogenase 

AT3g04120 AY140084 Glyceraldehyde 3-phosphate 
dehydrogenase 

U97257.1 glyceraldehyde 3-
phosphate 
dehydrogenase 

At1g13440 AY049259 glyceraldehyde 3-phosphate 
dehydrogenase 

BT012721.1 none At1g65960 AF428372 histidine/glutamate 
decarboxylase 

AW033898.1 hydroxymethylglutaryl-
coa lyase precursor 

 AY128409 hydroxymethylglutaryl-coa 
lyase precursor 

BI206319.1 none  AK117503 indole-3-glycerol phosphate 
synthase 

BI207393.1 none At1g65930 AJ437268 isocitrate dehydrogenase 
AW979900.1 none AT3g58610 X68150 ketol-acid reductoisomerase 
AJ785263.1 none  U70478 leucoanthocyanidin 

dioxygenase 
AW093336.1 none At1g04410 AY050374 malate dehydrogenase, 

cytoplasmic 1, 2 
BG125536.1 none At1g04410 AY050374 malate dehydrogenase, 

cytoplasmic 1, 2 
BG629540.1 none At1g04410 AY050374 malate dehydrogenase, 

cytoplasmic 1, 2 
BF051156.1 none  AJ271468 mitochondrial f1 atp synthase 
BM535691.1 none  AJ271468 mitochondrial f1 atp synthase 
AF081023.1 succinate 

dehydrogenase 
 AJ278911 mitochondrial succinate 

dehydrogenase 
BE461865.1 none  AL035540 monooxygenase 
AW624961.1 none AT4g02580 AC002330 nadh-ubiquinone 

oxidoreductase 
AF001270.1 cytosolic NADP-malic 

enzyme 
AT5g1167 AL163814 NADP dependent malic 

enzyme-like protein 
BG735086.1 none AT4g30210 X66017 nadph-ferrihemoprotein 

reductase 
BG627157.1 none AT3g12120 AY084545 omega-6 fatty acid 

desaturase 
X55193 none AT5g63180 AY058197 pectate lyase 
AW621234.1 none  AY057514 peptidyl-prolyl cis-trans 

isomerase (imported) 
BT014339.1 none  AC005499 peptidyl-prolyl cis-trans 

isomerase (imported) 
BI421294.1 none AT5g13120 AL391711 peptidyl-prolyl cis-trans 

isomerase (imported) 
BT013480.1 none At1g49960 AY056808 permease 
AI773309.1 none  AC016163 peroxidase 
BG626759.1 none AT4g21960 AY056809 peroxidase 
AI483063.1 none  X82002 phophoprotein phosphatase 
BT013103.1 none  AL161574 phosphatase homologue 
BI208246.1 none  AB084296 phosphatidylgycerol specific 

phospholipase 
AW223174.1 none At1g53310 AC008007 phosphoenylpyruvate 

carboxylase 

 70



AW223528.1 none  AY085565 phytoene synthase 
BI933750.1 none AT4g15560 Q38854 probable 1-deoxy-d-xylose 5-

phosphate synthase 
BG628760.1 none  AY054629 probable aldo/keto reductase 
AW030786.1 none  AC069471 probable sphingosine-1-

phosphate lyase 
AI775189.1 none  AL163972 protein kinase inhibitor like 

protein 
BI207534.1 none AT3g47800 AK118690 putative aldolase 1-epimerase 

like protein 
BE435341.1 none  AC011622 putative aminopeptidase 
AW220949.1 none  AY099734 putative glucan synthase 
BT013777.1 none  AY136381 putative GTP-ase activating 

protein 
U39444.1 myo-inositol 

monophosphatase 1 
(IMP1) 

 AY035150 putative myo-inositol 
monophosphatase 

AI777351.1 none AT3g05910 AF428303 putative pectin acetylesterase 
BT013289.1 none At2g45790 AC004665 putative 

phosphomannomutase 
BT013423.1 none AT3g02110 AY037210 putative serine 

carboxypeptidase 
X73986 cathepsin D inhibitor 

protein 
 AC010556 putative trypsin inhibitor 

(imported) 
AW040199.1 none  AB020752 pyrophosphatase like protein 
BI206345.1 none  AF360207 pyrophosphate fructose 6-

phosphate 
AW945108.1 none AT5g50850 Q38799 pyruvate dehydrogenase 
BF113053.1 none AT5g50850 AY070728 pyruvate dehydrogenase 
Z24741 S-adenosyl-L-

methionine 
synthetase 

At4g01850 P17562 S-adenosyl-L-methionine 
synthetase 

Z24743 s-adenosyl-l-
methionine 
synthetase mRNA 

At2g36880 AF367310 s-adenosyl-l-methionine 
synthetase mRNA (imported) 

BM410212.1 none  M93408 ser/thr protein phosphatase 
BI421882.1 none AT4g34480 AC007047 beta-1,3-glucanase 

(imported) 
AW931003.1 none  AJ132436 gibberillin 2beta-dioxygenase 
BT012789.1 none  P16127 magnesium chelatase subunit 

of chli precursor 
BG128707.1 none AT3g02110 AY088154 serine carboxypeptidase 
BG131474.1 none AT3g10410 AC011560 serine carboxypeptidase 

precursor 
BG627100.1 none  AY093205 serine-protease 
BG631514.1 none  Q9SEU7 thioredoxin m-type 
BG629571.1 none AT4g24800 AB008265 topoisomerase like protein 
AY007225.1 transaldolase TOTAL2 

mRNA 
 AY088530 transaldolase TOTAL2 

BI929528.1 none AT3g14930 AP000370 uroporphyringen 
decarboxylase 
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BG630151.1 none  AC005275 xyloglucan 
endotransglycosylase 

AB036338 etag-a3  AY059910 xyloglucan-specific glucanase 
(imported) 

BE450051.1 none AT3g27570 AY058067 sucrose cleavage protein 
AI897282.1 none  AP000423 ribulose bisphosphate 

carboxylase large chain 
BT012794.1 none AT4g04640 AF428422 atp synthase gamma chain, 

chloroplast precursor 
BG631577.1 none  AB025606 similarity to GTPase activity 

protein 
BM409891.1 
 

none  AY136419 x-pro dipeptidase like protein 

 
 
Ubiquitin related 
 

    

BT014041.1 none AT3g27240 AY054246 ubiquinol-cytochrome c1 
reductase 

BT012754.1 none  AB006707 ubiquitin conjugating enzyme 
L23762.1 ubiquitin carrier 

protein 
At1g64230 AY133670 ubiquitin conjugating enzyme 

BG631393.1 none At1g78870 AY049261 ubiquitin conjugating enzyme 
BT013204.1 none At1g64230 AY133670 ubiquitin conjugating enzyme 
BT014436.1 none  AF302661 ubiquitin specific protease 7 
CN385716.1 none At2g47110 AF375416 ubiquitin/ribosomal protein 
AW219321.1 none  U44976 ubiquitin-conjugating enzyme 
BM412138.1 none AT3g46460 AY080733 ubiquitin-protein ligase 
BT012698.1 
 

none  AY139999 polyubiquitin/ubiquirin 

Calmodulin related 
 

    

AW224629.1 none  AL162691 Calmodulin 3 
BE433388.1 none AT5g37780 AB016873 Calmodulin 4 (imported) 
BG735159.1 none  AL162691 calmodulin-3  
BM412286.1 none  AB018107 Calmodulin-binding heat 

shock protein 
Structural Molecule Activity    

AW934050.1 none  AP002063 actin 1, 2, 3, 4, 11, 12 
BI421384.1 none  AP002063 actin 1, 2, 3, 4, 11, 12 
AW929565.1 none AT4g14960 AY058858 tubulin alpha 6 chain 
BT013065.1 none AT5g62690 M20405 tubulin beta-1 chain 
BT013349.1 none At1g54690 AC079828 histone H2A-like protein 
AW223612.1 none  U33269 proteasome regulatory protein 
BG631396.1 none AT5g42790 AY058128 proteasome subunit alpha 

type 1 
BT013996.1 none At2g27020 AF375455 proteasome subunit alpha 

type 3 (imported) 
BG134504.1 none  AF043521 proteasome subunit alpha 

type 4 
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Ribosomal Proteins     

AW038392.1 none  AB010077 40s ribosomal protein 
BG128181.1 none At2g40590 AY127000 40s ribosomal protein s26 
BG734707.1 none  O23290 60s ribosomal protein 
CK716164.1 none  AY088594 60s ribosomal protein 
CN385256.1 none  AL132965 60s ribosomal protein 
BG128773.1 none  AC000104 60s ribosomal protein 
AW929569.1 none At1g33120  AF324688 60s ribosomal protein 
BG627947.1 none AT4g27090 AC007109 60s ribosomal protein 
BM411215.1 none AT4g18730 AF385722 60s ribosomal protein 
CK715846.1 none At2g42740 AL035526 60s ribosomal protein 
CN384891.1 none AT4g18730 AF385722 60s ribosomal protein 
CN385241.1 none At1g70600 AY048228 60s ribosomal protein 
BT013259.1 none At1g33140 AY039593 probable 60S ribosomal 

protein L9 
AW091989.1 none At1g02780 AF424580 ribosomal protein 
BG734710.1 none At2g47110 AF375416 ribosomal protein 
BI204065.1 none AT5g10360 AL031004 ribosomal protein s6 
BG629104.1 none AT4g36130 AY058221 ribosomal protein L8 
AJ785551.1 none  AP000423 chloroplast 50s/30s ribosomal 

protein 
AI772202.1 
 

none  AY072429 adp-ribosylation factor 

Other Proteins 
 

    

AF079450.1 SIG74 14-3-3 family 
protein 

At1g22300 AY058834 14-3-3- like protein GF14 
epsilon 

L29151.1 14-3-3 protein 
homologue 

At1g78300 U09376 14-3-3-like GF14omega 
isoform 

X98865 14-3-3 protein At1g78300 AY077667 14-3-3-like protein GF14 MU 
BG631875.1 none AT4g25050 AL035523 acyl carrier protein 
BG734659.1 none At2g44620 AY052288 acyl carrier protein 
BI210991.1 none  AY052402 anaphase promoting complex 
AJ832026.1 none  AP000423 apocytochrome f precursor 
CK715030.1 none  X76912 arp protein 
AI487832.1 none  AB012239 autophagocytosis protein 
AF022018.1 auxin-regulated IAA7 At3g04730 BT000857 auxin-responsive protein 

(IAA7, IAA16, IAA17, IAA14) 
AW223712.1 none AT3g61710 AY039613 beclin-1 like protein 

(LeBEC1) 
AW220778.1 none AT4g23460 AF216386 beta-adaptin-like protein 
BI205290.1 none AT5g55990 AF076253 calcineurin b-like protein 
CN384731.1 none  AL353865 ccr4-associated factor 1-like 

protein 
BG628276.1 none AT4g10340 AL049488 chlorophyll a/b-binding protein 

cp26 
BT012757.1 none At2g05100 AB010695 chlorophyll a/b-binding protein 

Lhcb2 (imported) 
AJ784649.1 none  AB011474 contains similarity to 

ribonucleoprotein f-gene 
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BI210459.1 none AT3g56240 AY066056 copper homostasis factor 
AW219679.1 none At2g32720 AC003974 cytochrome b5 isoform 
BI204601.1 none  AB005231 cytochrome b-561 
AW034203.1 none AT5g45340 AL021687 cytochrome p450 
AJ250003 dad-1 homologue of 

Defender Against 
apoptotic death 

 AC084165 dad-1 homologue of Defender 
Against apoptotic death 

BI207046.1 none AT5g08290 AF324685 DIM1 homologue 
BG630273.1 none At2g21600 AB010946 endoplasmic reticulum 

retrieval protein 
BT014185.1 none At2g01970 AY058869 endosomal protein (imported) 
AW217188.1 none At1g09560 U75200 germin-like protein 
BI925302.1 none At3g09440 AY102116 heat shock cognate 
BM534993.1 none At2g32120 AY123990 heat shock protein 
BG628397.1 none  AY085126 in2-1 protein 
BG125297.1 none AT5g20720 AB007130 kda chaperonin, chloroplast 

precursor 
BG126755.1 none At1g04340 AY070751 lesion-inducing protein 
BI210170.1 none  AY087037 mitochondrial import receptor 
BT014292.1 none  AL035523 oleosin protein 
BT013102.1 none  AB024029 outer membrane lipoprotein 
AI482916.1 none  X96482 pale cress protein 
BG135190.1 none  AL163792 pescadillo-like protein 
AI484522.1 none  AC013288 pheromone receptor 
AF029984.1 cop1 homologue  AC003033 photomorphogenesis 

repressor cop1 
BG631075.1 none At2g30570 AF325042 photosystem II reaction 

center 
AF154003.1 pirin mRNA AL356014 pirin-like protein 
AF218774.1 putative water 

channel protein 
(Aqp2) 

AT3g61430 AY058113 plasma membrane intrinsic 
protein 

BF114023.1 none At2g37170 AY086460 plasma membrane intrinsic 
protein 

AW650121.1 none AT4g12730 AY060582 pollen surface protein 
homologue 

BG735287.1 none  AC004512 probable acyl carrier 
BT014249.1 none At2g34840 AY075627 probable coatomer epsilon 

subunit 
BT013634.1 none  AC004483 probable DNA replication 

licensing factor 
BG626139.1 none  AC015446 probable integral membrane 

protein 
CN385528.1 none  Q42449 profilin 1, 2, 3, 4, 5 (imported) 
AY061819.1 profilin protein  U43322 profilin 1, 2, 3, 4, 5 (imported) 
BG629037.1 none  AY086439 psi type III chlorophyll a/b 

binding protein 
BG128962.1 none  AJ505021 putative cmp-kdo protein 
BT013673.1 none  AY046030 putative cullin 1 protein 
BF096415.1 none  AK118327 putative nodulin protein 
BT014479.1 none  AL022140 putative receptor protein 

AT3G59220
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AW928465.1 none  AY085720 putative sp2 domain/ethylene 
responsive protein 

AW455249.1 none AT4g32150 AB007651 putative synaptobrevin-like 
protein 

BG643885.1 none  AL022140 receptor like protein 
AF123265.1 remorin-1 mRNA  AB005244 remorin-like protein 
BI208266.1 none At2g21600 AB010945 rer1a protein 
BI927716.1 none  AF168391 root cap 1 
BT013474.1 none  AB010700 SCARECROW gene regulator 
Z34527 mRNA for 54-kD 

signal recognition 
particle specific 
protein 

At1g48900 AY052331 signal recognition particle 54 
kDa protein 3 

AW040452.1 none  AY086962 soul-like protein (imported) 
BT013400.1 none AT4g34190 AF133716 stress enhanced protein 1 
BI925670.1 none AT4g20360 BT000687 translation elongation factor, 

chloroplast 
AW738567.1 none  AY088057 transmembrane protein 
AJ785143.1 none  AF051562 transposase like protein 
BI423372.1 none At1g17860 AF410274 tumor related protein 
BE436539.1 none  D88036 udp-n-acetylglucosamine-

dolichyl phosphate 
AI899099.1 none At1g77140 AY050370 vacuolar protein sorting 

protein 
Unknown/Hypothetical Proteins    

AW621645.1 none  AC011001 hypothetical protein 
(imported) 

AW649152.1 none  AC012563 hypothetical protein 
(imported) 

AI483563.1 none  AL163572 hypothetical protein 
AI771816.1 none  AY074536 hypothetical protein 
AI776156.2 none  AL162973 hypothetical protein 
AW218641.1 none  AC051629 hypothetical protein 
AW223695.1 none  AB013390 hypothetical protein 
AW737480.1 none  AB006698 hypothetical protein 
BG124175.1 none  AC027034 hypothetical protein 
BG126035.1 none  AY086889 hypothetical protein 
BG626246.1 none  AL078637 hypothetical protein 
BG629987.1 none  AL161575 hypothetical protein 
BI927944.1 none  AL049658 hypothetical protein 
BM411049.1 none  AC064840 hypothetical protein 
BM412770.1 none  AC009325 hypothetical protein 
AW029873.1 none  AC006341 hypothetical protein 
AW622247.1 none  AC000132 hypothetical protein 
BT013025.1 none  AL162508 hypothetical protein 
AAK62415.1 none At2g44650 AB051163 hypothetical protein 
AW222400.1 none At2g39710 AL162508 hypothetical protein 
AW441264.1 none AT4g37280 AL161591 hypothetical protein 
AW737825.1 none AT4g27720 AF325107 hypothetical protein 
BF097780.1 none AT5g10860 AL365234 hypothetical protein 
BG130401.1 none At2g35440 AC005314 hypothetical protein 
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BG133364.1 none At2g02050 AY052268 hypothetical protein 
BG626006.1 none AT3g13120 AP000375 hypothetical protein 
BG642991.1 none  

AT4g12830 
AC008016 hypothetical protein 

BI206624.1 none At1g22850 AF000657 hypothetical protein 
BM535623.1 none AT4g18900 AL021711 hypothetical protein 
BM535625.1 none At1g26270 AY058170 hypothetical protein 
BT013662.1 none AT4g07400 AL161505 hypothetical protein 
BT013895.1 none At2g46080 AY072305 hypothetical protein 
AW623116.1 none  AC007591 hypothetical protein 

(imported) 
AY693799.1 ctob4k16 cenp-c 

mRNA 
 AC013453 hypothetical protein 

(imported) 
AI897679.1 none At2g47850 AC005309 hypothetical protein 

(imported) 
BG133164.1 none At1g79390 AF324674 hypothetical protein 

(imported) 
BM409829.1 none At2g26280 AC004484 hypothetical protein 

(imported) 
BT013491.1 none At2g34170 AC002341 hypothetical protein 

(imported) 
BT013559.1 none At2g33640 AC002332 hypothetical protein 

(imported) 
AI778206.1 none  AK118281 hypothetical protein 

(imported), putative 
dioxygenase 

BF051693.1 none At2g44750 AY085584 hypothetical protein 
(imported), thiamin 
pyrophosphokinase 

AI490756.1 none At1g70850 AC008148 hypothetical protein, 
imported, major latex-like 
protein 

BG125498.1 none AT4g00830 AL353912 hypothetical protein, probable 
RNA binding protein 

BT014225.1 none AT4g15470 AY050443 hypothetical protein, putative 
glutamate/aspartate binding 
protein 

BT012814.1 none AT3g49250 AY049288 hypothetical/unknown protein 
AAK62371.1 none  AF386926 unknown protein 
AI771534.1 none  AK117386 unknown protein 
AW651373.1 none  AB007648 unknown protein 
BG626986.1 none  AY087038 unknown protein 
BE435343.1 none  AC007296 unknown imported protein 
BT013805.1 none  AC008113 unknown 
BT012727.1 none  AP000381 unknown function  
BT012949.1 none  AC009322 unknown function (imported) 
AI482627.1 none  AY084353 unknown protein 
AI489289.1 none  AK117778 unknown protein 
AI490042.1 none  AB007645 unknown protein 
AI771980.1 none  AC007168 unknown protein 
AI772256.1 none  AF360237 unknown protein 
AI774956.1 none  AF386949 unknown protein 
AI775354.1 none  AY035155 unknown protein 

 76



AW040024.1 none  AB007649 unknown protein 
AW041719.1 none  AK117855 unknown protein 
AW220194.1 none  AC004557 unknown protein 
AW222339.1 none  AF370156 unknown protein 
AW224205.1 none  AK118269 unknown protein 
AW443163.1 none  AB017067 unknown protein 
AW623436.1 none  AY070058 unknown protein 
AW626298.1 none  AY085079 unknown protein 
AW980060.2 none  AB025632 unknown protein 
BE354738.1 none  BT002072 unknown protein 
BE449915.1 none  AY087524 unknown protein 
BE463386.1 none  AY074342 unknown protein 
BG126886.1 none  AB016881 unknown protein 
BG626516.1 none  AF370292 unknown protein 
BG629176.1 none  AY070084 unknown protein 
BG629907.1 none  AY085285 unknown protein 
BI207558.1 none  AC007047 unknown protein 
BM412795.1 none  AC073395 unknown protein 
BM535315.1 none  AB025633 unknown protein 
CD002592.1 none  AK118475 unknown protein 
CD003471.1 none  AK118959 unknown protein 
CK714982.1 none  AY099847 unknown protein 
CK715395.1 none  AY072089 unknown protein 
CK715684.1 none  AK117250 unknown protein 
CN384529.1 none  AB022220 unknown protein 
CN385559.1 none  AL358732 unknown protein 
AA824750.1 none  AF360288 unknown protein 
AI483373.1 none  AY086896 unknown protein 
BE437109.1 none  AB006704 unknown protein 
BG133644.1 none  AC007727 unknown protein 
BG627456.1 none  BT000472 unknown protein 
BM411718.1 none  AB005241 unknown protein 
BT012831.1 none  AC006592 unknown protein 
BT013713.1 none  AF360264 unknown protein 
BT014121.1 none  AC069551 unknown protein 
BT014221.1 none  AL049658 unknown protein 
BT014258.1 none  AF370238 unknown protein 
BT014262.1 none  AY080597 unknown protein 
BT014551.1 none  AY150440 unknown protein 
CK715624.1 none  AB017065 unknown protein 
L24019.1 TOMTRALTAK 

meloidogyne-induced 
giant cell protein 

 AB023028 unknown protein 

BT014444.1 none  AF387002 unknown protein 
AI776728.1 none  AY086493 unknown protein 
BT013448.1 none  AF013294 unknown protein 
BT013725.1 none  AX544403 unknown protein 
BT014194.1 none  AB023044 unknown protein 
AI482659.1 none AT4g14710 AF462818 unknown protein 
AI774208.1 none AT3g47831 AK118609 unknown protein 
AW032374.1 none At1g22850 AC007915 unknown protein 
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AW219157.1 none AT4g19180 AK117436 unknown protein 
AW929494.1 none AT5g36230 AY086089 unknown protein 
BE449715.1 none At2g20587 AY085292 unknown protein (LeMOB1) 
BG128587.1 none At4g27438 AY054257 unknown protein 
BG129043.1 none At2g42750 AY069893 unknown protein 
BG129221.1 none At2g22130 AC010704 unknown protein 
BG129804.1 none At1g27000 AY085110 unknown protein 
BG631822.1 none AT5g64440 AY057501 unknown protein 
BM411071.1 none At2g40110 AY085617 unknown protein 
BM534948.1 none AT1G10500 Q9XIK3 unknown protein 
BM535506.1 none AT5g52880 AY054282 unknown protein 
BM536163.1 none AT4g01940 AY039552 unknown protein 
BT013186.1 none AT4g22410 AF462856 unknown protein 
BT013351.1 none AT5g49940 AK118652 unknown protein 
BT013920.1 none AT3g24740 AB023041 unknown protein 
BT014157.1 none At2g27680 AF385689 unknown protein 
BT014539.1 none AT3g07170 AF410300 unknown protein 
CK714973.1 none AT3g05050 AF370510 unknown protein 
CK720559.1 none AT3g21550 AB019232 unknown protein 
CN384776.1 none At1g29690 AL078637 unknown protein 
AJ832085.1 none  AY084489 unknown protein (imported) 
BT014188.1 none  AC005223 unknown protein (imported) 
BT014470.1 none  AC002292 unknown protein (imported) 
BT013342.1 none  AK118146 unknown protein (imported) 
BM410945.1 none At2g33360 AC002332 unknown protein (imported) 
BM412449.1 none At2g20710 AC006234 unknown protein (imported) 
CK715597.1 none At2g25270 AC007070 unknown protein (imported) 
BT014350.1 none At2g45330 AX366211 unknown protein (imported), 

contains similarity to 
phosphotransferase 

BG127420. none  AY072315 unknown protein, splicing 
factor 

BM413277.1 none  AY065385 unknown protein/remember 
h2 protein 

BG630197.1 none  AK118778 unknown/hypothetical protein 
BT014596.1 none  AC002131 unknown/hypothetical protein 

(IMPORTED) 
BI934852.1 
 

none  AK117940 unknown protein 

Transcripts without homology to Arabidopsis   

AI486496.1 none   no hits found 
AI637285.1 none   no hits found 
AI780557.1 none   no hits found 
BG625974.1 none   no hits found 
BG626204.1 none   no hits found 
BG626300.1 none   no hits found 
BG626493.1 none   no hits found 
BG626501.1 none   no hits found 
BG626616.1 none   no hits found 
BG626745.1 none   no hits found 
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BG626790.1 none   no hits found 
BG627150.1 none   no hits found 
BG627582.1 none   no hits found 
BG627663.1 none   no hits found 
BG628435.1 none   no hits found 
BG628993.1 none   no hits found 
BG629084.1 none   no hits found 
BG629256.1 none   no hits found 
BG629302.1 none   no hits found 
BG629678.1 none   no hits found 
BG629683.1 none   no hits found 
BG629975.1 none   no hits found 
BG630149.1 none   no hits found 
BG630234.1 none   no hits found 
BG630861.1 none   no hits found 
BG630875.1 none   no hits found 
BG630905.1 none   no hits found 
BG631161.1 none   no hits found 
BG631189.1 none   no hits found 
BG631244.1 none   no hits found 
BG631583.1 none   no hits found 
BG631878.1 none   no hits found 
BG734835.1 none   no hits found 
BG734849.1 none   no hits found 
BG734934.1 none   no hits found 
BG735249.1 none   no hits found 
BG735464.1 none   no hits found 
BG735504.1 none   no hits found 
BI210355.1 none   no hits found 
BI923596.1 none   no hits found 
BI929338.1 none   no hits found 
CK716213.1 none   no hits found 
CN384846.1 none   no hits found 
CN385024.1 none   no hits found 
CN385153.1 none   no hits found 
CN385229.1 none   no hits found 
CN385873.1 none   no hits found 
L24025.1 TOMTRALTAK 

meloidogyne-induced 
giant cell protein 

  no hits found 
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