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ABSTRACT 
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        In the Florida Everglades, sawgrass has been displaced by cattail, predominantly 

resulting from phosphate enrichment. It has been found that phosphate transporters and 

arbuscular mycorrhizal (AM) fungi play an important role in phosphate uptake in the 

plants. This study aimed to reveal the symbiosis between AM fungi and sawgrass and 

cattail and identify the phosphate transporters, especially AM-specific phosphate 

transporters in these two species. AM colonization was only found in sawgrass roots, not 

cattail, at low phosphate concentrations in lab and field samples by trypan blue staining. 

AM fungi could increase sawgrass growth and had little effect on cattail growth. Four 

phosphate transporters were identified in sawgrass. CjPT1, CjPT2 and CjPT3 were 

expressed in roots and shoots independent of AM fungi and phosphate availability, while 

CjPT4 appeared to be an AM regulated phosphate transporter gene and its expression was 

induced by AM fungi.
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INTRODUCTION 

PHOSPHORUS 

Phosphorus is one of the most essential macronutrients for plant growth. It serves many 

functions such as a structural component of nucleic acids, phospholipids and many 

enzymes (Marschner, 1995). Furthermore, it involves in a variety of  processes such as 

photosynthesis, cellular respiration, energy transfer reactions, metabolic processes as well 

as signal transduction cascades (Karandashov and Buche, 2005; Bucher, 2007; 

Raghothama, 2000). In photosynthesis, phosphorus is an essential substrate for 

photophosphorylation. The product of photosynthesis adenosine triphosphate (ATP) is a 

universal energy source for many cellular proteins.  In addition, phosphorus is a regulator 

in signal transduction cascades through phosphorylation and dephosphorylation. In plant 

metabolic processes, many intermediary metabolites are phosphate-linked covalently and 

metabolic activities are regulated by phosphorus enzymes. 

Phosphorus is abundant in ecosystems. However, inorganic phosphate, Pi, is the only 

form directly taken up by plants. Pi concentrations are low (1-10μM) compared with 

other nutrients such as nitrogen, potassium, calcium, and magnesium in the soil (Bieleski, 

1973; Vance et al., 2003; Raghothama, 2000) and much lower than Pi concentrations in 

the plant cytosol (Schachtamn et al., 1998). In the soil, phosphorus is easily sequestered 
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by cations such as Fe3+/Fe2+, Al3+ and Ca2+ to form inert complexes, which render it 

unavailable to plants (Brinch-Pedersen et al., 2002). In addition, 20%-80% of phosphate 

in the soil is organic compounds such  lecithin, phytate,  inositol phosphates, nucleic 

acids and phospholipids (Jungk et al., 1993, Troeh and Thompson, 2005), which has to be 

mineralized to the inorganic form before it becomes available to plants (Brinch-Pedersen 

et al., 2002). Plants have to compete with microbes to take up Pi in the soil. Therefore, 

the chemical interactions and soil properties make Pi one of the least available nutrients 

required by plants. 

The Pi concentration in the soil is less than 10μM, while the concentration in the 

cytoplasm of plant cells is generally greater than 10mM (Mimura, 1999).  Therefore, 

plants have developed multiple adaptive morphological, physiological, biochemical and 

molecular symbiotic strategies to aid in the acquisition of Pi under Pi starvation. 

Morphological mechanisms include increased root to shoot ratio, changes in root 

architecture and increased root hair proliferation and elongation (Williamson et al., 2001; 

Ticconi and Abel, 2004). Plants employ physiological mechanisms such as altered 

photosynthesis, respiration, carbon metabolism such as glycolytic pathway to enhance Pi 

uptake, reduce Pi efflux, and increase Pi use efficiency and mobilize Pi from the vacuole 

to cytoplasm to cope with low Pi availability. The ATP levels and the rate of 

photosynthesis are significantly reduced during Pi starvation and pyrophosphate (PPi) 

might function as an autonomous energy source (Plaxton, 1996). Pi limitation also results 

in activation of an alternate respiratory pathway, cyanide-resistant respiration pathway 

(Rychter et al., 1990). Additionally, some enzymes which do not require nucleotide 

phosphate or Pi as substrates are activated to circumvent Pi usage and permit carbon 
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metabolism to proceed (Duff et al., 1989). Uridine diphosphate-glucose (UDP-glucose) 

pyrophosphorylase and non-phosphorylating NADP-dependent glyceraldehydes 3-

phosphate dehydrogenase (non-phosphorylating NADP-dependent G3PDH) activities are 

induced to maintain essential carbon metabolisms during Pi starvation. There are also 

some changes in lipid composition of plant membranes, such as a decrease of 

phospholipids and an increase of non-phosphorus lipids in Arabidopsis. In Pi-starved 

Arabidopsis, sulfolipids increase in thylokoid membranes, whereas galactolipids increase 

in both the thylokoid membranes and extraplastidic membranes (Fang et al., 2009). 

Besides these mechanisms, plants secrete many biochemical components to obtain Pi. 

Roots secrete proton and organic acids such as malate and citrate which desorb Pi from 

chelated Fe/Al humic complex (Gerke, 1992; Neumann, 1999), thus solubilizing Pi for 

plant uptake. Plants also induce phosphatases to mineralize organic phosphorus to 

inorganic orthophosphate (Lefebvre et al., 1990; Duff et al., 1994; del Pozo et al., 1999; 

Zakhleniuk et al., 2001).  During times of limited Pi availability, expression patterns of 

many genes are changed. These genes includes RNases, phosphatases, phosphate 

transporters, CaATPase, vegetative storage protein, β-glucosidase, PEPCase, TPSII and 

Mt 4 (Raghothama, 1999). Many of these genes may have specific roles in enabling 

plants to acquire and utilize Pi efficiently, whereas others may be involved in regulating 

the expression of multiple Pi starvation-induced genes.  Moreover, symbiotic associations 

with arbuscular mycorrhizal (AM) fungi have been found to improve Pi acquisition 

capabilities of terrestrial plants through fungal mycelia (Smith and Read, 1997; Smith et 

al., 2001). 
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AM FUNGI 

AM fungi, in the phylum Glomeromycota, are obligate aerobes. About 150 fungal species 

have been found to form mycorrhizae symbionts in more than 80% of terrestrial plants 

(Karandashov et al., 2004; Schüßler et al., 2001). Plants and AM fungal symbionts have 

coexisted for more than 400 million years and these relationships may have facilitated the 

colonization of land by plants (Redeker et al., 2000). This symbiosis is typically 

reciprocal nutrient transfer between plants and fungi. AM fungi can help plants get more 

mineral nutrients such as copper, zinc, boron, sulfur, nitrogen, and in particular, Pi; in 

turn AM fungi take carbon from the plants to complete their life cycle (Smith and 

Gianinazzi-Pearson, 1988; Smith and Smith, 1990). In addition, many studies have 

shown the importance of AM fungi to plants. For example, they can promote plant 

growth and biomass (Jayachandran and Shetty, 2003), enhance tolerance of plants to 

pathogens and pests (Azcon-Aguilar and Barea, 1996), influence plant biodiversity (van 

der Heijden et al., 1998) and improve the fitness of plants in adverse environments such 

as drought, extreme pH or soil with heavy metals. 

The sequential steps of AM fungi colonization process are well known. It begins with 

spore germination and preinfection hyphal growth. Upon the fungi contacting with the 

root epidermis, hyphal tips swell and form appressoria. Subsequently hyphae penetrate 

the roots and grow through the cortex and penetrate the cortical cells. In the cells, fungi 

differentiate to form highly branched hyphae, called arbuscules. The plant cortical cells 

envelop the arbuscules in the membranes known as the periarbuscular membrane, which 

is the site for nutrient exchange between symbionts (Smith and Read, 1997; Harrison, 
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1999; Smith and Smith, 1990). By the end of arbuscule’s life span, it degenerates 

allowing the plant cell to recover or be recolonized.  

Field and laboratory studies have revealed that anoxic conditions, pH, salinity, 

phosphorus, flooding and light levels all affect AM fungal colonization. Less oxygen may 

repress the mycorrhizal colonization, though AM fungi could survive in anoxic 

conditions (Miller and Bever, 1999). AM symbiosis could improve plant’s ability to 

uptake Pi under low Pi availability; however, when Pi is abundant, mycorrhizal 

colonization decreases (Anderson and Liberta, 1989; Jasper and Davy, 1993; Bobbink, 

1998). Flooding could inhibit AM colonization (Miller and Sharitz, 2000), but once the 

colonization is established, subsequent flooding may no longer affect future colonization 

(Andrew and Richard, 2006). Light intensity is positively correlated to mycorrhization, 

and particularly arbuscule formation (Hayman, 1973, 1974). Furthermore, many 

chemicals play a role in mycorrhizaiton. Lyso-phosphatidylcholine (LPC) is shown to be 

a signal in the arbuscular mycorrhizal symbiosis which can induce AM specific 

phosphate transporter genes in potato (Solanum tuberosum) (Drissner et al., 2007). 

Phytohormones such as abscisic acid and jasmonates can also regulate arbuscular 

mycorrhizal symbiosis (Herrera-Medina et al., 2007; Hause et al., 2007). 

STAINING METHODS FOR AM FUNGI 

Methods for detection and quantification of AM fungi in roots are essential tools in AM 

fungal research. Since Phillips and Hayman used trypan blue to AM fungal structures in 

roots in 1970, a number of staining methods have been developed for AM fungi detection 

and observation. Recently biochemical methods that measure characteristic biochemical 
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markers in AM fungi or AM symbiosis and molecular techniques that identify and 

quantify AM fungi have been developed. However, they are time consuming and costly 

compared with staining methods, therefore the commonly used methods for AM fungi 

visualization are still staining the roots and observing the stained AM fungal structures in 

roots by routine light microscopy (Vierheilig et al, 2005). Before staining, roots should be 

cleared to remove natural pigment and cell contents by heating in KOH. However, at 

times not all pigments, cytoplasm and secondary metabolites are removed by KOH. 

Bleaching with alkaline hydrogen peroxide effectively removes the remaining pigments 

and cell contents in cleared roots. The time required for sufficient clearing in water bath, 

oven (60-90˚C) or autoclave varies widely, thus it is essential to calibrate the clearing 

time for different plant species. Generally roots are rinsed several times with water and 

acidified with diluted HCl after clearing and stained by heating in dyes, such as acid 

fuchsin, chlorazol black E (CBE), trypan blue, cotton blue and ink. Acid fuchsin, CBE, 

trypan blue and cotton blue are usually applied in an acidic solution containing lactic acid, 

glycerin and water, while ink are usually applied in vinegar (5% acetic acid). Staining 

time is dependent on the plant species, root size and age. Thereafter stained roots are 

destained and observed by microscopy. The qualities of staining vary among different 

dyes, thus it is necessary to choose an adapted staining method and staining dye in the 

specific study. 

PHOSPHATE UPTAKE PATHWAYS IN PLANTS 

There are two pathways for plants to take up phosphate, the ‘direct’ uptake pathway at 

plant-soil interface through root epidermis and root hairs and the ‘mycorrhizal’ uptake 
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pathway via hyphae (Smith et al., 2003). It has been shown that mycorrhizal contribution 

to Pi uptake ranges from a small percentage to the entire acquired Pi, and varies 

depending on each plant/fungus combination (Pearson and Jakobsen, 1993; Smith et al., 

2003, 2004). The contribution of mycorrhizal pathway to Pi uptake is very high in barley 

(Hordeum vulgare) (Zhu et al., 2003) and wheat (Triticum aestivum) (Schweiger and 

Jakobsen, 2000). Smith et al. (2003, 2004) found that tomato (Lycopersicon esculentum), 

medic (Medicago truncatula) and flax (Linum usitatissimum) received up to 100% of Pi 

via mycorrhizal pathway using compartmented pots and 33P. In the ‘mycorrhizal’ uptake 

pathway, Pi from soil is taken up into extraradical mycelium by active transport (Harrison 

and van Buuren, 1995; Maldonado-Mendoza et al., 2001). Two AM fungal phosphate 

transporters (GvPT and GiPT from Glomus versiforme and Glomus intraradices, 

respectively) mainly expressed in the extraradical hyphae participate in the Pi uptake at 

the fungus-soil interface (Karandashov and Bucher, 2005; Harrison and Buuren, 1995; 

Maldonado-Mendoza et al., 2001). Absorbed phosphate accumulates in the vacuoles of 

extraradical hyphae as polyphosphate (polyP). Then polyP is transferred into the 

intraradical hyphae, possibly by means of cytoplasmic streaming and/or along a motile 

tubular vacuole system propelled by the interaction of myosin and actin (Cooper and 

Tinker, 1981; Smith and Read, 1997; Olsson et al., 2002; Uetake et al., 2002). PolyP is 

hydrolyzed to Pi in the intraradical compartment and released to periarbuscular space. 

The import of Pi across the periarbuscular membrane into the root cells is mediated by 

plant phosphate transporters (Ezawa et al., 2002). Once Pi is transported into root 

epidermal cells, it is loaded into the xylem for distribution to the other parts of the plants. 
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Pi TRANSPORTERS 

Studies on different substrate specificities and expression patterns of phosphate 

transporters in higher plants show that phosphate transporters play important roles in Pi 

uptake, distribution and translocation (Kai et al., 2002). Additionally, they connect the 

metabolism of subcellular compartments and tissues and regulate metabolite fluxes when 

Pi availability level changes (Weber et al., 2004; Toyota et al., 2006).  

Three families of phosphate transporters have been identified in plants. The members of 

Pht1 family are high-affinity phosphate transporters (Km = 1.8~9.9 µM) which are 

homologues of the yeast PHO84 phosphate transporter. Pht1 proteins are located in the 

plasma membrane (Chiou et al., 2001), and have 12 transmembrane domains, including 

two partially duplicated subdomains of six transmembrane segments (Figure 1) 

(Lagerstedt et al., 2004; Raghothama, 1999). Pht1 transporters are induced under low 

phosphate conditions and/or in mycorrhizal roots. Pht1 transporters identified in 

corresponding plants species are shown in Table 1 (Javot et al., 2007). Among Pht1 

transporters, there are some members, AM specific Pht1 transporters, expressed 

exclusively in response to AM symbiosis. AM specific transporters have been identified 

in Medicago truncatula (MEDtu;Pht1;4, Harrison et al., 2002), rice (ORYsa;Pht1;11, 

Paszkowski et al., 2002), potato (SOLtu;Pht1;4 and SOLtu;Pht1;5, Nagy et al., 2005), 

wheat (TRIae;Pht1; myc, Glassop et al., 2005) and tomato (LYCes;Pht1;4, Nagy et al., 

2005). Some of Pht1 transporters are mycorrhiza up-regulated Pi transporters which are 

induced in AM symbiosis but a basal expression in uninoculated roots, whereas 



9 

mycorrhiza down-regulated Pi transporters are expressed in uninoculated roots but show 

decreased expression in AM symbiosis (Table 1).   

Although a number of studies regarding Pi uptake in plants focus on Pht1 transporters, 

there are other members of Pi transporters involved in Pi transport through the plants. 

The Pht2 family is low-affinity phosphate transporters (Km at the mM level) which are 

localized to the inner envelope of plastids. Their structures are similar to the Pht1family, 

except for a long N-terminal tail that includes the plastid signal sequence and a long 

hydrophilic loop between the eighth and ninth TM domains (Poirier and Bucher, 2002). 

The Pht2 transporters have similarity to Na+/Pi symporters of fungal and animals. So far 

Pht2 transporters are identified in Medicago truncatula (MEDtr;Pht2;1), Arabidopsis 

thaliana (ARAth;Pht2;1),  Solanum tuberosum (SOLtu;Pht2;1), Mesembryanthemum 

crystallinum (MEScr;Pht2;1), wheat (TaPT2-1) and spinach (phtc) (Karandashov and 

Bucher, 2005; Ferro et al., 2002). They are primarily expressed in shoots and involve in 

Pi allocation for the whole plants and modulate phosphate-starvation responses, including 

the expression of Pi-starvation response genes (Versaw and Harrison, 2002).  

The Pht3 family are mitochondrial phosphate carriers which possess six transmembrane 

domains composed of three repeated segments of two alpha-helices separated by 

hydrophilic loop (Laloi, 1999; Nakamori et al., 2002; Karandashov and Bucher, 2005).  

Pht3 transporters have been found in Arabidopsis thaliana (ARAth;Pht3;1-ARAth;3;3), 

Betula pendula (Mpt1), soybean (soybean MPT and GLYma;Pht3;2), Lotus japonicus 

(LjMPT), rice (Rice MPT) and maize (Maize MPT).  
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Besides the plant Pi transporters, some Pi antiporters/ translocators are involved in Pi 

transport. In animals, dicarboxylate carriers (DIC) catalyze the exchange between Pi and 

dicarboxylates such as malate, succinate and malonate (Laloi, 1999; Picault et al., 2004). 

Plant homologues of DIC have been identified, although further studies are required for 

their activities and properties. Additionally, plastid translocators are found to exchange Pi 

with various phosphorylated compounds (Knappe et al., 2003; Toyota et al., 2006). Based 

on substrate specificities, plastid Pi translocators are grouped into four families: Triose 

phosphate:Pi translocators (TPT; Flügge et al., 1989), PEP:Pi translocators (PPT; Fischer 

et al., 1997), Glc-6P:Pi translocators (GPT; Kammerer et al., 1998) and xylulose-5-

phosphate:Pi translocators (XPT; Eicks et al., 2002). It is likely that substrates are 

transported across the plastid inner membrane in exchange for Pi.  

Phosphate transporter genes have been isolated and cloned from many plants such as 

Arabidopsis thaliana (Muchhal et al., 1996; Mitsukawa et al., 1997; Smith et al., 1997), 

C. roseus (Kai et al., 1997), Solanum tuberosum (Leggewie et al., 1997), Lycopersicon 

esculentum (Liu et al., 1998a; Daram et al., 1998), Medicago truncatula (Liu et al., 

1998b), Hordeum vulgare (Rae et al., 2003) and Oryza sativa (Paszkowski et al., 2002). 

However, little is known about how the expression of phosphate transporter genes is 

regulated in wetland plants and particularly during arbuscular mycorrhizal symbiosis. 

Therefore, the molecular mechanisms underlying the uptake of phosphate from the soil to 

the plant remain to be elucidated (Gianinazzi-Pearson, 1996; Harrison, 1997).  

THE FLORIDA EVERGLADES 
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The Florida Everglades is the largest subtropical freshwater wetland ecosystem in the 

United States. It historically encompassed an area of about 10,000 km2, extended 

approximately 160km from Lake Okeechobee southward to Florida Bay, with a width of 

up to 65km. This vast ecosystem comprises of sawgrass (Cladium jamaicense Crantz) 

marsh, tree islands, wet prairies, sloughs as well as other habitat community types (Davis 

et al., 1943). Historically, the Florida Everglades received water and nutrients from 

rainfall (Davis 1943; Swift and Nicholas, 1987; Belanger et al., 1989) and overflow of 

Lake Okeechobee during floods (DeGrove, 1984). It was an oligotrophic ecosystem, 

where the phosphate concentration was low in the Everglades soil and water (Steward 

and Ornes, 1975). 

However, since the 1900s, the Florida Everglades has been dramatically altered by 

agricultural runoff and urban development (Alexander, 1971; Maltby and Dugan, 1994), 

so that more than 50% of the original Everglades are being degraded and destroyed. The 

remnant Everglades are fragmented into the Water Conservation Areas 1, 2, and 3 

(WCAs), and the Everglades National Park (ENP). Large areas of the northern 

Everglades have been converted to agricultural area, which increased nutrients in the 

Everglades by agricultural runoff. The WCAs were created in the early 1960s and dikes 

and canals were constructed for flood control, land drainage and water supply, which has 

changed water flow, soil, vegetation and wildlife in the Florida Everglades. 

In recent years, changes in the distribution and abundance of plant species have been 

reported. One of the characteristic changes in the northern Everglades is the displacement 

of sawgrass by cattail (Jensen et al., 1995). Sawgrass was the dominant plant which 
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accounted for 65-70% of the Florida Everglades vegetative community types (Loveless, 

1959). Sawgrass marshes played an important role in the Everglades ecosystem such as a 

food source and habitat for a variety of wading birds, fish, reptiles, amphibians and 

microorganism (McCormick et al., 1998). Cattail (Typha domingensis Pers.) was a 

restricted native plant, whose distribution was limited to small, scattered patches. In the 

last two decades, the yearly invasion rate of cattails increased rapidly and the total area of 

the landscape in WCA-2A impacted by cattail increased from less than 5% to more than 

33% of the landscape (Wu et al., 1997). 

Previous studies have shown that the cattail expansion is related to the vegetation 

responses to phosphorus enrichment (Newman et al., 1996; Craft et al., 1995; Urban et al., 

1993; Davis, 1991; Toth, 1987, 1988). For the past 30 years, phosphate enriched 

agricultural runoff from the Everglades Agricultural Area (EAA) has been pumped into 

the WCAs, especially WCA-2A (Davis, 1989) (Figure 2). The Hillsboro and North New 

River Canals, which drain agricultural runoff from EAA, border WCA-2A on the 

northeast and southwest, respectively. Water enriched with phosphorus is released into 

WCA-2A through the four S-10 control structures on the Hillsboro Canal and pump 

station S-7 on the North New River Canal. Water flows out through six control structures 

located at the south end of WCA-2A, and some outflows are routed through the three S-

11 structures into WCA-3A (DeBusk et al., 1994). As a result, a nutrient gradient has 

been established from the northern border of WCA-2A approximately 8km south with 

varying P concentration levels. Phosphate concentration is highest closest to the Hillsboro 

and North New River canals. Sawgrass is displaced by succession of cattail in highly P-

enriched concentration areas (Lorenzen et al., 2001), mixed cattail and sawgrass grows in 
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the moderately P-enriched areas and sawgrass remains the dominant species with cattail 

isolated patches in low Pi concentration areas (Miao et al., 2008). Thus, the cattail 

invasion in the Florida Everglades is the result of changes in nutrient flux, especially Pi 

and composition of agricultural runoff from fertilizers for crops (Miao and Sklar, 1998). 

Sawgrass and cattail are both wetland rhizoumous macrophytes that grow in similar 

habitats and yet have different life histories. Sawgrass is adapted to low nutrient areas 

with low rates of photosynthesis, slow population growth, low reproductive yield and 

long life cycles (Davis, 1994; Miao and DeBusk, 1999). Cattail is an opportunistic 

species (Grime, 1979) with high population growth rates, high reproduction rates, long-

distance seed dispersal, shorter life cycles, high biomass turnover rates, high stomatal 

conductance and a greater capacity for phosphate uptake (Miao and DeBusk, 1999; 

Newman et al., 1996; Miao, 2004; Davis, 1991, 1994; Koch and Rawlik, 1993). Cattail is 

flexible in biomass and nutrient allocation under varying levels of phosphorus enrichment 

while sawgrass is inflexible to resource availability (Miao et al., 1997; Miao and Sklar, 

1998; Miao et al., 2000; Miao, 2004). Although several aspects of life histories between 

these two species have been studied, little is known about AM symbiosis and its effects 

on cattail and sawgrass growth and nutrient uptake (mainly phosphate).  

It has been known that AM fungi symbiosis is widespread in most terrestrial plants, and 

some studies on AM symbiosis with wetland plants have been done in laboratory or 

greenhouse setting so far, however, little is known of AM symbiosis in wetland plants in 

the Everglades. Therefore, AM fungi occurrence and the role in the nutrient uptake of 

wetland plants have long been questioned. Generally wetland plants such as cattail and 
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sawgrass were thought to be nonmycorrhizal or were limited in AM symbiosis because 

AM fungi are obligate aerobes (Anderson et al., 1984; Thormann et al., 1999; Cornwell et 

al., 2001; Meador, 1977). However, some studies have shown arbuscular mycorrhizal 

colonization in Typha species (T. latifolia L., T. angustifolia L. and T.×glauca Godr.) 

and AM fungi in sawgrass roots at several plant communities (Aziz et al., 1995; Tang et 

al., 2001; Jayachandran and Shetty, 2003). Miller and Bever (1999) found two 

mechanisms by which AM fungi could survive in anoxic conditions. First, certain species 

of AM fungi may require less oxygen than previously thought. Second, the fungus could 

be concentrated near the plant roots, obtaining oxygen directly from the roots or as 

oxygen diffuses from the roots into the rhizosphere. Studies show that occurrence of AM 

symbiosis and levels of AM colonization vary among plant species, sites, soil types and 

phosphate concentrations. 

The primary objective of this project is characterization of phosphate transporters genes 

in sawgrass and cattail. Particularly, we want to determine whether expression of AM 

specific phosphate transporters is induced in sawgrass and cattail under different 

phosphate levels by AM fungi inoculation and LPC treatment and whether sawgrass and 

cattail grown in the Everglades at different phosphate levels and water levels could form 

AM symbionts. The results generated would be useful for elucidation of the molecular 

mechanism of phosphate uptake in sawgrass and cattail and broaden the knowledge base 

regarding the proper management to protect and restore the Everglades ecosystem. 
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MATERIALS AND METHODS 

SEED GERMINATION AND PLANT GROWTH 

Seed stocks were obtained from WCA2, west of Boca Raton/Delray Beach, Florida, and 

kept in cold storage until use. Sawgrass seeds were surface sterilized for 3 days in 10% 

bleach solution and rinsed with distilled water three times. Cattail seeds were sterilized in 

10% bleach solution for 20 minutes and rinsed with distilled water three times. Seeds 

were germinated in petri dishes, solid Hoagland media for about 2-3 weeks. Then the 

seedlings were transferred to Magenta Boxes and grown in solid Hoagland media. For 

AM fungi inoculation studies, the plants were transferred to pots containing autoclaved 

soil (0.11MP, 121°C, 40min) after 40 days grown in Magenta Boxes. Each pot was 

covered with a transparent polyethylene bag to decrease evaporation. Once the plant was 

established, the bag was removed. Each plant was watered with 100mL half-strength 

Hoagland solution with Pi concentrations of 5 and 1000µM weekly. For LPC treatment, 

plants were transferred from Magenta Boxes to hydroponic Hoagland solution with low 

Pi concentration (5µM) and high Pi concentration (1000µM). After 5 weeks, plants were 

treated with 200µM LPC in growth media overnight before harvest. Seeds and seedling 

were grown in growth chamber with 16 hr light at 24°C and 8hr dark at 14°C.  
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Modified Hoagland solution consisted of 0.5M Ca (NO3)2·4H2O, 0.5M KNO3, 0.2M 

MgSO4·7H2O, 1000× FeNaEDTA, 10mM H3BO3, 0.01mM CoCl2·H2O, 0.01m 

CuSO4·5H2O, 10mM MnCl2·4H2O, 0.5mM KI, 0.1mM (NH4)6MoO24·4H2O, 3mM 

ZnSO4·7H2O with phosphorus concentrations (0.1M KH2PO4) of 5 or 1000µM for 

different treatments. For low phosphate concentration solutions, K+ was supplied with 

0.1M KCl. The growth medium was titrated to pH 6.5 with 1N KOH.  

FIELD SITES 

For the field study four research sites were selected. Cattail and sawgrass were collected 

from WCA-2A in the Everglades at different phosphate concentrations and water levels 

(Figure 3). Site H2 represents an impacted area with high phosphorus concentration 

(eutrophic; cattail dominated), site RT represents a transitional area with medium 

phosphorus concentration (cattail-sawgrass mix), site U3 represents a reference area with 

low phosphorus concentration (oligotrophic; sawgrass dominated) and site M2 represents 

a dry area with medium phosphorus concentration (Figure 4). Three replicate plant 

samples were taken at each sampling site. Whole plants were pulled out or dug up with a 

spade, put in plastic bags and transported to the laboratory, where they were kept at 4˚C 

until roots were examined for AM fungi colonization. 

INOCULATION OF PLANTS WITH AM FUNGI 

AM fungal inoculation was conducted once the plants in pots were growing well. AM 

fungi were obtained from Fungi Perfecti, LLC, containing spores of Glomus aggregatum, 

Glomus etunicatum, Glomus intraradices and Glomus mosseae. Fungi were mixed into 
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water at minimum rate of 6mL per liter water which treated 5 plants. The fungi solution 

was poured in porous sterilized soil. Control plants received the same amount of distilled 

water.  

MICROSCOPIC EXAMINATION OF MYCORRHIZAL COLONIZATION 

Root segments (2-3cm) were collected one month after inoculation for examination of 

mycorrhizal colonization. The roots were washed with tap water and boiled in 10% (w/v) 

KOH for 15 minutes. Samples with delicate roots might have used shorter clearing times. 

For trypan blue, acid fuchsin and CBE staining, cleared roots were washed with tap water 

several times and placed in 1% HCl for 5 minutes. Then, the HCl was poured off, and the 

roots were boiled in 0.05% trypan blue (MP Biomedicals, LLC) in lactoglycerol (lactic 

acid: glycerol: water, 1:1:1), 0.05% acid fuchsin (Electron Microscopy Sciences) in 

lactoglycerol (lactic acid: glycerol: water, 1:1:1), 0.05% CBE (ACROS ORGANICS) in 

lactoglycerol (lactic acid: glycerol: water, 1:1:1). Then roots were destained in 50% 

glycerol or tap water. For ink staining, cleared roots were stained in 5% blue ink (The 

Bristol Company, Part No. 19084)-acetic acid solution and destained in tap water 

(acidified with a few drops of acetic acid). Roots were mounted on slides and inspected 

with light microscope at × 100 magnification (Philips and Hayman, 1970; Jayachandran 

and Shetty, 2003; Tang et al., 2001; Ray and Andrew, 2005; Vierheilig et al., 1998). 

Percent colonization was determined by adding the number of AM fungal structures 

found for each plate divided by the total number of roots and multiplied by 100 (Stenlund 

and Charvat, 1994). 
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LPC INFILTRATION  

LPC was obtained from Avanti Polar Lipids, Inc. 100mg LPC was dissolved in 1ml 

chloroform and LPC stock solution was diluted in 1000mL Hoagland solution to make 

200µM LPC-growth medium. Put the plants in 200µM LPC-growth medium and LPC 

was infiltrated into roots by vacuum for 10min. Plants were kept in 200µM LPC-growth 

medium to soak LPC overnight before harvest. 

PLANT GROWTH ASSAY 

The plants were harvested 4 weeks after AM fungi inoculation. Shoots were separated 

from the root systems, and fresh weight (FW) of each portion was recorded. Shoots and 

roots were then dried at 90˚C for 5 days, and dry weights (DW) were recorded.  

RNA ISOLATION 

Total RNA was isolated from 50mg -100mg of fresh weight of plant material frozen at -

80°C using Qiagen Plant RNeasy Mini Kit (Qiagen, Maryland, USA) following the 

manufacturer’s instructions. Optional on-column DNase digestion with the RNase-free 

DNase set was done to remove any residual DNA. RNA concentration was quantified 

spectrophotomatrically from absorption values at A260 and A280 (JENWAY Genova).  

cDNA SYNTHESIS 

First strand cDNA was synthesized from 5µg of total DNase-treated RNA by using First 

strand cDNA Synthesis Kit (Fermentas Life Sciences) according to the manufacturer’s 
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instructions. cDNA was obtained in a 20 µL reaction volume containing 1µg oligo 

(dT)17-AP primer (0.5µg/µL), 4µL 5× reaction buffer, 1µL 20U Ribolock TM 

Ribonuclease Inhibitor, 2µL 10mM dNTP mix and 20U M-MuLV Reverse Transcriptase 

2µL. After reverse transcription, cDNA was diluted in 80µL dH2O. 

REVERSE TRANSCRIPTASE-POLYMERASE CHAIN REACTION (RT-PCR) 

One µl of the synthesized cDNA was PCR-amplified using specific primers which were 

conserved sequences of monocots phosphate transporters. The PCR reaction was: pre-

denaturation for 2 minutes at 95°C and 35 cycles of 30 seconds at 94°C, 30 seconds at 

50°C, 30seconds at 72°C, and extension for 5 minutes at 72°C. Primer sequences used in 

this study are shown in Table 2. 

SCREENING AND IDENTIFICATION OF PHOSPHATE TRANSPORTER GENES 

The PCR product was examined by 1.5% agarose gel electrophoresis with ethidium 

bromide staining. A PCR fragment of the expected size were purified from the gel, 

followed by cloning into the plasmid vector pCR2.1 using TA Cloning  Kit 

(Invitrogen). The inserts in selected positive clones were sequenced (Genomics Core 

Facility, Chicago, IL USA). The sequence results were compared with phosphate 

transporters from other plants (monocots) in the database using BLAST N and BLAST P 

programs and multiple sequence alignment analysis were performed with CLUSTAL W 

at the Biology WorkBench (http://workbench.sdsc.edu/). 

PHOSPHATE TRANSPORTER GENE EXPRESSION ANALYSIS 

http://workbench.sdsc.edu/�
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RT-PCR was conducted to analyze expression patterns of phosphate transporter genes, 

especially AM-specific phosphate transporter genes from different tissues with or without 

AM fungi inoculation treatment at low or high phosphate concentrations.  

STATISTICAL ANALYSIS 

Statistical analysis was carried out using the SPSS (Version 17) statistical software (SPSS 

Inc., licensed to Florida Atlantic University). Differences between treatments for 

sawgrass and cattail growth, biomass were determined by analysis of mean, standard 

deviation and SEMean were compared by the least significance difference test (P < 0.05).
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RESULTS 

COMPARISON OF STAINING METHODS 

Four commonly used dyes trypan blue, acid fuchsin, CBE and ink were used to stain 

sawgrass roots without AM fungi inoculation and different staining times, destaining 

methods and destaining time were compared for AM fungal microscopic examination. 

Staining roots with trypan blue for 15 minutes gave no better results than staining for 10 

minutes. After trypan blue staining, destaining roots in glycerin was better than 

destaining in water (Figure 5). Therefore, staining roots for 10 minutes in trypan blue was 

good enough for AM fungal microscopic examination. Staining roots in acid fuchsin for 

25 minutes was better than staining for 20 minutes and glycerin was better for destaining 

than water (Figure 6). This suggested that the staining ability of acid fuchsin was not 

strong and it needed prolonged staining times. For CBE dye, staining roots for 20 minutes 

was better than staining for 15 minutes and destaining roots in glycerin was better than 

water (Figure 7). For ink staining time, we got the same result as CEB staining, except 

destaining roots in water with several drops of acetic acid was better than staining in 

glycerin (Figure 8).  

According to the results of adequate staining time and destaining we got, we then stained 

sawgrass which were treated with AM fungi inoculation. AM fungi structures 
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were found in these sawgrass roots by trypan blue, acid fuchsin and ink stains (Figure 9). 

Also, no AM fungi structure was found by CBE staining and typan blue showed better 

staining quality and gave better contrast for microscopic examination than acid fuchsin 

and ink. Therefore we chose trypan blue for AM colonization examination in future 

studies.   

MICROSCOPIC EXAMINATION OF AM FUNGI COLONIZATION 

One month after AM fungi inoculation, roots collected from the lab pot study were 

stained in trypan blue for AM colonization examination. AM fungi structure was found in 

sawgrass roots grown in low phosphate level (5µM P), but no AM fungi was detected in 

any sawgrss roots grown in high phosphate level (1000µM P), cattail roots grown in low 

and high phosphate levels (5 and 1000µM P) and the uninoculated controls. Percent 

colonization of primary roots and secondary roots from sawgrass did not differ 

significantly, averaging 13.04% (n=23) and 14.71 % (n=34) respectively (Figure 10).  

For the field study, the highest percentage of colonization in sawgrass was found in low 

phosphate concentration U3 site. Percent colonization of primary and secondary roots in 

U3 site was 21.74% (n=23) and 33.33% (n=75). In the medium phosphate concentration 

RT site, the percentage of colonization in primary and secondary roots was 20% (n=20) 

and 19.05% (n=84). The lowest percentage of colonization was obtained in high 

phosphate concentration site H2. The colonization percentage of primary and secondary 

root was 16.13% (n=31) and 17.39% (n=46).  While in the low water level site M2, the 

colonization percentage of primary and secondary root was 18.52% (n=27) and 19.33% 
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(n=119). The colonization percentage in secondary roots was higher than in main roots, 

except in site RT, suggesting that higher distribution of AM colonization in secondary 

roots might play a major role in phosphate uptake in sawgrass. In addition, the 

colonization percentage in low water level with medium phosphate concentration was not 

significantly different from that in high water level with same phosphate concentration. 

This result suggested that water level is not a primary factor that affects AM colonization 

compared to phosphate availability. The sawgrass and cattail roots staining by trypan 

blue are shown in Figure 11 and Figure 12.  

EFFECTS OF AM COLONIZATION AND PHOSPHATE ON BIOMASS 

Sawgrass and cattail were harvested after one month inoculation for morphology and 

biomass analysis. Sawgrass with AM inoculation treatment had a bigger root system than 

that uninoculated sawgrass. Leaf length of inoculated sawgrass increased compared with 

uninoculated sawgrass. Sawgrass grown in low phosphate concentration had more roots 

than that grown in high phosphate concentration (Figure 13). The biomass of AM fungi 

inoculated sawgrass plants was higher than uninocualted sawgrass plants (n=3) (Figure 

14). There was no significant difference in the biomass of sawgrass roots among all the 

treatments. The DW of the shoots was greater for AM fungi inoculated sawgrass than 

uninoculated sawgrass. For the AM fungi inoculation or uninoculation treatment, similar 

root biomass and shoot biomass were found at low and high phosphate concentrations.  

In contrast, cattail grown in high phosphate concentration had more leaves than that 

grown in low phosphate concentration. There is no observed phenotypic difference 

between cattails with and without AM fungi inoculation (Figure 15). For biomass 
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analysis, there was no significant difference in cattail biomass (roots, shoots and whole 

tissues) between AM fungi inoculation and uninoculation treatment groups at low and 

high phosphate concentrations (n=3) (Figure 16).  

CLONING PHOSPHATE TRASNPORTER GENES 

Phosphate transporters were cloned using universal primers which were designed from 

conserved sequences of monocot phosphate transporters. Because 3’-untranslated region 

(3’-UTR) is not a conserved region among different genes, we therefore cloned 

phosphate transporter genes containing 3’-UTR. By comparing coding regions and 3’-

UTRs, four different phosphate transporter genes which belonged to the Pht1 family were 

identified from sawgrass roots with AM fungi inoculation and LPC treatment. The 

identified genes were named CjPT1, CjPT2, CjPT3 and CjPT4. Four pairs of specific 

primers designed to the sawgrass phosphate transporter gene were used to amplify CjPT1, 

CjPT2, CjPT3 and CjPT4 genes by RT-PCR. By comparing the amino acid sequences of 

sawgrass phosphate transporters with other plant phosphate transporters in GenBank, we 

found that they shared high homology with Oryza sativa and Zea mays.  

Expression of these four genes in the roots and shoots of sawgrass under different 

conditions was analyzed by RT-PCR (Figure 17). CjPT1, CjPT2 and CjPT3 genes were 

constitutively expressed at a relatively high level in both roots and shoots with or without 

AM fungi inoculation treatments at different phosphate concentrations, while CjPT4 gene 

was expressed in uninoculated roots at lower level compared with other three genes. 

Expression of CjPT4 in the roots was increased by the AM inoculation treatment and 
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even increased to expression levels similar to the other three genes in the field sites U3, 

RT and H2, where all sawgrass plants have AM structures in roots.  
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DISCUSSION 

AM fungal structures in the roots are usually hidden by the cell wall pigments and cell 

content, therefore clearing of roots, which uses chemical agents such as KOH to remove 

cytoplasm and pigments, is an essential procedure before staining. Clearing times and 

clearing chemical quantities used are two important factors for root clearing. Many roots 

have protective outer layers (suberin in the epidermis and exodermis) which prevent 

maceration even after prolonged clearing, but other roots lack this feature and will fall 

apart if cleared by prolonged heating in KOH. In this study, sawgrass roots, which have 

dark pigment are more protective than cattail, and required longer period time of clearing. 

Cattail roots needed shorter clearing time to avoid falling apart. Adequate staining and 

destaining are essential to obtain the best results. When roots were boiled in staining 

solution for longer periods of time, the plant roots remained heavily stained even after 

destaining and the AM fungal structures could not be differentiated. When roots were 

stained for shorter periods of time, AM fungal structures were not clearly visible within 

the roots. To obtain convincing results of AM fungi colonization in cattail and sawgrass 

roots, four commonly used dyes trypan blue, acid fuchsin, CBE and ink were used to 

stain roots. For trypan blue with high staining quality, short staining time was enough for 

sawgrass and cattail roots staining. While acid fuchsin showed low contrast for 

microscopic examination, it required prolonged staining time for good results. For trypan 

blue, acid fuchsin and CBE methods, destaining in glycerin took shorter period and gave 
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better contrast than destaining in tap water, but  for ink staining, destaining in water with 

acetic acid was better than destaining in glycerin. AM fungal structures were found in 

sawgrass roots after staining in trypan blue, acid fuchsin and ink solutions. Acid fuchsin 

could be used to stain AM fungal roots, but the contrast between fungal and roots may be 

too low for routine microscopic observation and AM root colonization analysis. The use 

of a higher concentration of acid fuchsin solution or prolonged staining time may 

increase the contrast. Although CBE was used to stain AM fungal structures in roots in 

previous studies (Ray and Inouye, 2006; Brundrett et al., 1984), AM fungal structures 

were not detected in AM fungal roots by CBE staining in our experiment. Over-staining 

could occur with BCE, which might give a low contrast between fungi and roots. 

Therefore, it is necessary to try a range of concentrations (e.g. 0.01%, 0.05% and 0.1%) 

when staining a new type of roots. Ink staining is a simple and non-toxic method, which 

is suitable for large sample numbers. However, the quality of the staining depends on the 

color and brand of the ink. Vierhelig et al. (1998) compared different inks for AM fungal 

roots staining and found that not all inks tested were able to stain AM fungi structures in 

bean, soybean, maize, cucumber, wheat, barley and ryegrass roots. As it might not always 

be possible to obtain inks from the companies they used, a preassay should be performed 

with each specific ink considered. In this study, AM fungi in roots were stained with blue 

ink, but its staining quality was not very strong and prolonged staining time was required. 

Therefore, based on strong staining quality of trypan blue and good contrast for 

examination, we chose trypan blue for the later studies on AM fungi colonization in field-

collected cattail and sawgrass roots.  
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In our laboratory pot study, we found that fungi could form AM structure in sawgrass 

roots at low phosphate concentration. No AM fungal structure was found in cattail roots 

grown at low and high phosphate concentrations and sawgrass grown at high phosphate 

concentration. The absence of AM colonization at the high phosphate concentration is 

consistent with Smith and Read’s (1997) result. High phosphate concentration inhibited 

AM colonization in sawgrass, suggesting that AM fungi could improve phosphate uptake 

in sawgrass when phosphate is deficient. On the other hand, cattails were nonmycorrhizal 

in low and high phosphate concentrations, suggesting that AM symbiotic associations 

would not improve phosphate acquisition in cattail. Many plant species, such as sawgrass 

and cattail grown in wetlands were general thought to be nonmycorrhizal (Meador, 1977; 

Harley, 1969; Khan 1974; Bagyaraj et al., 1979), because AM fungi are obligate aerobes 

which could not survive in the anoxic conditions. However, more recent studies show 

AM symbiosis in wetland plants. Jayachandran and Shetty (2003) found AM colonization 

in sawgrass roots grown in Tamiami Trail, Shark Valley sites of Everglades and a low 

elevation pine rockland site in the lower keys of Monroe County, FL. They revealed that 

AM colonization in sawgrass varied among the sites and soil types. Stenlund and Charvat 

(1994) found low levels of AM colonization in floating wetland mats in Minnesota 

dominated by Typha angustifolia L., T. × glauca Godr., and T. latifolia L. in Minnesota. 

Percent colonization of Typha angustifolia and T. × glauca averaged 4 to 5%, while the T. 

latifolia averaged 13%, suggesting that percent colonization varied among the plant 

species. These results supported the mechanisms of AM fungi in anoxic conditions cited 

by Miller and Bever (1999). In addition, Ray and Inouye (2006) studied the effect of 

water-level fluctuations on the AM colonization of Typha latifolia L. and found the 
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occurrence of AM colonization during both flooding and unflooding periods, but was 

decreased significantly at drawdown. Miller and Sharitz (2000) also found that flooding 

reduced the initiation of colonization, but once AM colonization was established, AM 

fungi could endure flooding and expanded with the growing root system.  In our field 

study, AM fungal structures were found in sawgrass roots grown at low, medium, high 

phosphate concentrations with high water levels and medium phosphate concentration 

with low water level in WCA-2A area. However, no AM fungal structure was found in 

cattail roots in all field sites, which is in agreement with our lab studies. Our findings for 

sawgrass and cattail suggest that the benefit and the importance of AM fungi colonization 

will vary among different wetland plant species. AM fungi are found to improve 

phosphate uptake in plants, thus the abundance and distribution of AM fungi might 

depend on how much a plant benefits from the AM symbiosis. The phosphate 

concentrations in all the field sites were much lower, even in the high phosphate site, than 

the high phosphate concentration in laboratory pot study. Therefore, AM fungi may offer 

a major contribution for phosphate uptake in sawgrass in the Florida Everglades WCA-

2A area.  Cattail was nonmycorrhizal in all the field sites, even in the low phosphate site, 

suggesting that phosphate availability might not be important in determining AM 

colonization in cattails and these two species have different strategies in phosphate 

uptake. Studies showed that cattail had higher capacity for phosphate uptake at high 

phosphate concentration levels (Lorenzen et al., 2001). While at low phosphate 

concentration levels, cattail showed higher root allocation and lower leaf allocation than 

those grown in high phosphate concentrations (Miao and Sklar, 1998). This shows that 

cattail develops a more extensive root system for phosphate uptake when phosphate is 
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deficient. It has been found that aerenchyma played an important role in facilitating 

phosphate uptake in rice (Kirk and Du, 1997; Lu et al., 1999). Cattail probably obtains 

phosphate through this mechanism. Cattail has a more extensive root system with 

aerenchyma to facilitate phosphate uptake and  oxygen leaking from the cattail root into 

rhizosphere can aerate the area close to root. Saprobes in the rhizosphere can mineralize 

phosphorus for cattail uptake (Cornwell et al., 2001). Our results suggest that plants 

develop many different strategies for phosphate uptake and AM symbiosis in the 

ecosystems is a complex and variable interaction.  Understanding AM colonization in 

plants requires both natural field surveys and laboratory or greenhouse controlled studies. 

In laboratory pot study, the percentage of AM colonization in sawgrass major and 

secondary roots was not significantly different. AM fungi could infect any part of root 

system to improve sawgrass phosphate uptake. In the field, more AM fungi colonized in 

the secondary sawgrass roots than in the main roots in the U3 site. This indicated that 

AM fungi would colonize more fine roots to improve the ability of phosphate uptake for 

plants when phosphate was deficient. However, there was no big difference in the 

distribution of AM colonization in the other field sites. Maintaining randomness in 

selection of roots was difficult. It is also difficult and time consuming to collect roots 

from the soil pot and below-ground aquatic environment. In addition, it is difficult to 

collect all the fine roots, which may be the most heavily colonized part (Stenlund and 

Charvat, 1994).  These roots had been ignored in our study, thus the results of AM fungi 

colonization in our studies might be underestimated.   
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Lab experiment results showed that cattail and sawgrass have different life histories. AM 

fungi inoculation significantly increased sawgrass growth, especially shoot biomass, 

which is consistent with the finding in previous studies (Jayachandran and Shetty, 2003). 

AM fungi might play functions in wetlands similar to those in terrestrial systems (Fan et 

al., 2008). In low and high phosphate concentration conditions, there was no difference in 

sawgrass biomass, suggesting its growth is relatively independent on phosphate 

availability. We found that sawgrass adapted to low phosphate concentration 

environments grow slowly, have long life cycles, low reproductive yield and respond to 

resource changes slowly, which is consistent with previous studies (Miao and Sklar, 1998; 

Miao et al., 2008). In contrast, AM fungi inoculation did not have a big effect on the 

growth of cattail. Cattail has greater capacity for phosphate uptake when phosphate is 

plentiful. When phosphate is scarce, cattail might have other strategies such as secondary 

roots development and aerenchyma to copy with low phosphate availability other than 

AM fungi uptake pathway. Cattail is adapted to high phosphate concentration 

environment. It has high growth rates, short life cycles, high seed production, long-

distance seed distribution and high biomass turnover rates, resulting in cattail invasion in 

high phosphate concentration in the Florida Everglades. This will also explain the spotty 

distribution of cattail in pre-1900’s Everglades when phosphate level was generally low.  

In this study, we identified four phosphate transporter genes CjPT1, CjPT2, CjPT3 and 

CjPT4 in sawgrass. These four phosphate transporters showed higher similarity with 

amino acid sequences of monocot plant phosphate transporters, such as rice and maize 

phosphate transporters. It suggests that closer species share similar gene sequences in the 

course of evolution and these four phosphate transporters might share similar functions 
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with other plant phosphate transporters. We analyzed their expressions in the roots and 

shoots of AM inoculated and uninoculated sawgrass under low and high phosphate 

conditions. CjPT1, CjPT2 and CjPT3 genes were expressed in both roots and leaves of 

sawgrass under all the treatment conditions. This indicates that they might be involved in 

phosphate uptake and phosphate transport in sawgrass and they were expressed 

independent with AM fungi.  CjPT4 was expressed in uninoculated sawgrass roots at low 

level and its expression increased in sawgrass roots with AM fungi treatment and in the 

AM-infected field. This shows that CjPT4 might be an AM fungi regulated phosphate 

transporter. AM specific transporters were thought to be expressed exclusively in 

mycorrhizal roots.  For example, MtPT4, OsPT11, LePT4 and StPT4 were only detected 

in roots of AM inoculated M. truncatula, rice, tomato and potato respectively.  But now it 

has been found that AM specific phosphate transporter is also expressed in other tissues 

at a low level, especially when using a sensitive RT-PCR assay. For example, AM 

specific transporters HORvu;Pht1;8 in barley and ZEAma;Pht1;6 in maize have been 

shown to be expressed in non-mycorrhizal roots (Glassop et al., 2005). This indicates that 

there might be differential regulation of these AM specific transporter genes expression 

in the absence of AM fungi or it is residual transcript levels in the respective plant species. 

CjPT4 expression pattern suggest that it is an AM regulated phosphate transporter gene; 

however, more studies are required to determine the effects of AM fungi on phosphate 

transporter expression. 

Drissner et al. (2007) found that LPC is a signal in the arbuscular mycorrhizal symbiosis, 

which is able to induce the AM specific phosphate transporter genes StpT4 in potato and 

LePT4 gene in tomato. LPC signal is generated more in the arbuscule-containing cells 
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and is highly mobile within the cells. Therefore, LPC acts as a cytoplasmic messenger 

that transducers signals to activate downstream processes and AM specific phosphate 

transporter gene expression in the nucleus. In this study, we used LPC to induce AM 

specific transporter gene from sawgrass. However, we did not obtain AM specific 

phosphate transporter gene by LPC treatment. Tomato and potato are dicots, whereas 

sawgrass and cattail are monocots. Therefore AM signal transduction pathway might be 

different in these species. Studies have shown that phytohormones such as salicylic acid, 

jasmonic acid, abscisic acid and ethylene could increase plant sensitivity to AM fungi 

inoculation and influence AM fungi structures (Henfling et al., 1980; Ward et al., 1989, 

Herrera-Medina et al., 2007). Therefore, more attention in future studies should be given 

to the role of phytohormones in the regulation of AM fungi infection and induction of 

phosphate transporter genes.  
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TABLES 

Table 1  

Expression pattern of plant phosphate transporters 

Organism Official 
nomenclaturea 

Other 
namesb 

Accession 
number 

Expression 
patternc 

Arabidopsis 
thaliana 

ARATH;Pht1;1    

A. thaliana ARATH;Pht1;2    
A. thaliana ARATH;Pht1;3    
A. thaliana ARATH;Pht1;4    
A. thaliana ARATH;Pht1;5    
A. thaliana ARATH;Pht1;6   AM - 
A. thaliana ARATH;Pht1;7    
A. thaliana ARATH;Pht1;8    
A. thaliana ARATH;Pht1;9    
Lycopersicon 
esculentum 

LYCes;Pht1;1 LePT1 O22548  

L.esculentum LYCes;Pht1;2 LePT2 O22549  
L.esculentum LYCes;Pht1;3 LePT3 Unpub AM + 
L.esculentum LYCes;Pht1;4 LePT4 AAX85192 AM S 
L.esculentum LYCes;Pht1;5 LePT5 AAX85194 AM + 
Solanum 
tuberosum 

SOLtu;Pht1;1 StPT1 CAA67395 AM - 

S. tuberosum SOLtu;Pht1;2 StPT2 CAA67396 AM -  
S. tuberosum SOLtu;Pht1;3 StPT3 CAC87043 AM + 
S. tuberosum SOLtu;Pht1;4 StPT4 AAW51149 AM S 
S. tuberosum SOLtu;Pht1;5 StPT5 AAX85195 AM S 
Medicago 
truncatula 

MEDtr;Pht1;1 MtPT1 AAB81346 AM - 

M. 
truncatula 

MEDtr;Pht1;2 MtPT2 AAB81347 AM - 

M. 
truncatula 

MEDtr;Pht1;4 MtPT4 AAM76744 AM S 

Lotus 
japonicus 

LOTja;Pht1;1 LjPT1 BAE93351 AM - 

L. japonicus LOTja;Pht1;2 LjPT2 BAE93352 AM - 
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L. japonicus LOTja;Pht1;3 LjPT3 BAE93353 AM + 
Oryza sativa ORYsa;Pht1;1 OSPT1 AAN39042 AM - 
O.  sativa ORYsa;Pht1;2 OSPT2 AAN39043 AM - 
O.  sativa ORYsa;Pht1;3 OSPT3 AAN39044 AM - 
O.  sativa ORYsa;Pht1;4 OSPT4 AAN39045  
O.  sativa ORYsa;Pht1;5 OSPT5 AAN39046  
O.  sativa ORYsa;Pht1;6 OSPT6 AAN39047 AM - 
O.  sativa ORYsa;Pht1;7 OSPT7 AAN39048  
O.  sativa ORYsa;Pht1;8 OSPT8 AAN39049  
O.  sativa ORYsa;Pht1;9 OSPT9 AAN39050 AM - 
O.  sativa ORYsa;Pht1;10 OSPT10 AAN39051 AM - 
O.  sativa ORYsa;Pht1;11 OSPT11 AAN39052 AM S 
O.  sativa ORYsa;Pht1;12 OSPT12 AAN39053  
O.  sativa ORYsa;Pht1;13 OSPT13 AAN39054 AM + 
Hordeum 
vulgare 

HORvu;Pht1;1 HvPT1 AAN37900 AM - 

H. vulgare HORvu;Pht1;2 HvPT2 AAO72433 AM - 
H. vulgare HORvu;Pht1;3 HvPT3 AAO72439  
H. vulgare HORvu;Pht1;4  AAO72437  
H. vulgare HORvu;Pht1;5  AAO72435  
H. vulgare HORvu;Pht1;6  AAN37901  
H. vulgare HORvu;Pht1;7  AAO72436  
H. vulgare HORvu;Pht1;8  AAO72440 AM + 
Triticum 
aestivum 

TRIae;Pht1;myc  CAH25730 AM S 

Zea mays ZEAma;Pht1;1 ZmPT2 AAY42385 AM - 
Z.  mays ZEAma;Pht1;2  AAY42386  
Z.  mays ZEAma;Pht1;3  AAY42387  
Z.  mays ZEAma;Pht1;4 ZmPT1 AAY42388 AM - 
Z.  mays ZEAma;Pht1;5  AAY42389  
Z.  mays ZEAma;Pht1;6  CAH25731 AM + 
Z.  mays  ZmPT3 AAT51692 AM - 

 

aName of plant Pi transporters according to the official nomenclature(Karandashov and 
Bucher, 2005) 

bName of plant Pi transporters as indicated in the original references. 

cExpression pattern of plant Pi transporters in response to AM symbiosis: mycorrhiza 
specific (AM S), up-regulated (AM +) or down-regulated (AM -). 
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Table 2 

Primer sequences for phosphate transporter gene cloning 

Primer Forward primer: 5’-3’ Reverse primer: 5’-3’ Species 
AP2  GACTCGAGTCGACATCG Cj & Td 
T10  CCGGAGATCTCCTCSAGCGACTT Cj & Td 
T43 ATGATGACGGTGTTCATGCTCGG  Cj & Td 

T43A CCTTCATCGTACCTGCTG  Cj 
T43B CTTCATTGTGCCGGCAG  Cj 
T43C ACCACATCGGCTTCGTC  Td 
T43D ACCACATCGGGTTCATTG  Td 
T46A TACCACCATTGGACCACCGC  Td 
T91 ACMGTGCCSGGCTACTGGTT  Td 

T102A TCCAGCCAGACTCAGGTC  Cj 
T103A  AGCTTTCTATGCACTAAAGAGGTAC Cj 
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Table 3 

Primer sequences designed for specific phosphate transporters cloning and expected 
product size for RT-PCR 

Gene Forward Primer 5’-3’ Reverse Primer 5’-3’ Expected 
product size 

(bp) 
CjPT1 CTCAGGATCAGGACAAGACG ATCCGACTTCTAATTCAGAAAGC 301 
CjPT2 GACCGGAATTGGCATACGC ACTTCTTCAAATGGTGCAACTC 307 
CjPT3 ATACGGGCTTTGTGGTCAT AAACAAGCTCATAACCATACCC 296 
CjPT4 CCAAATCGGGTTTGTTGTG AGAATCCCAACAAATTGCACC 287 
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FIGURES 

 

Figure 1. Predicted transmembrane topology of Pht1 transporters (Raghothama, 1999). 
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Figure 2. Everglades WCA-2A area and locations of associated canals and surface inflow 
and outflow structures (DeBusk et al., 1994). 
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Figure 3. Study locations of WCA-2A in the northern Everglades. The recent extent 
encroachment of cattails into the sawgrass community is based on the satellite imagery 
analysis by Rutchey and Vilcheck (1994).  
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Figure 4. Vegetation in study sites of WCA-2A. (A) H2 site, (B) RT site, (C) U3 site and 
(D) M2 site. 
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Figure 5. Staining of sawgrass roots in sterilized media with trypan blue. (A) Roots 
stained with trypan blue for 10 minutes and destained with glycerin. (B) Roots stained 
with trypan blue for 10 minutes and destained with water. (C) Roots stained with trypan 
blue for 15 minutes and destained with glycerin. (D) Roots stained with trypan blue for 
15 minutes and destained with water. 

 

 

 

A B 
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Figure 6. Staining of sawgrass roots sterilized media with acid fuchsin. (A) Roots stained 
with acid fuchsin for 20 minutes and destained with glycerin. (B) Roots stained with acid 
fuchsin for 20 minutes and destained with water. (C) Roots stained with acid fuchsin for 
25 minutes and destained with glycerin. (D) Roots stained with acid fuchsin for 25 
minutes and destained with water. 

A B 

C D 
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Figure 7. Staining of sawgrass roots sterilized media with CBE. (A) Roots stained with 
CBE for 15 minutes and destained with glycerin. (B) Roots stained with CBE for 15 
minutes and destained with water. (C) Roots stained with CBE for 20 minutes and 
destained with glycerin. (D) Roots stained with CBE for 20 minutes and destained with 
water. 

 

 

 

A B 

C 
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Figure 8. Staining of sawgrass roots sterilized media with ink. (A) Roots stained with ink 
for 15 minutes and destained with glycerin. (B) Roots stained with ink for 15 minutes and 
destained with water-acetic acid. (C) Roots stained with ink for 20 minutes and destained 
with glycerin. (D) Roots stained with ink for 20 minutes and destained with water-acetic 
acid. 
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Figure 9. AM fungal structures in AM fungi inoculated sawgrass roots grown at low 
phosphate concentration (5µM P) stained by (A) trypan blue, (B) acid fuchsin and (C) ink. 
No fungal structures in sawgrass roots stained by CBE (D). Arrows indicate AM fungal 
structures in the roots. 

A B 

C D 
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Figure 10. AM fungi structures in AM fungi inoculated sawgrass (A) main roots and (B) 
secondary roots grown at low phosphate concentrations (5µM P), (C) negative control. 
Arrows indicate AM fungal structures in the roots. 
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Figure 11. Sawgrass roots staining by trypan blue. (A) H2 site, (B) RT site, (C) U3 site, 
(D) M2 site and (E) negative control. Arrows indicate AM fungal structures in the roots. 
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Figure 12. Cattail roots staining by trypan blue. (A) H2 site, (B) RT site, (C) U3 site and 
(D) M2 site. 
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Figure 13. Phenotypic comparison of sawgrass without AM inoculation (A) at low 
phosphate concentration, (C) at high phosphate concentration and with AM inoculation 
(B) at low phosphate concentration, (D) at high phosphate concentration. Scale bar is 
15cm.  
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Figure 14. Roots, shoots and whole sawgrass biomass with AM and without AM 
treatments with low and high phosphate concentration. Columns with the same letter are 
not significantly different at P<0.05. Values are the means±standard error of three 
replications.  
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Figure 15. Phenotypic comparison of cattail without AM inoculation (A) at low 
phosphate concentration, (C) at high phosphate concentration and with AM inoculation 
(B) at low phosphate concentration, (D) at high phosphate concentration. Scale bar is 
15cm. 
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Figure 16. Roots, shoots and whole cattail biomass with AM and without AM treatments 
with low and high phosphate concentrations. Columns with the same letter are not 
significantly different at P<0.05. Values are the means±standard error of three 
replications.  
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                       CjPT1  CjPT2   CjPT3  CjPT4 

                             AM+ 5Cjroot      

                            AM+ U3Cjroot    

                            AM+ RTCjroot    

                           AM+ H2Cjroot     

                           AM- 10Cjroot        

                           AM- 100Cjroot     

                          AM- 10Cjshoot      

                          AM- 100Cjshoot    

Figure 17. RT-PCR analysis of expression of sawgrass phosphate transporters (CjPT1, 
CjPT2, CjPT3 and CjPT4) in the roots and shoots. Sawgrass were grown in low 
phosphate concentration (5μM P) with AM fungi inoculation, collected from U3, RT and 
H2 sites in the field and low and high phosphate concentration in the media (10μM and 
100μM P). 
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