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In plants, phenotypic plasticity, the ability to morphologically adapt to new or broad 

environmental conditions, is a consequence of long-term evolutionary genetic processes. 

Thus, plants adapted to low phosphate (P) environments exhibit only limited plasticity to 

take advantage of nutrient enrichment, a global phenomenon in terrestrial and aquatic 

environments. In the face of anthropogenic P-enrichment, low nutrient adapted resident 

plant species are frequently displaced by species with high morphological and genetic 

plasticity. However, it remains unclear whether plasticity is systemically expressed across 

molecular, biochemical, physiological, and morphological processes that ultimately 

contribute to the root and shoot phenotypes of plants. In this study, we demonstrated high 

plasticity in root-borne traits of sawgrass (Cladium jamaicense), the dominant plant 

species of the P-impoverished Everglades, and counter the idea of inflexibility in low P 

adapted species. However, sawgrass expressed inflexibility in processes contributing to 

shoot phenotypes, in contrast to cattail, which was highly plastic in shoot characteristics 
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in response to P enrichment. In fact, plasticity in cattail shoots is likely a function of its 

growth response to P that was globally regulated by P-availability at the level of 

transcription. Plasticity and inflexibility in the growth of both species also diverged in 

their allocation of P to the chloroplast for growth in cattail versus the vacuole for P 

storage in sawgrass. In the Everglades, anthropogenic P-enrichment has changed the 

environment from a P-limited condition, where plasticity in root-borne traits of sawgrass 

was advantageous, to one of light-competition, where plasticity in shoot-borne traits 

drives competitive dominance by cattail. We hypothesize that these shifts in plasticity 

competitive advantage from root to shoots has been a major driver of cattail expansion in 

the Everglades ecosystem. Further, this understanding of how natural plant species adapt 

and shift in response to nutrient availability could also be used a model system to 

optimize agricultural systems to increase efficiencies in food production and protect low 

nutrient adapted natural systems from cultural eutrophication. 
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CHAPTER 1. INTRODUCTION 

 

1.1 Background 

Expansion of southern cattail (Typha domingensis) in the Florida Everglades has 

been an ongoing phenomenon for over 50 years [8].  Although cattail is a native resident 

of the Everglades, the rapid expansion of this species has invoked the term “invasion”. 

While the term invasion is more commonly applied to exotics, it is an appropriate 

description in this case, as cattail is expanding at the expense of the formerly dominant 

Everglades plant species, sawgrass (Cladium jamaicense). Sawgrass was so prominent in 

the pre-man Everglades the ecosystem was and still is poetically referred to as “the river 

of grass” [9].  

Several anthropogenic factors have contributed to the invasive growth of cattail into 

sawgrass and deeper slough habitats, including altered hydrology, changes in the fire 

regimes and nutrient eutrophication [50]; however, the strongest correlation with cattail 

distribution is the sediment P nutrient gradient (Fig. 1.) [36, 39, 40, 49]. Greenhouse and 

laboratory experiments have lent further support that P enrichment induced recent cattail 

expansion in the Everglades [36]. Our research aims to establish a mechanistic 

understanding of how P enrichment altered the competitive dominance of cattail versus 

sawgrass through a better understanding of P-acquisition and growth of these two species 

at the molecular, physiological and ecological level through functional genomics. 
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1.2 Ecological and Environmental Functional Genomics 

The term “Ecological and Environmental Functional Genomics (EEFG)” was 

recently coined for the reduction of large-scale ecological phenomena into the genetic 

and molecular mechanisms underlying the processes themselves [14]. Within the 

framework of EEFG, P-induced cattail expansion can be reduced to species-specific 

differences in traits contributing to phosphate-acquisition, phosphate-allocation, 

photosynthesis, and growth. The research on the molecular and biochemical components 

of these traits has advanced our understanding of EEFG in both model and agriculturally 

important plant species [59, 62]. We hypothesize that the mechanistic source of P-

induced cattail invasion ultimately lies in the species-specific differences in the P-

responsive expression of traits pertaining to P-acquisition, P-allocation, photosynthesis, 

and growth (Fig. 2).  

 

1.3 P-limitation in natural and agricultural settings  

While this thesis research is primarily focused on understanding P-limitation and 

competition in natural systems, research on P-dependent competition in natural systems 

could also provide valuable information for agricultural systems. Of the three macro-

elements required for plant growth [nitrogen (N), phosphorus (P), and potassium (K)], P 

application is second only to N. However, an abundance of nitrogen exists in the 

atmosphere that can be transformed to available N, while P-resources are more-or-less 

non-renewable [77]. Coupled with the existence of N-fixing soil bacteria, global P-

resource are more of an immediate concern to future agriculture production than N-



 3 

resources. In fact, it has been estimated that readily available P-resources may be 

depleted in as little as 100 years [65]. Consequently, there has been a concerted and 

ongoing effort towards a more mechanistic understanding of P-nutrition in plants [58, 

59]. We suggest that understanding P-limitation EEFG in natural plant species will assist 

in understanding biotechnological advances in agricultural systems where P is limiting.  

 

1.4 P-availability and P-acquisition 

While the concentration of phosphate in soils is highly variable, they are generally 

over several of orders of magnitude higher than cellular concentrations required for plants 

[67]. Consequently, P-acquisition from the soil by plant roots is an active. The process 

begins in the cortical root cells containing membrane-spanning transporters belonging to 

the ABC family of transporters [45]. Although environmental phosphate exists in 

numerous forms, phosphate transporters are specific to inorganic phosphate (Pi). Uptake 

is accomplished via a direct co-transport process involving a transmembrane proton 

gradient. The proton gradient is created by the active transport of protons carried out by 

H
+
-ATPases across the cellular membrane and into the rhizosphere, the sediment space 

adjacent to the root [66]. There is an inverse relationship between P-transporter 

abundance and P-availability in a number of plant species [34, 45]. Increased P-

transporter abundance appears to be a compensatory mechanism to compensate for the 

steeper phosphate gradient that forms across cortical cell membranes at low P-

availability. Follow-up studies have also established a link between transporter 

abundance and Phosphate Transporter (PHT) gene expression. The general accord 
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between western and northern blotting suggests P-transporter abundance is 

transcriptionally regulated in plants [46].  

Although P-transporters are directly involved in the uptake process, plants have 

developed a number of complementary mechanisms to further facilitate P-acquisition 

[64]. For example, plants have developed several strategies for converting organic-P to 

useable forms to access the large fraction of organically-bound phosphate, which can be 

as high as 80% of the total P in soils [20]. The intentional acidification of the rhizosphere 

is one such process. Although the aforementioned H
+
ATPases function to acidify the 

rhizosphere [79], the secretion of organic acids such as malate, citrate, and oxalate also 

lower the pH of the rhizosphere [76]. In monocot plants, acid phosphatase (ACP) 

enzymes are secreted to hydrolyze organic-P for uptake [10], while acidification of the 

rhizosphere is less prominent [77]. ACP enzymes encompass a diverse family of proteins 

capable of hydrolyzing organic phosphate, thereby making it readily available for uptake 

by plant P-transporters and subsequent use in cellular processes . ACP enzymes are 

generally regulated transcriptionally. In fact, up-regulation of ACP gene expression has 

become synonymous with low P-availability and is commonly used as an indicator of P-

limitation [20]. 

 

1.4.1 Root morphology and P-acquisition 

In addition to hydrolyzing organic-P, plants can further enhance P-acquisition 

through expansion of root-system architecture (RSA), the 3-dimensional configuration of 

the root system within the soil medium [33]. RSA not only dictates the spatial 

distribution of roots within the soil, but also the total root area in contact with the soil 
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[37]. Consequently, root expansion significantly increases the number of P-transporters in 

contact with the soil. P-responsive RSA change is analogous to the process of foraging in 

animals. Like the movement of animals to food sources, root growth enables the sessile 

plant to access new mineral and nutrient resources.   

Root systems vary enormously across the plant kingdom [52]. In contrast to the 

organized tap-root/lateral-root system of dicots, monocots such as cattail and sawgrass, 

possess a relatively unorganized seminal-root/lateral-root system. While unorganized in 

appearance, this root system is often referred to as a „fibrous‟ system and is made up a 

highly orchestrated array of primary (i.e. seminal root), secondary (i.e. lateral roots), and 

tertiary (i.e. root hairs) root structures (Fig. 3). In response to changes in P-availability, 

plants exhibit species-specific plasticity in the development of root structures. While 

increases in root length are commonly associated with low P-availability, an increase in 

lateral root density is seemingly even more important to P-acquisition [54, 85]. Based on 

mathematical modeling, P-acquisition should be most efficient from a „beard-shaped‟ 

root system possessing uniformly distributed lateral roots in the topsoil and a few deep 

roots for water uptake [13, 32]. To further enhance P-acquisition, the development of fine 

root hairs often accompanies an increase in root length and lateral root density. Because 

root hairs can constitute up to 77% of the root surface area in cultivated crops, even a 

slight increase in root hair density can significantly enhance P-acquisition [38]. Although 

the molecular regulators of P-responsive root growth are not well understood, the 

induction of Phosphate Transcription Factor (PTF) has been linked to lateral root 

development and increased P-acquisition in rice [81]. Similarly, over-expression of 

Arabidopsis Vacuolar Pyrophosphatase (VPP) was shown to significantly increased P-
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tolerance in rice, presumably through increased root elongation [80]. Although still under 

study, PTF and VPP are two of only a few genes presently linked to P-responsive root 

development in monocots. 

  

1.4.2 Growth and P-acquisition 

Phosphate acquired by cortical root cells is transported to the xylem for allocation to 

the aerial portions of the plant where it plays an essential role in supporting growth. 

Invasive grass species such as cattail are generally known for rapid and prolific shoot 

growth. Although preventing light-capture in nearby competitors is often a secondary 

objective, shoot growth is primarily directed at increasing light-capture [75]. Increased 

light-capture is the first step to enhance photosynthesis and growth of aerial tissues, 

which leads to further increases in light-capture. In this way, P availability, 

photosynthesis and growth can promote rapid growth and potential expansion in invasive 

and opportunistic plant species. 

 

1.4.3 Phosphate and photosynthesis  

Photosynthesis encompasses the processes by which plants capture the energy of 

light and transfer it to storable, yet readily available, carbohydrate energy compounds. 

Photosynthesis is commonly divided into „light-capture‟ and „carboxylation‟. During 

light-capture, energy from the sun is transferred to chlorophyll molecules in the form of 

electron excitation energy. Excitation energy is then transferred along the photosynthetic 

electron transport chain embedded in the chloroplast thylakoid membrane. The 

downstream flow of electrons is responsible for the splitting of water and the transport of 
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hydrogen ions into the thylakoid space. The resulting hydrogen ion gradient that forms 

across the thylakoid membrane generates reducing power in the form of NADPH, while 

concomitantly driving ATP synthase-mediated conversion of adenylate energy. The ATP 

and NADPH formed ultimately provide the energy needed for the synthesis of 

carbohydrate energy during the dark reactions. 

The energy produced during light-capture is then used to sequester and convert 

atmospheric carbon into carbohydrate sugars such as glucose and sucrose. While the 

process itself is cyclical, the incorporation of atmospheric CO2 into the five-carbon 

acceptor molecule, ribulose-1,5-bisphosphate (RuBP) dominates the process. 

Incorporation of CO2 into RuBP, also known as carboxylation, is catalyzed by the 

enzyme ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco). Interestingly, 

Rubisco is amongst the most inefficient enzymes ever discovered [68]. To compensate 

for low catalytic ability, Rubisco frequently constitutes greater than 50% of the total 

soluble protein in photosynthesizing cells [57]. Consequently, photosynthetic 

performance is strongly influenced by the abundance and post-translational modification 

of Rubisco.   

P-availability has been shown to influence photosynthetic performance through both 

light-capture and carboxylation. With regard to light-capture, expression of the 23-kDa 

subunit of the oxygen-evolving complex (PSBP) correlated directly with P-availability in 

tobacco [26]. As an irreplaceable component of photosystem II, the PSBP protein forms 

an integral link between chlorophyll light-capture and photosynthetic electron transport 

[21, 82]. Other genes such as carbonic anhydrase (CAH) and UDP sulfoquinovose 

synthase/sulfotransferase (SQD) have been independently linked to P-availability and 
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photosynthesis, however investigations linking both processes are still lacking [12, 29]. 

In contrast, more is known on the effects of P-availability on carboxylation, for example, 

low P-availability reduces carboxylation efficiency in sunflower through a reduction in 

RuBP pool size [22]. Other research indicates that the level of free inorganic-P controls 

the reaction kinetics of Rubisco through competitive binding to active sites [11].  

 

1.4.4 Phosphate and whole-organism regulation 

Phosphate is absolutely essential to the enzymes, metabolic processes, and cellular 

structures carrying out photosynthesis. For example, phosphate is an essential component 

of: the mRNA sugar-phosphate backbone of transcriptionally regulated genes such as 

PSBP, the adenylate energy transfer required for post translational modification of 

enzymes such as Rubisco, and the phospholipids making up the chloroplast thylakoid 

membrane [58]. In this context, whole-organism regulation of photosynthesis and growth 

is simply a manifestation of the enzymes, metabolic processes, and cellular structures 

first affected by cellular P-availability. Thus, the duality of energy generation through 

photosynthesis and cellular respiration of photo-assimilates complicates the regulatory 

networks connecting these two important metabolic processes (FIG. 4). 

 

1.4.5 Linking P-acquisition and growth through allocation 

In a simple system, P-acquisition and cellular P-availability would correlate directly. 

Consequently, a plant possessing a greater potential for P-acquisition would not only 

demonstrate increased cellular P-availability, but also photosynthetic performance and 

growth when limited by P. However, to fully understand the link between P-acquisition 
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and photosynthesis, the regulation of cellular P-availability through differential P-

allocation must also be understood. The mechanisms underlying P-allocation in plants are 

only partially understood. The theoretical basis for phosphate regulation in plants was 

derived from research carried out using unicellular yeast where the cellular or 

cytoplasmic phosphate (Pcyt) concentration is maintained at steady state levels [27]. 

Maintenance of steady state Pcyt concentrations is important because even minute changes 

can shift the level of enzyme phosphorylation and ATP:ADP ratio and consequently alter 

cellular metabolism [30].  

Unicellular yeast employ a simple “process control” mechanism for maintaining the 

level of Pcyt. P-acquisition is inversely adjusted to the level of Pcyt through regulation of 

P-transporter abundance. In plants, shoot P-transporters in photosynthesizing cells are 

thought to fulfill a similar function to yeast cells by importing acquired-P from the xylem 

to maintain cellular-P levels. In comparison with yeast, plants have complex, inter-

dependent cell types. Consequently, processes such as photosynthesis, and the subsequent 

export of P-linked-sugars from shoot cells, create a demand for cellular-P and P-linked 

sugars are transported via the phloem to support growth in non-photosynthetic tissues 

(e.g. roots, meristems) [55].  The cellular P-demand in photosynthesizing cells correlates 

directly with the export of P-linked sugars in the support of growth. Thus, the allocation 

of phosphate to growth (Pgrowth) must first be used to support photosynthesis. The 

intermediate position of photosynthetic shoot cells with regard to P-acquisition and Pgrowth 

places them in a tenuous position. In the event of reduced P-availability, the Pgrowth 

demand could rapidly deplete cellular-P levels and disrupt photosynthesis.  
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Storage of cellular-P is seemingly an evolutionary solution to this problem. Plant 

cells store phosphate in the vacuole [30, 42]. In photosynthesizing cells, stored vacuolar 

phosphate (Pvac) can be used to supplement Pgrowth demand when availability is low [41]. 

Thus, Pvac stores provide a buffer against the repeated induction and alleviation of P-

stress. Plants vary considerably in their ability to allocate P to the vacuole. In plants 

referred to as hyper-accumulators, Pvac concentrations can exceed Pcyt concentrations by 

an order of magnitude [71]. While the steep concentration gradient suggests active 

vacuolar P-import and passive vacuolar P-export, the identity of the molecular regulators 

of vacuolar transport have remained elusive.  There might exist high-affinity P-

transporters responsible for import [58], but this phenomenon would necessitate direct P-

transporter regulation in response to P-availability, rather than the inverse regulation 

common of other P-transporter. The role vacuolar P-import plays in cellular-P regulation 

and the allocation of P towards storage, place the process at a critical juncture between P-

acquisition and photosynthesis and growth. Thus, while differential P-acquisition has 

been the emphasis of past studies concerning cattail invasion, species-specific differences 

in P-allocation certainly also play a role [3, 5, 36]. 

 

1.5 Hypotheses and Objectives 

1.5.1 Phosphate-acquisition  

Cattail and sawgrass are hypothesized to have divergent strategies for P-acquisition. 

In agreement with current paradigms regarding plants adapted to nutrient-impoverished 

environments, we hypothesize that sawgrass will demonstrate an efficient, inflexible P-

acquisition strategy. While advantageous under P-impoverishment, this inflexible 
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strategy will become disadvantageous in the context of anthropogenic P-enrichment.  In 

agreement with current paradigms regarding invasive plants, we hypothesize that cattail 

will possess a dynamic and plastic P-acquisition strategy. In the context of anthropogenic 

P-enrichment, such a strategy will support the enhanced P-acquisition needed for invasive 

growth. 

  

1.5.2 Phosphate-allocation 

In conjunction with current hypotheses regarding invasive plants and plants adapted 

to P-impoverished environments, we hypothesize that cattail will demonstrate greater P-

responsive plasticity in photosynthesis and growth than sawgrass. Further, that 

differential photosynthesis and growth in cattail and sawgrass ultimately depends on 

species-specific differences in the propensity to allocate acquired-P as either Pgrowth or 

Pvac. Under such a scenario, a greater propensity for allocation of acquired phosphate to 

Pgrowth in cattail results in a direct correlation between P-acquisition and growth. In 

contrast, a greater propensity for allocation of acquired phosphate to Pvac in sawgrass will 

ultimately reduce allocation to Pgrowth, limiting photosynthesis and growth in the process.  

 

1.5.3 Objectives 

To address these hypotheses, physiological, biochemical, and molecular processes of 

phosphate acquisition and allocation and their relationship to photosynthesis and growth 

are presented herein. To support this work, laboratory culture systems were developed 

and genes pertaining to phosphate nutrition were cloned for both species. Reduction of P-

acquisition encompassed assessments of P-acquisition capacity/efficiency, RSA 
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development, extra-cellular ACP enzyme activity, and the expression of genes relevant to 

the process (ACP, ACT, ADH, PHT, PTF, and VPP). Reduction of growth encompassed 

assessments of in planta photosynthetic carbon assimilation, in vitro Rubisco 

activity/abundance and total protein abundance. Ultimately, photosynthetic performance 

was linked to the global regulation of transcription and translation manifested through the 

propensity for allocation of cellular phosphate towards growth or storage. Phosphorus 

allocation was assessed using measure of intra-cellular ACP enzyme activity and cellular 

phosphate concentration. The expression of genes relevant to P-allocation, 

photosynthesis, and growth (ACP, CAH, PHT, PSBP, PTL, SQD, and VPP) were also 

assessed. Ultimately, these reductions were compiled into conceptual models identifying 

species-specific differences concerning the effect of P-availability on P-acquisition, P-

allocation, photosynthesis, and growth in cattail and sawgrass. From these models, 

putative molecular mechanisms underlying P-induced cattail invasion were identified. 

Why these mechanisms might have evolved in the pre-man Everglades and how they 

contribute to cattail invasion in the anthropogenically P-enriched environment forms the 

major theme of discussion. In bridging the gap between molecular biology and ecology, 

we develop a cross-disciplinary understanding that not only contributes to a mechanistic 

understanding of nutrient-induced changes in the spatial distribution of plants, but also 

identifies unique solutions to the underlying causes of such phenomena in the process. 
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Fig. 1. P-induced Cattail invasion 

The Florida peninsula is shown (left panel) with the location of Water Conservation 

Area-2A (WCA-2A) just south of Lake Okeechobee and the Everglades Agricultural 

Area (EAA). This remnant of the historical Everglades is the site of the majority of 

phosphorus (P) loading to the conservations areas. EAA lands are drained by canals and 

pumped into the WCA-2A located on the upper right shoulder where soils are enriched 

by P. There is a direct correlation between TP in the soil and cattail density [69]. Pictures 

to the right show sites in the highest, transition, and low cattail density areas of WCA-2A 

corresponding to the P gradient south of inflow pumps. 
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Fig. 2. A mechanistic view of P-induced cattail invasion 

A mechanistic model that defines the important morphometric, physiological and 

molecular attributes for P acquisition and allocation that would influence competitive 

dominance between cattail and sawgrass in a pre versus post-man Everglades based on P 

availability. Species-specific genetic differences provide the link to identify the 

underlying molecular mechanisms.  
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Fig. 3. Phosphate-acquisition in plants 

Model showing the process of phosphate (P)-acquisition in monocot plants, such as 

cattail and sawgrass, which involves the synergistic attributes of root growth, P-

transporter expression, and the secretion of acid phosphatase (ACP) enzymes.  
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Fig. 4. P-acquisition, allocation, photosynthesis, and growth 

Model of P acquisition illustrating that P-allocated to growth first supports the light-

capture and carboxylation reactions of photosynthesis, followed by export of phosphate-

linked-sugars from the cell to support the growth of non-photosynthetic shoot and root 

tissues.  
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CHAPTER 2. METHODS AND MATERIALS 

 

2.1 Plant culture, growth, and biomass allocation 

Three plant culture systems were developed to support the experiments investigating 

differential responses of cattail and sawgrass to P-availability; a (1) seedling-

establishment, (2) juvenile-growth, and (3) inclined-plate system. All systems 

incorporated mediums based on standard Hoagland formulations. The addition of MES to 

formulations compensated for the loss of buffering capacity resulting from variable P-

addition. Mediums were formulated to pH 6.5 and employed phosphate concentrations 

ranging from 10-to-100 M potassium phosphate (KH2PO4). Seedlings at 4 wks post 

germination were transferred to the seedling-establishment and inclined-plate systems. 

Seedling-establishment and inclined-plate studies were maintained for 8 and 6 wks 

respectively prior to analysis. Seedlings at 18 wks post germination were transferred to 

the juvenile-growth system and maintained for 6 wks prior to analysis.  

During seedling-establishment, total, shoot, and root weight, and root-to-shoot ratio 

(mean  S.E; n = 10) were recorded at the end of experiment. During juvenile-growth, 

total weight was recorded weekly; and shoot, root, and root-to-shoot ratio (mean  S.E; n 

= 5) also recorded at the end of the experiment. To achieve a rate of growth in juvenile 

plants, total weight was plotted as a function of species, phosphate treatment, and time. 
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Studies on phosphate-acquisition, in vitro ACP enzyme activity and gene expression 

incorporated plants grown in the seedling-establishment and juvenile-growth systems. 

The inclined-plate system was used specifically for the study of root morphological 

characteristics and in vivo ACP enzyme activity. Plants cultured in the juvenile-growth 

system were used for all studies on photosynthesis. In the case of seedling-establishment, 

molecular and biochemical measurements were assessed in whole tissue samples that had 

been immediately frozen in liquid nitrogen and stored at -80C. During juvenile-growth, 

confounding as a result of differential shoot development was minimized by performing 

all analyses using the 3-to-6 cm portion measured from the shoot tip of the flag, primary, 

and secondary shoot coordinately used for measurement of photosynthetic performance. 

Less than 24 hrs following measurement of photosynthetic performance, this tissue was 

collected, ground en masse in liquid nitrogen, and apportioned into 50 mg aliquots. 

Aliquots were stored at –80C until genetic and biochemical analyses could be 

performed.  

 

2.2 Phosphate-responsive gene expression 

2.2.1 Nucleic acid isolation 

Genomic DNA was primarily used as a template for PCR-based discovery of new 

genetic resources. DNA yield was highest using the DNeasy kit (Qiagen) in conjunction 

with shoot tissue of 10-12 wk old plants. Although a single isolation reaction from 50 mg 

of tissue was sufficient for PCR-based gene discovery, a significantly greater quantity of 

DNA was required for Southern blotting. In these cases, DNA was isolated from upwards 

of 2 g of shoot tissue using slight modifications from the DNeasy process. In summary, 
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the DNA was isolated from 1-2 g of tissue ground in liquid nitrogen using a pre-cooled 

mortar and pestle. 8 mL of AP1 buffer and 80 L of RNAseA were added and the tissue 

was homogenized. The mixture was decanted into a 15 mL conical test tube and 

incubated at 65 C for 10 min. Buffer (2600 L AP2) was added and the mixture was 

incubated on ice for 5 minutes.  The mixture was then centrifuged at 4C and 13K rpm 

for 5 min. Supernatant was removed to a new 15 mL conical test tube and centrifuged 

again at 4C and 13K rpm for 5 min. Supernatant was again removed to a 30 mL glass 

test tube and 12 mL of ethanol added while vortexing. The entire volume (20 mL) was 

loaded onto 2-3x separate DNeasy mini spin columns using a vacuum. The columns were 

washed 2x with 500 L of AW buffer followed by centrifugation in new collection tubes 

at 14K rpm for 1 min to dry the membranes. Columns were eluted 2x with 75 L of AE 

buffer. Eluted fractions were pooled for a total volume of 300-450 L. DNA 

concentration was determined using A260/A280 spectrophotometry. All DNA 

preparations were stored at –20 C. 

Total RNA was isolated for assessment of PRG expression using the RNeasy kit 

(Qiagen) as per the manufacturer‟s recommendations. Quantification was performed 

using A260/280 spectrophotometry. Complimentary DNA (cDNA) was made from 0.35 

to 1.0 g of total RNA using the First Strand cDNA Synthesis Kit (Fermentas).  cDNA 

samples were eluted twice in a total of 100 L of water. RNA fractions were stored at -

80C and cDNA preparations were stored at –20C. 
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2.2.2 Discovery of new genetic resources 

The discovery of putative phosphate-responsive genes in cattail and sawgrass 

commenced with an in silico assessments of PRG homologues from a closely related 

species (Fig. 5). PRGs were selected based on their relevance to P-acquisition and P-

induced growth. The nucleotide sequence of the PRG was first subject to BLASTX using 

the databases: GenBank Plant Sequences and Refseq Plant. Homologues from monocot 

plants were selected from the first 100 hits. Paralogues were not used during the initial 

search. Four to eight nucleotide sequences were obtained and the coding regions aligned 

using CLUSTALW. Primer pairs were designed from regions of high homology. Ideally, 

regions differing less than 2 bp over a 25-30 bp stretch of sequence were selected. 

Primers were designed to be 20-25 nucleotides in length with less than 2 bp difference 

between pairs, a GC content of 40-60% and melting temperatures between 55 and 65C 

with less than 1C between pairs and no NNCC or NNGC at the 3‟ terminus. When 

possible, intron/exon boundaries were avoided so the primers could be used with both 

gDNA and cDNA. When primer pairs could not be designed, a single forward primer was 

designed to function with a synthetic oligo dT primer (AP) that was then used to make 

cDNA from cattail and sawgrass mRNA.  

The primer pairs (Fig. 6) designed were then used to PCR-amplify homologous gene 

families using cattail and sawgrass gDNA and sometimes cDNA as a template. PAQ5000 

polymerase (Invitrogen) was primarily used to produce amplicons with TA 3‟ 

overhanging ends. PCR reactions were separated on 0.8% TBE agarose gels containing 

ethidium bromide. Fragments of appropriate size were cut from the gel and the DNA 

isolated using GeneKleen III kit (MP Biomedicals). Fragments were ligated into PCR2.1 
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vector (Invitrogen) and transformed into Escherichia coli. E. coli were cultured for 2 hr 

in liquid LB medium and plated onto solid LB containing X-GAL overnight. Three to ten 

insert-containing colonies were selected and cultured overnight in liquid LB. Vector 

DNA was isolated using standard mini-prep procedures. A 1 L sample was digested 

with EcoR1 and separated on a 0.8% agarose gel to verify insert size. Isolated vector 

DNA was then diluted to 0.2 g mL
-1

 and sent out for sequencing (Northwest University, 

Illinois).  

Sequence analysis was performed using Biology Workbench (San Diego Super 

Computer Center, California). Cattail and sawgrass nucleotide sequences were first 

translated into amino acid sequences. Amino acid sequences were then subject to 

BLASTP using the databases: GenBank Plant Sequences, Refseq Plant, and Arabidopsis 

thalania proteins. Homologous protein sequences were selected from the first 100 hits 

regardless of their origin. In general, only the first paralogue from a variety of monocot 

and dicot species was selected for phylogenetic analysis. The exception was for the 

analysis of highly conserved genes such as ACT. In these instances, cattail and sawgrass 

sequences were aligned to the paralogous gene family of a single well-studied species 

such as Arabidopsis or rice. In this way, individual gene family members cloned in cattail 

and sawgrass could be positioned in the context of these highly conserved gene families. 

Homologous protein sequences were then trimmed to the same size as the translated 

protein fragments of cattail and sawgrass and a CLUSTALW performed. Depending on 

the availability of sequence information and supporting literature, the protein sequence 

phylogram was analyzed in the context of monocots/dicots, the order poales, or the gene 

family. In some cases, the cattail and sawgrass sequences were aligned for design of 



 22 

additional primers for sqRT-PCR primers. These alignments were useful in cases where 

primers specific to cattail/sawgrass or single gene family members were needed. 

 

2.2.3 Phosphate availability and RNA 

Total RNA concentration was normalized to weight and protein for use as an 

indicator of the effect P-availability had on plant health/condition [51]. Assessments were 

performed for root and shoot tissues of both seedling and juvenile plants. Total RNA per 

unit weight (mean  S.E g RNA per g FW tissue
-1

; n = 3) was isolated and quantified as 

using the aforementioned procedures. Total protein content was measured using the Bio-

Rad Protein Assay (Bio-Rad, USA) and quantified using bovine serum albumin as a 

control for reporting total RNA per unit protein (mean  S.E g RNA per g protein; n = 

3)   

 

2.2.4 Semi-quantitative RT-PCR 

Housekeeping genes were first cloned for controls during the assessment of PRG 

expression. Homologous fragments of actin (ACT), beta-tubulin (TUB), and the 40S 

subunit of ribosomal protein 16 (RPS16) in cattail and sawgrass were obtained using the 

same procedures used for the discovery of PRGs. Sequences originated from homologous 

genes of rice: ACT (X16280), TUB (D30716), and RPS16 (L36313). RNA was isolated 

and quantified from cattail and sawgrass grown in the seedling establishment and juvenile 

growth systems. The A260-to-A280 ratio of each sample was recorded as an indicator of 

RNA purity. The relative level of large and small ribosomal RNA subunits of each 
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sample was also determined by separating 500 ng of total RNA on 1.2% agarose gels 

(Invitrogen).   

Complementary DNA (cDNA) was made from 500 ng of total RNA and relative 

levels of ACT, TUB, and RPS16 expression assessed sqRT-PCR amplification. Primer 

sequences are provided in Table 1. PCR amplification was performed using the PAQ5000 

kit (Invitrogen). A 7x PCR master reaction was aliquotted into separate tubes and 

amplified at 18, 21, 24, 27, 30, 33 and 36 cycles respectively. The 7x reactions were 

separated on 2.0% agarose TBE gels and visualized using ethidium bromide. Gels were 

photographed under UV light and the lowest cycle number at which a band was visually 

observed recorded (Fig. 7). If necessary, cycle number was adjusted in three cycle 

intervals to insure the sigmoidally increasing portion of the amplification was 

represented. Correlations in total RNA concentration, rRNA small and large subunit band 

intensity, and visual assessments of expression were used to determine the suitability of 

ACT, TUB, and RPS16 as gene expression controls for sqRT-PCR.  

The same procedures were used to assess PRG expression. PRG assessed specifically 

with regard to P-acquisition included ACT, ADH, PHT, PTF, and VPP. Expression was 

assessed in root tissue from plants grown in the seedling-establishment and juvenile-

growth systems. PRG assessed specifically with regard to P-allocation, photosynthesis, 

and growth included ACP, CAH, PHT, PSBP, PTL, SQD, and VPP. Expression was 

assessed in root tissue from plants grown in the seedling-establishment and juvenile-

growth systems. The complete results of expression were compiled into a „faux gene 

chip‟ format to summarize patterns of up-regulation (green), down-regulation (red), 
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unchanged (blue), and putative global-regulated (yellow) in root and shoot tissue during 

seedling-establishment and juvenile-growth.  

 

2.3 Phosphate-acquisition 

2.3.1 Phosphate-acquisition life stages 

The P-acquisition of each species-specific life history stage from seed to juvenile 

status was quantified. The P-acquired at each of the phase-junctures above was estimated 

by multiplying the total cellular-P concentration by the total biomass at each stage. P-

acquisition (mean  S.E. ng P individual
-1

; n = 5) was then plotted as a function of time 

for each species. P-acquisition as a function of P-availability was analyzed for the 

seedling-establishment and juvenile-growth studies.  

Total cellular-P (mean  S.E. g P kg tissue
-1

; n = 5) was determined using the 

method of Ames [1]. Ground tissue was homogenized in protein extraction buffer (100 

mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, 14.1 mM -mercaptoethanol) at a rate of 

approximately 5 mL buffer g
-1

 tissue. Homogenized tissue was diluted 10x with 1% 

glacial acetic acid and incubated at 42C for 20 minutes. Samples were centrifuged at 

16,000 g for 10 min. Supernatant was combined with 600 L of 0.42% ammonium 

molybdate tetrahydrate in sulfuric acid and 100 L of 10% L-ascorbic-acid. Samples 

were incubated at 45C for 30 minutes and absorbance determined at 820 nm. 

Absorbance was converted to units of g P kg
-
 fresh weight

1
 using a standard curve made 

from potassium phosphate solutions of known concentration. To measure seed-P, 200 mg 

of seed was first ground in liquid nitrogen. Ground tissue was then apportioned into 25 

mg aliquots and ashed for 6 hrs at 500 C. Ash was dissolved in 0.5N HCl and total seed-
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P (mean  S.E. ng P ng seed
-1

; n = 5) was determined using the same methods as for 

tissue. 

 

2.3.2 Phosphate-acquisition efficiency and rate 

P-acquisition efficiency (PAE) was assessed as a function of species, treatment, and 

ontogeny using methods adapted from Narang [48]. Using this approach, the total P 

acquired was determined by subtracting seed P from juvenile P in the seedling and 

juvenile-growth studies. Next, the total P-acquired was expressed as a percentage of the 

total available phosphate in the culture vessel (seedling-establishment = 15.5, 62.0, 108.5, 

155.0 g P per plant at 10, 40, 70, 100 M P; juvenile-growth = 697.5 and 6975.0 g P 

per plant at 10 and 100 M P). Finally, measures of percent available P-acquired were 

normalized to the total root mass at the end of each study. Plasticity in PAE (mean  S.E 

% P-acquired unit root
-1

; n = 5) was compared using the methods outlined in section 2.5. 

The P-acquisition rate (PAR) as a function of species and treatment was also 

assessed during the juvenile-growth study.  P-acquisition was calculated by subtracting 

the initial from the final P-concentration of the hydroponics medium every week. P-

acquired was then normalized to total weight at the end of each week (mean  S.E. mg P-

acquired kg fresh weight
-1

; n = 5) and plotted as a function of week. PAR was determined 

using linear regression and expressed as the rate of phosphate acquired per unit total 

weight and time (mg P-acquired kg fresh weight * week
-1

). R
2
 values were calculated as 

an assessment of curve-fit. 
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2.3.3 Phosphate-responsive root development 

In order to assess morphological root responses to P enrichment, 4-wk old seedlings 

of each species were transferred to inclined-plates containing mediums of either 10 or 

100 M P. Total cumulative root length (mean  S.E. mm root length; n = 9) was 

recorded weekly and plotted as function of time and the root extension rate estimated 

using linear regression (mm root length week
-1

; n = 9). Comparisons were made at the 

level of species and P-availability and R
2
 values were calculated as an assessment of 

curve-fit. After 6 weeks of growth, the root systems of the 10-week old plants were 

photographed on a light table and specific root characteristics assessed. Plasticity in total 

root length (mean  S.E. mm; n = 9), seminal root number (mean  S.E. number; n = 9), 

lateral root number (mean  S.E. number; n = 9), and root hair density (mean  S.E. 

number cm root
-1

; n = 9) were compared using the methods outlined in section 2.5. 

 

2.3.4 Root acid phosphatase enzyme activity 

Acid phosphatase (ACP) enzyme activity was assessed using both qualitative (extra-

cellular ACP) and quantitative (total ACP) methods. The effect of P-availability on extra-

cellular ACP enzyme activity was assessed qualitatively in plants grown in inclined-

plates (n = 9). At the end of the experiment, 30 mL of 0.008% BCIP was added to each 

inclined plate and incubated with gentle shaking for 48 hr at room temperature. BCIP 

reacts with extra-cellular ACP enzymes to form a blue color. Plates were rinsed with 

deionized water and photographed on a light table.  

Total cellular ACP enzyme activity was assessed quantitatively in roots of plants 

from seedling-establishment and juvenile-growth. Roots were rinsed, weighed, frozen in 
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liquid nitrogen, and ground to fine powder in ice-cold mortars and pestles. Ground tissue 

was homogenized in protein extraction buffer (100 mM NaCl, 10 mM Tris-HCl, 1 mM 

EDTA, 0.02% -mercaptoethanol). Homogenized tissue was centrifuged and the ACP 

enzyme activity of the supernatant assayed using methods adapted from the -nitrophenyl 

procedure of Tabatabai and Bremner [72].  ACP enzyme activity was reported as a 

function of total protein concentration. Total protein was determined using the Protein 

Assay kit (Bio-Rad, USA). Plasticity in total root ACP enzyme activity (mean  S.E. 

relative ACP activity protein
-1

; n = 3) was compared using the methods outlined in 

section 2.5. 

 

2.4 Phosphate, photosynthesis, and growth 

2.4.1 Photosynthetic carbon assimilation 

Gas exchange (CO2 assimilation under 21% O2) measurements were taken using a 

Qubit CO650 system (Qubit, Canada) at leaf temperature of 21C with LED-generated 

photosynthetically active radiation (PAR). Measurements directed at light-capture 

abilities were taken at 400 bar ambient CO2 and intensities ranging from 0-to-1000 

mol quanta m
-2 

s
-1

. Measurements directed at carboxylation potential were taken at a 

constant PAR intensity of 500 mol quanta m
-2 

s
-1

 and CO2 concentrations ranging from 

40-to-1500 bar. Measurements were taken as the mean of three replicate plants.  

  

2.4.2 Biochemical assessment of the light and dark reactions 

The effect of P-availability on light reactions was assessed through measurements of 

total chlorophyll concentration and A-to-B ratio CO2 using the methods of Porra et al 
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[56] and Tait and Hik [73]. Plasticity in total chlorophyll (mean  S.E. total g 

chlorophyll mg
-1

 shoot; n = 3) and chlorophyll A-to-B ratio (mean  S.E. A-to-B ratio; n 

= 3) were compared using the methods outlined in section 2.5. 

The effect of P-availability on the dark reactions was assessed through measurements 

of Rubisco activity/abundance and total protein concentration. In vitro Rubisco enzyme 

activity was assayed in crude extracts using the protocol of Sharkey et al [70]. Initial and 

total activity measurements were performed using 0.6 mM D-Ribulose bisphosphate 

sodium salt hydrate (D-RUBP). Kinetic parameters (Vmax and Km) were calculated using 

Michaelis-Mentin kinetic models based on activity measurements performed at six D-

RUBP concentrations ranging from 0 to 1.2 mM. Enzyme activity (mean  S.E. g CO2 

fixed; n = 3) were assessed as a function of shoot area (m
2
 shoot area

-1
), weight (kg tissue 

FW
-1

), and total protein (g protein
-1

).  

Rubisco abundance was estimated using polyacrylamide protein gel electrophoresis 

(NuPAGE 4-12% Bis-Tris; Invitrogen). To compare the effects of P-availabiltiy on 

Rubisco abundance, gels were loaded with equal amounts of protein. Gels were stained 

using the SYPRO Ruby protein gel stain (Invitrogen). Total protein was measured using 

the Protein Assay kit (Bio-Rad). Plasticity in total soluble protein (mean  S.E. g total 

protein kg tissue FW
-1

; n = 3) were compared using the methods outlined in section 2.5. 

 

2.4.4 Modeling of phosphate-allocation 

Cattail and sawgrass conceptual models were developed that define species specific 

phosphate allocation in response to P-availability by combining the measures of plasticity 

in ACP enzyme activity and absolute cellular-P concentration determined using the 
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methods outlined in sections 2.3.1 and 2.3.4. To form models of P-allocation, plasticity in 

ACP enzyme activity was used to formulate associations between P-stress and low P-

availability. Models were based on the assumption that vacuolar phosphate stores were 

depleted in P-stressed treatments. Consequently, if cellular-P content increased, P-stress 

was alleviated, and growth remained unchanged in response to increased P-availability; 

models suggested a greater propensity for allocation of phosphate to the vacuole 

Conversely, if cellular-P content remained unchanged, P-stress was not alleviated, and 

growth enhanced in response to P-availability but growth increased; models suggested a 

greater propensity for allocation of phosphate to growth.  

 

2.5 Trait plasticity, absolute trait magnitude, and statistical comparison 

To assess plasticity, both species were grown under low and high P-availability 

conditions and the absolute expression of the aforementioned traits assessed. At the level 

of species, the relative change in trait expression was determined by normalizing trait 

expression to the lowest reported value. The relative change in trait expression across the 

levels of P-availability tested provided a measure of species-specific plasticity. For 

example, traits exhibiting a high degree of relative change were described as plastic, and 

traits unaffected by P-availability were described as inflexible or „lacking plasticity‟. 

Whenever possible, intra-species comparisons of plasticity in trait expression (i.e. 

normalized) were complemented with inter-species comparisons of absolute trait 

expression (i.e. not normalized).  

Species-specific differences in trait plasticity were identified by comparing the mean 

relative trait expression ( S.E.). Statistical methods appropriate to the number of 
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treatments were used. The four P-availability treatments used for determining plasticity in 

„seedling-establishment‟ study were compared using one-way ANOVAs with Tukey‟s 

post-hoc (  0.05). The two P-availability treatments used for determining plasticity in 

the „juvenile-growth‟ study were compared using two-tailed homoscedastic student‟s T-

tests (  0.05). Mean absolute trait magnitudes ( S.E.) were compared between species 

at the level of tissue and treatment using two-tailed homoscedastic student‟s T-tests (  

0.05). 
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Fig. 5. Cloning strategy 

A comparative genomics PCR-based strategy was developed for the discovery of new 

genetic resources in cattail and sawgrass. (A) The strategy began with the identification 

of a „target‟ phosphate-responsive gene (PRG). (B) A BLASTX of this gene was then 

performed to achieve homologous coding sequences from closely related monocot 

species. (C and D) Alignment of these sequences using CLUSTALW was performed to 

find regions of homology suitable for the design of „universal primers‟. DNA was 

isolated from lab-grown cattail and sawgrass and used as a template for PCR 

amplification of the PRG fragment. (E) The PRG fragment was isolated using gel 

electrophoresis, ligated into a vector, transformed into E. coli. and multiplied using 

standard techniques. (F and G) Fragments were sequenced and their identity verified 

using BLAST.  (H and I) Depending on the PRG, further analyses such as in silico 

translation and protein CLUSTALW alignments were performed. (J) In some cases, 

additional primers had to be designed prior to investigating PRG expression using 

quantitative PCR methods. 
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Fig. 6. Primers 

Species of origin, protein accession, and forward (+)/reverse (-) primer sequences are 

shown for the fourteen housekeeping and phosphate-responsive genes characterized here. 

The type of primer (species-specific or universal), lab designation, base number, percent 

cytosine and guanine (%GC), and annealing temperature (Tm) of the primers are also 

shown. 
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Fig. 7. Semi-quantitative RT-PCR 

Steps of gene expression using a semi-quantitative reverse transcriptase PCR (sqRT-

PCR) strategy. The strategy incorporated master mixes and transfer volumes suited to the 

equipment available. Identical reaction mixtures were subject to PCR amplification 

carried out at 3-cycle increments to determine Ct.  
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CHAPTER 3. RESULTS 

 

3.1 Growth and biomass allocation 

While cattail growth noticeably increased with P-availability, similar increases were 

not observed in sawgrass shoots (Fig. 8). During seedling-establishment, total biomass 

increased in both species in conjunction with P-availability but to a much greater extent 

in cattail (Fig. 9). At low P-availability, total biomass was significantly greater in 

sawgrass seedlings. However, as P-availability increased, total biomass became greater in 

cattail seedlings, although no statistical significance was determined due to increased 

variation at high P-availability. During juvenile-growth, the situation was different in that 

cattail was larger than sawgrass regardless of P-availability. This was seemingly 

reflective of inherently different growth rates in the two species. With regard to biomass 

allocation, both species tend to allocate less biomass to roots with age. None-the-less, 

biomass allocation to root was significantly greater ( < 0.001) in cattail seedlings, 

regardless of treatment.  

Significantly greater levels of plasticity in biomass and allocation were observed in 

cattail (Fig. 10), particularly in shoots.  A low level of plasticity in was apparent in shoots 

of seedling sawgrass although both the magnitude (2-fold vs. 9-fold increase) and 

probability of difference (  0.039 vs.   0.002) were less than in cattail of the same 

age. Across both species, plasticity in biomass accumulation seemingly diminished 
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during the later juvenile-growth stage. In contrast, plasticity in biomass allocation 

increased as cattail moved from the seedling-establishment to juvenile-growth phase. In 

fact, while sawgrass remained unchanged, the root-to-shoot ratio of cattail increased in 

both magnitude (1.5-fold vs. 2.5-fold increase) and probability of difference ( = 0.022 

vs.  = 0.001) over the course of ontological development.  

 

3.2 Phosphate-responsive gene expression 

3.2.1 Global up-regulation of cattail transcription 

Measures of plasticity and absolute RNA yield as a function of biomass and protein 

are provided (Figs. 11 and 12). Plasticity in the RNA-to-weight ratio of cattail shoots 

during seedling-establishment and juvenile-growth was not only unexpected, but also 

contrasted sharply with the lack of plasticity in RNA-to-protein ratios observed in the 

same tissues. The combination of these measures strongly suggested that P-availability 

might act globally to up-regulate transcription and translation in cattail shoots. Global up-

regulation forms an important point of discussion with regard to later findings concerning 

photosynthesis and invasive growth. Similarly, the minor trend of RNA-to-protein ratio 

plasticity observed in sawgrass roots has potential relevance to later findings concerning 

P-acquisition. 

 

3.2.2 General trends in expression 

The expression of housekeeping genes was generally in accord with measures of 

total RNA concentration as determined by A260 spectrophotometry and RNA gel 

electrophoresis (Fig. 13). The correlation between ACT, RPS16, and TUB expression and 
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RNA concentration in cattail shoots provided further support that the increased RNA-to-

weight ratio observed was indicative of global transcriptional up-regulation.  

The only exception was an apparent suppression of ACT expression in sawgrass 

roots by low P-availability observed during seedling-establishment. Interestingly, this 

inconsistency in the ACT expression of sawgrass roots was not apparent during juvenile-

growth. However, the congruity between RPS16, TUB, and other constitutively expressed 

genes such as CAH and PSBP, and the induction of PRGs such as PHT, suggested 

validity in the P-responsive regulation of ACT observed during sawgrass seedling-

establishment.  

Patterns of low P-availability induced PRG expression patterns are summarized in a 

gene chip-inspired format (Fig. 14). Despite indications from the literature, the majority 

of PRGs were unresponsive in either species. Unresponsive genes in cattail shoots 

indicate the possibility that these genes may have been affected by the global up-

regulation of the transcription observed previously. This phenomenon would theoretically 

lead to an increase in the magnitude per unit biomass of PRG expression observed for 

transcripts such as ACP and ADH. Of particular interest was the contrasting induction of 

PHT in cattail shoots and sawgrass roots. While neither of these responses was observed 

during both seedling-establishment and juvenile-growth, the spatially disparate 

expression of PHT is of interest with regard to species-specific trends in gene and trait 

expression. A few other noteworthy PRG-specific responses from the gene chip are 

provided below. Specific sqRT-PCR results used to compile the gene chip are provided in 

conjunction with the morphological, physiological, and biochemical processes PRG are 

linked to. 
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1. ACP expression in cattail roots; ACT and PHT expression in sawgrass roots; and 

ADH expression in the roots of both species was presented with regard to P-

acquisition.  

2. The lack of PHT and PTF expression in cattail roots was also presented with regard 

to P-acquisition. 

3. CAH, PSBP, and SQD expression in cattail shoots was presented with regard to 

photosynthesis. 

4. ACP, PHT, and PPT expression in cattail shoots; VPP expression in sawgrass shoots; 

and ADH expression in the shoots of both species was presented with regard to 

phosphate-allocation. 

 

3.3 Phosphate-acquisition  

3.3.1 Phosphate-acquisition life history 

When reported on an individual plant basis, phosphate acquisition over the combined 

seedling-establishment and juvenile-growth studies was more-or-less logarithmic in both 

species (Fig. 15). The level of P-acquisition was initially greater in sawgrass, seemingly a 

result of the greater phosphate content of seeds. During seedling-establishment, 

accumulation was directly proportional to P-availability in both species. However, results 

suggested cattail possessed a slightly greater rate of P-acquisition than sawgrass. The 

greater rate of P-acquisition in cattail seemingly compensated for the lower phosphate 

content of seeds. Consequently, P-acquisition in cattail was nearly identical to sawgrass 

at the start of the juvenile-growth. From juvenile-growth onward, however, the rate of P-

acquisition was nearly identical in both species. While minor differences were observed, 
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the similarity in P-acquisition potential between the two species was the most notable 

attribute of the life history analysis.  

 

3.3.2 Phosphate-acquisition efficiency 

No differences in phosphate acquisition efficiency (PAE) were detected between the 

species (Fig. 16). In response to low P-availability, PAE significantly increased in both 

species during seedling-establishment. This suggested that both species possessed 

mechanisms for enhancing PAE under deficiency. The lack of PAE plasticity during 

juvenile-growth again raised the question of whether ontology, or the move from solid-

to-liquid medium was the source. Regardless, the species-specific differences in absolute 

PAE during seedling-establishment and juvenile growth were still noteworthy. Absolute 

PAE was significantly greater in sawgrass across both studies and nearly all P-treatment 

levels. While measures of PAE were based on accquired-P, P-acquisition rate (PAR) was 

based on phosphate removed from the medium. PAR was assessed in the juvenile-growth 

study mainly to verify and complement the results of the P-accumulation and PAE (Fig. 

17). While no species-specific differences were observed at low P-availability, the PAR 

of sawgrass was approximately twice that of cattail (121.4 vs. 63.6 mg P g fresh weight * 

week
-1

) at high P-availability.  

  

3.3.3 Phosphate-responsive root development 

While total root length responded to P enrichment in both species, the absolute total 

root length was significantly greater in sawgrass (Fig. 18). These trends in total root 

length were further supported by the greater rate of root extension measured in sawgrass 
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over the duration of the root development study. In conjunction with plasticity in root 

length, sawgrass also demonstrated remarkable plasticity in lateral root development, and 

root hair density (Figs. 19 and 20).  Interestingly, the P-responsive increase in lateral root 

number observed in sawgrass was especially prominent considering the complete lack of 

lateral root development in cattail. Furthermore, although cattail demonstrated root hair 

development, root hair density was not only significantly less in comparison to sawgrass, 

but also unresponsive to P-availability.   

  

3.3.4 Root acid phosphatase enzyme activity 

Although total ACP activity was observed in both species during seedling-

establishment, ACP activity in response to P was most prominently exhibited by 

sawgrass during juvenile-growth (Fig. 21). Absolute ACP enzyme activity was 

significantly greater in cattail seedlings and juvenile plants at nearly all levels of P-

availability. However, rather than indicating an improved capacity for P-acquisition, the 

higher ACP enzyme activity level might suggest a less efficient use of resources. In this 

context, the combination of plasticity and a lower basal level of enzyme activity observed 

in sawgrass could have been suggestive of a more efficient use of ACP enzymes towards 

P-acquisition. While qualitative assessment of extra-cellular ACP enzyme activity 

suggested both species up-regulate excretion in response to low P-availability, ACP 

activity was predominantly in the lower extremities of seminal roots, lateral roots, and 

root hairs of sawgrass. ACP enzyme activity was most apparent in seminal root tips of 

cattail and did not extend to root hairs. 
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3.3.5 Phosphate-responsive gene expression in roots 

While PRG expression was mostly unaffected by low P-availability, there were a few 

notable exceptions (Fig. 22). In cattail, increased expression of ACP during seedling-

establishment, and ACP and ADH during juvenile-growth was observed. In sawgrass, 

increased expression of PHT was observed during juvenile-growth. The up-regulation of 

PHT was particularly noteworthy considering the direct role of phosphate-transporters 

proteins in P-uptake. Also noteworthy was the apparent correlation between sawgrass 

ACT expression and P-availability most prominently observed during seedling-

establishment.  

   

3.4 Phosphate, photosynthesis, and growth 

3.4.1 In planta photosynthetic carbon assimilation 

The results of in planta assessment of photosynthetic performance in cattail and 

sawgrass are presented (Fig. 23). A number of interesting results were observed at the 

levels of species and P-availability, and with regard to increasing light intensity or CO2 

concentration. P-responsive plasticity in photosynthetic performance was observed in 

cattail only. Although plasticity was observed in response to both light intensity and CO2 

concentration, the change in photosynthetic performance in response to CO2 

concentration was greater than that for light intensity. Plasticity was quantitatively 

observed in both maximum photosynthetic rate (Vmax; 2.2-fold increase in response to 

light vs. 3.4-fold increase in response to CO2) and CO2 affinity (Km; 1.2-fold increase in 

response to light vs. 1.5-fold increase in response to CO2). Although inconclusive, this 

trend suggested that P-responsive change in cattail photosynthetic performance was 
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primarily mediated through carboxylation and the dark reactions. In the context of this 

hypothesis, any P-responsive changes in the light capture processes would be more-or-

less a downstream consequence of altered carboxylation.  

The two species also differed in their light- and CO2 concentration-dependent 

photosynthetic performance (i.e. photosynthesis at high P-availability). While light- and 

CO2-dependent photosynthetic performance was similar in cattail, the CO2-dependent 

photosynthesis performance in sawgrass was considerably enhanced in comparison to 

light-dependent photosynthesis.  Enhanced CO2-dependent photosynthetic performance 

in sawgrass was observable in both the maximum rate (Vmax; 2.9-fold increase over 

light) and CO2 affinity (Km; 2.7-fold over light). In agreement with the aforementioned 

hypothesis concerning cattail photosynthesis, these observations suggested that sawgrass 

light capture processes were likely regulated downstream of the carboxylation reactions.  

Also potentially noteworthy was the 3-fold increase observed in the dark respiration 

rate (Rd) of cattail accompanying increased P-availability. This result contrasted sharply 

with the steady state, seemingly unresponsiveness to P-availability, Rd observed in 

sawgrass. Rd is the photosynthetic carbon assimilation equivalent to the respiratory 

demands of a plant. Consequently, such a result suggested that P-availability might 

increase the overall respiratory demand of cattail.  

  

3.4.2 Biochemical assessment of the light and dark reactions  

Biochemical assessment of light capture consisted of an investigation into the effects 

of P-availability on the chlorophyll A-to-B ratio and total chlorophyll concentration of 

cattail and sawgrass. Although neither species demonstrated P-responsive plasticity in 
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chlorophyll A-to-B ratio, a significantly greater ratio was observed in cattail (1.54  0.05 

vs. 1.41  0.01;  = 0.022; n = 3). Plasticity and absolute total chlorophyll concentration 

results are presented (Fig. 24). Although no observable changes in the chlorophyll 

concentration of cattail were observed, a marked decrease in absolute concentration with 

increasing P-availability was observed in sawgrass. Results were perplexing given the 

fact that the shoot weight-to-area ratios were not significantly affected by P-availability 

in either species (Webb, unpublished).  

Investigation into the effects of P-availability on carboxylation and the dark reactions 

commenced with an assessment of Rubisco activity and abundance. In vitro Rubisco 

activity as a function of species and P-availability were reported as a function of shoot 

area, tissue weight, and total protein content in an effort to better understand the 

outcomes (Fig. 25). Although normalization mathematically altered the maximum 

enzymatic rate of Rubisco (Vmax), it had no effect on the affinity of Rubisco for the RuBP 

substrate (Km).  While the Km of cattail increased in conjunction with P-availability (from 

0.22 to 0.37 mM RuBP), the Km of sawgrass remained more-or-less the same (0.20 and 

0.22 mM RuBP). Thus, only cattail demonstrated plasticity with regard to Km. Such 

plasticity might have arisen through an increase in Rubisco activation state, Rubisco 

protein abundance, or some combination of the two. 

The differential patterns in Vmax arising through normalization contributed some 

insight into the origins of photosynthetic plasticity in cattail. Normalization of Rubisco 

activity to shoot area, or weight given a relatively constant area-to-weight ratio as 

observed here, are common practices, especially when assessing activity in crude protein 

extracts. When reported as a function of area or weight, these measures simply reflected 
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the patterns in photosynthetic plasticity. Consequently, they offered little insight with 

regard to whether P-responsive photosynthetic plasticity arose as a result of Rubisco 

activation state or abundance. Interestingly, when normalized to total protein plasticity in 

Vmax appears nearly unaffected by P-availability. Although minute differences existed, 

the trend towards uniformity was apparent in the mathematical derivations of Vmax. While 

measures of Vmax varied over 2-fold when normalized to weight (1.9 vs. 4.1 M CO2 kg 

shoot * sec
-1

 at low and high P-availability), the variation was only 1.1-fold (0.42 vs. 0.47 

M CO2 g protein * sec
-1

 at low and high P-availability). These results strongly suggested 

that the Rubisco activation state was unaffected by P-availability.  

The results of SDS-protein gel electrophoresis seem contradictory to these results. In 

photosynthetically active tissues, Rubisco typically makes up 40-to-60% of the total 

protein content. Consequently, western blotting was unnecessary and abundance was 

assessed through the characteristic bands representing the large and small Rubisco 

subunits. Visual assessment of results suggested that Rubisco abundance was not affected 

by P-availability (Fig. 25). However, like the in vitro activity assessments, protein 

abundance was assessed as a function of total protein content. Interestingly, when the 

results from a full assessment of plasticity and absolute total protein concentration per 

unit weight are considered as a function of species, tissue, and ontogeny (Fig. 26), further 

support for a P-responsive change in cattail Rubisco abundance is provided. For total 

protein, plasticity was observed in the shoots of cattail, but not sawgrass. Furthermore, 

this direct correlation between P-availability and total protein was observed across all 

levels of cattail ontogeny. In fact, the inter-species differences in absolute total protein 
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content was not only significantly greater in cattail during seedling-establishment, but 

increased during plant development. 

 

3.4.3 Phosphate-allocation  

For a better understanding of P-responsive global up-regulation of transcription, 

further information concerning the allocation of acquired-P was needed. Towards this 

objective, the effects of P-availability on the concentration of cellular phosphate (Pcell) 

were coupled with plasticity in intra-cellular ACP enzyme activity, a common indicator 

of phosphate stress (Fig. 27). As a general trend, plasticity in Pcell was greater in sawgrass 

root and shoot during seedling-establishment and juvenile-growth. This trend was most 

prominently expressed in the 10-fold increase observed in sawgrass roots during juvenile-

growth ( < 0.001) in comparison to the 4-fold increase observed in cattail ( = 0.015). 

Interestingly, plasticity in cattail was even less apparent during seedling-establishment. 

How temporal differences such as these might explain the persistence of established 

cattail stands, and the lack of new stand establishment, in the pre-man Everglades is a 

subject of discussion. Aside from the plasticity observed, sawgrass demonstrated 

significantly greater absolute levels of Pcell across all levels of analyses. While Pcell 

expectedly increased in both species, results suggested a greater capacity for the 

accumulation of phosphate in sawgrass. Such a finding was important to assembling 

models for the differential allocation of Pcell in cattail and sawgrass. 

Greater plasticity in the activity of intra-cellular ACP enzymes was observed in the 

shoots of cattail and the roots of sawgrass (Fig. 28). Although significant plasticity was 

observed in the sawgrass shoots during juvenile-growth, the magnitude of the difference 
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was lower (1.5 vs. 2-fold) and the probability of difference greater ( = 0.024 vs. 0.002) 

in comparison to cattail. Similarly, although significant plasticity was observed in cattail 

roots during seedling-establishment (  0.001), the magnitude of the difference was 

lower (2 vs. 3-fold) in comparison to that observed in sawgrass (  0.001). 

Consequently, expression of these results in simple binary terms of either „P-stressed‟ or 

„unstressed‟ suggested that although cattail was stressed at low P-availability, stress was 

alleviated as P-availability increased. Further support of this assumption was provided in 

the induction of ACP gene expression cattail (Fig 30).  

In contrast to cattail, sawgrass was more-or-less unstressed at all levels of P-

availability. Although sawgrass ACP enzyme activity was more plastic, absolute levels of 

activity were generally greater in cattail. The one exception was the greater shoot ACP 

enzyme activity of sawgrass during „juvenile-growth‟.  While the significance of 

differences in absolute ACP enzyme activity were complicated by the commonplace 

normalization of enzyme activity to total protein, coupled with the vastly disparate 

protein contents of these species, these results suggest the possibility that sawgrass 

utilizes intra-cellular ACP enzymes more sparingly than cattail.  

The results of Pcell and intra-cellular ACP enzyme activity were compiled into 

conceptual models concerning P-allocation in cattail and sawgrass (Fig. 29).  Modeling 

suggested cattail had a low propensity to store phosphate in the vacuole. Reduced storage 

of phosphate likely contributed to decreased survival over prolonged periods of low P-

availability. However, when P-availability is increased the low propensity for storage 

results in a surplus of Pcell. This surplus seemingly supports the high demand for Pcell 

required of invasive growth. Conversely, modeling of sawgrass suggested a high 
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propensity for allocation of phosphate to the vacuole. The ability to store phosphate likely 

contributed to greater survival over prolonged periods of low P-availability. However, at 

high P-availability, the greater propensity to store phosphate in the vacuole seemingly 

limits the cellular-P available for growth. Consequently, the greater propensity for storing 

phosphate might also provide the mechanism for growth inflexibility in sawgrass. The 

mechanisms underlying these inherent differences in P-allocation and how they might 

contribute to the invasion of cattail in the Everglades forms a major subject for 

discussion. 

 

3.4.4 Phosphate-responsive gene expression in shoots 

The PSBP gene codes for the transcriptionally regulated 23-kd subunit of the 

Oxygen-evolving complex. The protein is integral to the splitting of water by 

photosystem II. The splitting of water liberates the electrons that set photosynthetic 

electron transport in motion. Consequently, the expression of PSBP is a seemingly 

integral component of the light-capture process. None-the-less, when reported relative to 

housekeeping gene expression, PSBP was unaffected by P-availability in both species 

(Fig. 24). However, in the context of global up-regulation of transcription and translation 

in cattail shoots, the expression of PSBP relative to shoot weight or area would have 

increased in conjunction with increased P-availability. Thus, it is seemingly plausible that 

PSBP protein abundance would increase in response to P-availability in a similar manner 

as proposed for Rubisco.  However, as suggested previously, changes in the abundance of 

this integral component of the light-capture processes are most likely downstream 

responses to altered carboxylation. 
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In addition to PSBP expression, a number of putative molecular regulators of P-

allocation and general stress responsive genes were also assessed (Fig 30). The clear 

induction of ACP and ADH expression in cattail by low P-availability, contributed further 

to the concept of P-stress in cattail. With regard to P-allocation, the potential up-

regulation of P-responsive transcripts must also be considered. As specific examples, the 

steady state expression of PPT, CAH, and SQD might have all been effected by the global 

up-regulation of transcription and translation in cattail shoots. Although not convincing, 

the possible induction of the PHT in cattail during seedling-establishment warrants 

further investigation. A more conclusive induction of PHT expression was observed in 

cattail shoots from similarly treated plants during an unrelated study concerning P-

signaling (Webb, unpublished). The potential role shoot PHT transporters play in P-

allocation, and the ramifications of PHT up-regulation, form an important topic of 

discussion. Also noteworthy was the induction of sawgrass VPP during seedling-

establishment. The potential implications of this change are discussed in the context of 

putative molecular regulators of P-allocation in plants. This highly theoretical area of 

plant physiology and molecular biology constitutes a major theme of discussion.  
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Fig. 8. Culture systems and phenotypes 

Photographs illustrating the three culture systems used throughout the study (Seedling-

establishment, Juvenile-growth, and Root-development) and the effects of increasing P-

availability on cattail and sawgrass phenotypes based on above and belowground 

responses.  
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Fig. 9. Absolute growth and biomass allocation 

Absolute total biomass (top), tissue-specific biomass (middle) and root-to-shoot ratio 

(bottom) as a function of P-availability for cattail and sawgrass during seedling-

establishment and juvenile-growth.  
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Fig. 10. Plasticity in growth and allocation 

Relative total biomass (top), tissue-specific biomass (middle) and root-to-shoot ratio 

(bottom) as a function of P-availability for cattail and sawgrass during seedling-

establishment and juvenile-growth.  
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Fig. 11. RNA-to-weight ratio 

Relative (top) and absolute (bottom) total RNA-to-weight ratios as a function of P-

availability for cattail and sawgrass during seedling-establishment and juvenile-growth.  
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Fig. 12. RNA-to-protein ratio 

Relative (top) and absolute (bottom) total RNA-to-protein ratios as a function of P-

availability for cattail and sawgrass during seedling-establishment and juvenile-growth. 
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Fig. 13. Housekeeping gene expression 

Total RNA gel separation and actin (ACT), 40S subunit of ribosomal protein S16 

(RPS16), and -tubulin (TUB) expression as a function of total RNA. The induction of 

alcohol dehydrogenase (ADH) at low P-availability was shown for comparison. 
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Fig. 14. Gene expression patterns 

Patterns of gene expression for in cattail and sawgrass in root and shoot tissue during 

seedling-establishment and juvenile-growth. Expression of genes up-regulated (green), 

down-regulated (red), unchanged (blue), and putative global-regulated (yellow) in 

response to low P-availability is indicated. 
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Fig. 15. Phosphate-acquisition life history 

The total P-acquisition for individual cattail (triangles) and sawgrass (squares) plants as a 

function of time and experiment. The range of P-acquisition from low to (open 

triangles/squares) high P-availability (closed triangles/squares) is indicated for seedling-

establishment and juvenile-growth. Estimated P-acquisition during germination and 

acclimation is also indicated (dashed lines).  
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Fig. 16. Phosphate-acquisition efficiency 

Relative (top) and absolute (bottom) P-acquisition efficiency in cattail and sawgrass 

during seedling-establishment and juvenile-growth.  
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Fig. 17. Phosphate-acquisition rate 

The P-acquisition per unit weight as a function of time for cattail (triangles) and sawgrass 

(squares) grown at low (open triangles/squares) and high P-availability (closed 

triangles/squares) during juvenile-growth.  
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Fig. 18. Root length 

The root extension rate (left) of cattail (triangles) and sawgrass (squares) as a function of 

low (open triangles/squares) and high P-availability (closed triangles/squares) during 

seedling-establishment. Plasticity (top-right) and absolute (bottom-right) final root length 

during seedling-establishment is also shown.  
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Fig. 19. Seminal and lateral roots 

Relative (top-left) and absolute (bottom-left) seminal and lateral root number for cattail 

and sawgrass during seedling-establishment. Representative root systems of cattail and 

sawgrass grown at low (top-right) and high P-availability (bottom-right) using inclined-

plates.  
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Fig. 20. Root hair density 

Relative (top-left) and absolute (bottom-left) root hair density for cattail and sawgrass 

during seedling-establishment. Representative photos illustrating the effect of low (top-

right) and high P-availability (bottom-right) on root hair density in cattail and sawgrass 

grown using inclined-plates. 
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Fig. 21. Extra-cellular ACP enzyme activity 

Relative (top) and absolute (middle) acid phosphatase (ACP) enzyme activity in cattail 

and sawgrass during seedling-establishment and juvenile-growth. Representative photos 

illustrating differences in extra-cellular ACP enzyme activity (blue stain) at low and high 

P-availability are also shown (bottom).  
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Fig. 22. Gene expression in roots 

Relative levels of gene expression at low (10) and high (100) P-availability in cattail and 

sawgrass roots during seedling-establishment and juvenile-growth. Acid phosphatase 

(ACP), alcohol dehydrogenase (ADH), phosphate transporter (PHT), phosphate 

transcription factor (PTF), and vacuolar pyrophosphatase (VPP) expression are shown 

relative to the expression of the 40S subunit of ribosomal protein S16 (RPS16) and actin 

(ACT) housekeeping genes. 
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Fig. 23. In planta photosynthetic carbon assimilation 

Representative plots of photosynthetic carbon assimilation in cattail and sawgrass are 

shown as a function of phosphate-availability, and factor [light intensity vs. carbon 

dioxide (CO2) concentration]. Parameters derived through Michaelis-Menten modeling 

[maximum rate of photosynthetic carbon assimilation (Vmax), affinity for CO2 (Km), 

quantum yield (Q), light saturation point (LSP), and the rate of dark respiration (Rd)] are 

indicated on the plots. 
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Fig. 24. Light-capture processes 

Relative (top-left) and absolute (bottom-left) concentrations of total chlorophyll as a 

function of P-availability for cattail and sawgrass during juvenile-growth. The expression 

of genes relating specifically to photosynthesis are shown as a function of low (10) and 

high (100) P-availability (right). Carbonic anhydrase (CAH), 23-kDa subunit of the 

oxygen evolving complex (PSBP), and UDP sulfoquinovose synthase/sulfotransferase 

(SQD) are shown relative to the 40S subunit of ribosomal protein S16 (RPS16) 

housekeeping gene.  
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Fig. 25. Dark-dependent reactions 

In vitro measures of Rubisco activity for cattail (triangles) and sawgrass (squares) as a 

function of low (open triangles/squares) and high (close triangles/squares) P-availability 

during seedling-establishment (top). Activity was assessed relative to ribulose, 1-5 

bisphosphate (RuBP) and normalized to shoot area, weight, and protein. Parameters 

derived through Michaelis-Menten modeling [Rubisco activity (Vmax) and the enzymes 

affinity for RuBP (Km)] are shown on the individual plots. Relative concentrations of 

large (RbcL) and small (RbcS) Rubisco subunits per unit total protein as a function of 

low and high P-availability (bottom).  
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Fig. 26. Total protein 

Relative (top) and absolute (bottom) total protein concentration per unit tissue weight as a 

function P-availability for cattail and sawgrass during seedling-establishment and 

juvenile-growth.  
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Fig. 27. Cellular phosphate 

Relative (top) and absolute (bottom) cellular phosphate concentrations as a function of P-

availability are shown for cattail and sawgrass during seedling-establishment and 

juvenile-growth.  
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Fig. 28. Intra-cellular ACP enzyme activity  

Relative (top) and absolute (bottom) intra-cellular ACP enzyme activity as a function of 

P-availability for cattail and sawgrass during seedling-establishment and juvenile-growth.  
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Fig. 29. Phosphate-allocation 

Models indicating major pathways for the allocation of acquired-P in cattail (left) and 

sawgrass (right) as a function of low and high P-availability. Whether cytoplasmic-P 

(Pcyt) was allocated towards growth (Pgrowth) or storage in the vacuole (Pvac) effected the 

level of ACP enzyme activity. 
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Fig. 30. Gene expression in shoots 

Relative levels of gene expression at low (10) and high (100) P-availability in cattail and 

sawgrass shoots during seedling-establishment and juvenile-growth. Acid phosphatase 

(ACP), alcohol dehydrogenase (ADH), phosphate transporter (PHT), phosphoenol-

pyruvate/phosphate translocator (PPT), and vacuolar pyrophosphatase (VPP) expression 

are shown relative to the expression of the 40S subunit of ribosomal protein S16 (RPS16) 

housekeeping gene. 
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CHAPTER 4. DISCUSSION 

 

While efficient P-acquisition, increased P-storage, and limited growth were 

advantageous in the P-impoverished Everglades, anthropogenic P-enrichment has 

obviated these once beneficial adaptations; making rapid growth of shoot biomass the key 

determinant of survival. P-acquisition and P-availability correlated directly in cattail and 

sawgrass, with increased environmental P leading to greater, yet similar, levels of 

acquisition. Despite similar potentials for acquisition, the efficiency of P-acquisition in 

sawgrass was significantly enhanced by morphological, physiological, biochemical, and 

molecular plasticity that was unaccompanied by significant changes in the allocation of 

resources to roots. While advantageous under P-impoverishment, anthropogenic P-

enrichment has obviated the benefits of efficient P-acquisition. In contrast, the rapid 

growth of cattail stemming from the global up-regulation of transcription and translation 

by P-availability has allowed the species to take full advantage of the anthropogenically 

P-enriched conditions. The increased Rubisco abundance and photosynthetic 

performance accompanying global up-regulation directly links growth to P-acquisition 

and availability. The lower growth potential of sawgrass further diminishes the 

competitive ability of this low P adapted species under P-enrichment. Low growth 

potential was seemingly manifested in an increased propensity to store acquired-P in the 

vacuole, limiting the allocation of P to the chloroplast in support of greater 
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photosynthesis and growth. Given the potential role of vacuolar transport in the P-

responsive growth of cattail and sawgrass, similar mechanisms could contribute to 

growth in agriculturally important crop species. The development of such crop species 

could reduce the application of fertilizers, reducing the nutrient-rich runoff responsible 

for problems such as P-induced cattail invasion in the Everglades. 

 

4.1P-acquisition and efficiency 

4.1.1 Plasticity in traits contributing to P-acquisition 

When expressed at the level of individual plant, the similarity in total capacity for P-

acquisition of the two species was initially puzzling considering the drastic differences in 

biomass and root-to-shoot ratio developing over the same period. The significant increase 

in root-to-shoot ratio, a finding also supported by Brix et al [4], suggested cattail 

responded dynamically to low P-availability. A more thorough examination of root 

system morphology, ACP enzyme activity, and PHT expression in cattail, suggested the 

biomass increase in root-to-ratio was primarily a result of increased seminal root length. 

Interestingly, length appeared to be sacrificed for an increase in seminal root number as 

P-availability increased. Such a response seemingly functioned to further enhance P-

acquisition at high availability in cattail roots. In fact, the increased root surface area of 

these seminal roots might be essential to acquiring the cellular-P needed to support the 

invasive growth of cattail under P-enriched conditions. Despite this plasticity in root-to-

shoot ratio and seminal root morphology, cattail demonstrated no significant capacity for 

increasing root zone acidity (Webb, unpublished), extra-cellular ACP enzyme activity, or 

PHT expression in response to low P-availability. These findings suggested plasticity in 
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well-known physiological, biochemical, and molecular adaptations to P-acquisition were 

limited in cattail [58, 64]. Rather, to enhance P-acquisition, cattail relied on alterations in 

the abundance of physiologically, biochemically, and molecularly inflexible seminal root 

tissue (Fig. 31 - left).  

In stark contrast to cattail, morphological, physiological, biochemical, and molecular 

facets of the sawgrass root system combined synergistically to maximize the efficiency of 

P-acquisition. At the level of morphology, seminal root elongation was coupled with an 

increase in the number of lateral roots and the root hair density. The combination of such 

changes are known to promote root system expansion, not only increasing the surface 

area for P-acquisition, but also the ability to access new P resources through nutrient 

foraging [19, 85]. To further complement root system expansion, sawgrass increased 

ACP enzyme activity and PHT expression, known contributors to the physiological and 

biochemical enhancement of P-acquisition through their effect on P-transporter 

abundance and hydrolysis of organic-P [10, 45, 46]. Combined, these findings suggested 

sawgrass incorporated morphological, physiological, biochemical, and molecular 

plasticity rather than increasing the allocation of biomass to roots; observed in cattail, and 

commonly reported in other plant species (Fig. 31 - right) [58, 64]. 

  

4.1.2 Efficiency is manifested in plasticity 

The remarkable plasticity observed in sawgrass root development was in opposition 

to general paradigms regarding inflexibility in stress tolerators [6]. Most interesting was 

„cryptic‟ nature of this plasticity, being masked by inflexibility in what is, perhaps, the 

most commonly applied index of P-acquisition capacity, the root-to-shoot ratio. A 
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possible explanation for these opposing results might stem from the fact that low-

resource terrestrial environments are more commonly nitrogen (N)-deficient. Roots 

responses to P- and N-limitation are inherently different. Whereas, increased plasticity in 

secondary and tertiary root structures is a common response to low P-availability, the 

inflexible, long-lived root system suggested in general paradigms are more characteristic 

of low N-availability [17, 33]. Consequently, general paradigms may simply reflect N-

specific, rather than P-specific, root responses [78].  

While the „cryptic‟ plasticity observed may lie partly in differences between N- and 

P-specific root responses, the requirement for carbon-efficiency under resource-

impoverishment was likely a more influential mechanism. Under nutrient deficiency, the 

combined forces of natural selection and genetic assimilation would have worked to 

increase carbon use-efficiency. In this context, the morphological plasticity observed in 

sawgrass root development was simply a product of adaptation to the P-impoverished 

pre-man Everglades. Thus, across both species, we can hypothesize that plasticity in root 

morphology, ACP enzyme activity, and PHT expression is a more carbon-efficient means 

of increasing P-acquisition than simply allocating more biomass to roots.  

Similarly, the expansion of secondary and tertiary root structures employed by 

sawgrass provides a more carbon-efficient means of enhancing P-acquisition than the 

strategy of increasing primary root structures used by cattail. For example, Bates and 

Lynch [2] demonstrated the competitive advantage of root hairs in an experiment 

comparing P-responsive growth in wild-type and root hair-deficient Arabidopsis. Given 

the complete lack of lateral root formation in cattail seedlings, the role of secondary root 

structures in species-specific efficiencies in P-acquisition is seemingly more influential. 
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Interestingly, studies involving other monocot species have identified lateral roots as the 

most carbon-efficient means of root morphology-based enhancement of P-acquisition 

[84]. In fact, although a lack of early lateral root formation in deficient corn mutants 

significantly reduced P-acquisition and growth at low P-availability, high P-availability 

rescued wild-type growth [18, 53]. While suggestive of the benefits bestowed by lateral 

roots, such findings also indicate anthropogenic P-enrichment has likely compensated for 

the lack of lateral root development in seedling cattail.  

 

4.2 P-acquisition and photosynthesis 

Although the mechanism underlying greater efficiency for P-acquisition in sawgrass 

remain to be explored, these advantageous traits for survival in the P-impoverished pre-

man Everglades have been obviated by recent increases in P-availability. This has opened 

the ecosystem to more rapidly growing invaders with less efficient approaches to P-

acquisition such as cattail. From this perspective, complementary to the question of how 

cattail uses acquired-P to support invasive growth is the question of why sawgrass cannot 

compete with cattail under P-enrichment. Investigation into these questions commenced 

with studies relating to photosynthetic performance and ultimately identified differential 

allocation of P to growth and storage as the mechanistic source of P-induced cattail 

invasion.    

     

4.2.1 Global up-regulation in cattail 

Given the strong correlation between P-availability and growth observed in cattail, 

the apparent lack of a correlation between PSBP expression and P availability was 
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unexpected. While no change in PSBP expression was observed in cattail, a direct 

correlation between P-availability and expression in Arabidopsis was previously reported 

[25]. Lower PSBP expression was hypothesized to play a photo-protective role; 

preventing damage to photosystem II as a result of reduced photosynthetic electron 

transport accompanying P-deprivation. However, when considering the direct correlation 

between P-availability, total RNA, and housekeeping gene expression observed in cattail 

shoots, a similar correlation between PSBP expression and P-availability was observed 

per unit leaf area. Consequently, given the fact that in planta photosynthesis was also 

measured per unit leaf area suggested P-availability, PSBP expression, and 

photosynthetic performance in cattail correlated as in Arabidopsis. While this was 

achieved at the level of individual gene expression in Arabidopsis, the same effect was 

seemingly manifested  through global up-regulation of transcription in cattail. 

Although global up-regulation of transcription might explain the steady state 

expression of PSBP, the unchanging total chlorophyll concentration and chlorophyll A-

to-B ratio cannot be similarly accounted for. As suggested for PSBP expression, 

reductions in chlorophyll concentration could play a photo-protective role in ameliorating 

the reduced photosynthetic electron transport accompanying P-deprivation. However, 

chlorophyll adjustments may simply be a less prominent mechanism for adjusting light-

capture in response to low P-availability. In fact, chlorophyll concentration was also 

unresponsive in Arabidopsis subject to different levels of P-availability [74]. 

Furthermore, these plants also demonstrated a characteristic increase in anthocyanin 

content in response to low P-availability. Consequently, anthocyanin production, rather 
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than chlorophyll reduction, might be the preferential means of photo-protection in 

response to low P-availability [61]. 

The combination of findings concerning in planta photosynthesis, PSBP expression, 

and chlorophyll concentration suggested light-capture was regulated downstream of 

carboxylation. Such results were in accord with the general theory that the carboxylation 

reaction itself, through the activity of Rubisco, is the rate-limiting step in photosynthesis 

[57]. The results of in vitro Rubisco activity suggested that carboxylation in cattail was 

ultimately a function of Rubisco concentration per unit leaf area. In a similar fashion to 

PSBP expression, Rubisco concentration was ultimately linked to the global up-

regulation of total protein in cattail shoots. Considering, Rubisco constitutes upwards of 

50% of the total protein content in plant leaves, it was not surprising that P-responsive 

changes in protein abundance correlated directly with photosynthetic performance. In 

fact, Jacob and Lawlor [24] also reported a decrease in the protein content of maize 

shoots subject to low P-availability. While not affecting the Rubisco-to-protein ratio, it 

did result in impaired photosynthetic performance. Although similar P-responsive effects 

on the protein content of sunflower and soybean have been observed, alterations in the 

Rubisco activation state were also reported in these dicot plants [31]. Like the 

aforementioned maize results, no effect of P-availability on Rubisco activation state was 

observed in either cattail or sawgrass. Consequently, enzyme-level regulation of Rubisco 

may play a more prominent role in P-responsive photosynthetic performance in dicot 

plants.   

While global up-regulation of photosynthesis seems logical given the multitude of 

phosphorylation-regulated enzymes and adenylate energy requiring steps in 
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carboxylation, there is little information regarding the role of P-availability. Most studies 

agree that the concentration of cellular-P, not environmental P-availability, is integral to 

photosynthetic regulation [24, 31, 74]. Interestingly, an earlier work by Jacob and Lawlor 

[23] demonstrated a correlation between reduced carboxylation and adenylate energy in 

P-deficient maize and sunflower. Within the context of photosynthesis, inadequate 

adenylation would seemingly impact the multitude of phosphorylated intermediates, 

limiting carboxylation as a whole [55, 60]. Extending such hypotheses to the direct 

correlation between photosynthetic performance and global up-regulation of total protein 

transcription in cattail, suggests that low P-availability simply reduces adenylate energy 

to the point of impaired transcriptional activation. Such an effect would coordinately 

impact translation through the reduction of messenger, ribosomal, and transfer RNA. The 

subsequent reduction in protein concentration would seemingly lead to a cyclical down-

regulation of photosynthesis, energy metabolism, and the phosphorylated enzymes and 

transcription factors carrying out these processes. The inter-relatedness of these processes 

suggested the concentration of cellular-P available for adenylate energy transfer and 

phosphorylation might be the ultimate source of the global up-regulation of 

photosynthesis in cattail. 

  

4.2.2 Photosynthetic limitation in Sawgrass 

Given the inflexibility in P-responsive growth observed in sawgrass, it was not 

surprising that photosynthetic performance was also unaffected by P-availability. 

Furthermore, the steady state PSBP expression, in vitro Rubisco activity, and total protein 

concentration offered little insight with regard to regulatory mechanisms. In the context 
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of the similar potentials for P-acquisition observed in these species, the question arose at 

to why global up-regulation of shoot processes was not observed in sawgrass?  In cattail, 

cellular P-availability was implicated as the ultimate source of global up-regulation. 

Consequently, if cellular-P concentration similarly influenced sawgrass photosynthesis, a 

significant fraction of the acquired cellular-P had to be diverted from the adenylate 

energy generating and phosphorylation-dependent reactions of photosynthesis. In 

photosynthesizing plant cells, such an effect could result from the differential allocation 

of acquired-P to the chloroplast for support of photosynthesis, or to the vacuole for 

storage. 

To estimate the relative allocation of cellular-P in sawgrass and cattail a modeling 

approach had to be used at this time. Precisely determining the relative contributions of 

cytoplasmic (Pcyt), vacuolar (Pvac), and chloroplastic (Pgrowth) phosphate fractions is a 

highly specialized field in itself. Current methodologies couple species-specific sample 

preparation with NMR-spectroscopy to differentiate between Pcyt at a pH of ~5.5 and Pvac 

at a pH of ~7 [30]. The estimates used here took advantage of the well-established 

indirect correlation between Pcyt and ACP enzyme activity [20]. Based on a theoretical 

understanding cellular-P regulation, Pvac levels must be depleted prior to a significant 

drop in Pcyt. Consequently, the induction of ACP enzyme activity or lack thereof is also 

an indicator of Pvac depletion. The steady state ACP enzyme activity in sawgrass shoots 

suggested the level of Pvac never fell below that of Pcyt at low P-availability. Similarly, the 

large surplus of Pcyt as a result of increased P-acquisition at high availability suggested 

allocation as Pvac to not only prevent further suppression of ACP enzyme activity, global 

up-regulation of photosynthesis, and in extreme circumstances, P-toxicity. While the 
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question of how and why such a mechanism might have developed in sawgrass is the 

subject of further research, the antithetical findings from cattail provide an appropriate 

platform for future comparisons.  

 

4.2.3 P-allocation as a regulator of photosynthesis 

In comparison with sawgrass, in cattail shoots an induction in ACP enzyme activity 

at low P-availability and a moderate increase in cellular-P were observed. The 

combination of these findings suggested a lower propensity to allocate P to storage. 

Furthermore, the induction of ACP enzyme activity (and ACP gene expression) suggested 

Pvac stores were depleted, and Pcyt levels diminished at low availability. As Pcyt levels 

would directly correlate with Pgrowth, these findings fall in line with the global regulation 

of photosynthesis observed in cattail. In a comparison of the two species, photosynthetic 

regulation comes down to species-specific differences in the propensity to allocate P 

towards growth or storage.  

While many gaps in our knowledge remain, the main theoretical pathways and 

putative molecular regulators of P-allocation in photosynthesizing plant cells are 

provided (Fig. 32). In shoot cells, the ultimate source of cellular-P is the xylem. Members 

of the high-affinity P-transporter family (PHT1) are seemingly involved in xylem-to-cell 

transport [47]. Once in the cytoplasm, allocation of P to the chloroplast appears to be 

conducted by members of the low-affinity P-transporter family (PHT2) [7, 63]. Although 

P also exits the chloroplast through the phosphoenolpyruvate/phosphate translocator 

(PPT), the primary route is seemingly through the triose phosphate/phosphate 

translocator (TPT). Phosphate is exported through TPT as Triose-Phosphate, a precursor 
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of sucrose. Back in the cytoplasm, the primary route of P-export from the cell is 

seemingly occurs in conjunction with the transport of sucrose to non-photosynthesizing 

cells via the phloem. A family of sucrose transporters (SUC), unrelated to P-transporters, 

is responsible for the cell-to-phloem export of P-linked sugars. Export of P-sugars from 

the cell seemingly creates the ultimate sink with regard to the allocation of P towards 

growth.  

While the translocation of P through the aforementioned pathway predominates in 

cattail, a secondary storage pathway is seemingly also prominent in sawgrass (Fig. 32). 

While even less is known about putative molecular regulators of allocation to the 

vacuole, the uphill P-concentration gradient suggests active transport must be involved. 

While members of the low- or high-affinity P-transporter family would seemingly be 

involved there is currently no evidence of their localization to the vacuolar membrane. As 

for the chloroplast, PPT has been implicated in the vacuole-to-cytoplasm transport of P 

along the concentration gradient [15]. However, the direct coupling of this co-transporter 

with phosphoenolpyruvate (PEP) transport suggests other mechanisms for the regulated 

export of Pvac to the cytoplasm. 

 

4.2.4 Allocation to Pgrowth 

From a mechanistic perspective, there are two main regulatory points regulating the 

flux of P through the Pgrowth pathway. While the active transport of P into the chloroplast 

might „push‟ the pathway forward, the export of P-linked sugars from the cell might 

„pull‟ the pathway in the same direction. The differential regulation of active transport 

into the chloroplast could have arisen through species-specific PHT2 gene structure or 
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expression. While the regulation of PHT2 has not been described, the possibility for 

transcriptional regulation is high considering the prominence of the mechanism in PHT1 

[28, 46].  In the case of a direct relationship between allocation as Pgrowth and PHT2 

protein abundance achieved through transcriptional regulation, inflexible and plastic 

PHT2 expression would be expected in cattail and sawgrass respectively. As P-

acquisition increased, inflexibility in cattail would promote allocation as Pgrowth and 

enhance photosynthesis and growth in the process. Similarly, a reduction in PHT2 

expression accompanying increased P-acquisition in sawgrass would mediate allocation 

as Pgrowth, thereby maintaining a steady state level of photosynthesis and growth. Under 

such a scenario, further comparisons of cattail and sawgrass promoter elements would 

provide an excellent platform for dissecting the molecular regulators of growth in plants. 

While PHT2 regulation is certainly a possibility, the flux of P through the chloroplast 

for support of growth is likely also regulated through phosphate translocators and sucrose 

transporters. Interestingly, the role one such sucrose-transporter in Arabidopsis (SUC2) 

plays in plant responses to P-availability is already being explored [35].  The PHO3 

phenotype stems from a mutation in SUC2 that exhibits reduced sucrose transport, 

increased P accumulation in shoots, and increased expression of P-responsive traits in 

roots [83].  Such findings provide strong support that PHT2 is not the sole regulator of 

Pgrowth sink-strength. In an unrelated study involving P-availability and photosynthesis, 

Pieters [55] suggested low P-availability limited photosynthetic performance through 

RuBP regeneration that was in turn limited through a „whole plant response‟. This 

„global‟ response was seemingly due to a P-imposed limitation of growth and metabolism 

that decreased photo-assimilate sink strength. The decreased sucrose export from source 
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tissues resulted in a subsequent bottleneck, diminishing export of sucrose-precursors 

from the chloroplast, and reducing photosynthetic performance in the process. 

Such findings implicate the import and export of organic metabolite precursors such 

as triose-P across the chloroplast membrane as integral to the allocation. While the import 

and export is facilitated by a family of phosphate translocators specific to each of the 

metabolite precursors, cellular-P, as either a co-transporter or anti-transporter, is required 

[15]. In this context, the relative levels of chloroplast and cytoplasmic P concentration 

become important drivers of organic compound flux. In this context, P-allocation has 

potential as a „master regulator‟ of photosynthetic performance through its integral role in 

mediating the flux of P-linked sugars and organic metabolites between the chloroplast 

and the cytoplasm.   

 

4.2.5 Allocation to Pvac 

Due to its subordinate position as an „alternative‟ to allocation to Pgrowth, the 

mechanisms underlying allocation to Pvac are seemingly less complicated. Pcyt must be 

transported against the P-concentration gradient that existing across the vacuolar 

membrane. While a definitive vacuolar transporter has not been identified, the P-

concentrations involved suggest a member of the low or high affinity P-transporter 

families. An increase in shoot PHT expression in response to P-availability was observed 

in cattail. Similar expression of PHT family members in shoots has been observed in 

other species [47]. Unfortunately, the role individual PHT family members play in shoot 

tissues is relatively unexplored, a role in xylem-to-cell P-transport (termed PHT1cell here) 

and cytoplasm-to-vacuole P-transport (termed PHTvac here) have been suggested [62]. 
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Like root family members, Pcyt seemingly regulates shoot PHT through an inverse 

relationship with transcription and transporter abundance. Interestingly, while PHT1cell 

can be incorporated into such a model, PHT1vac expression would have to correlate 

directly with Pcyt, and thus represent a unique mode of regulation within the context of 

known transporters.  

The existence of PHT family members having different functional roles is plausible 

considering models of gene duplication and divergence, and the multitude of PHT family 

members observed in both species through Southern blotting (Zhang, unpublished). Also 

suggested through Southern blotting, PHT1cell and PHTvac would have highly conserved 

coding sequences and similar functions (Zhang; unpublished).  Thus, the methods used 

here would be unable to differentiate the two and their expression would reflect the entire 

P-transporter family (termed PHTtot here).  Genetic differences would be primarily found 

in the non-coding promoter regions and localization signals. A hypothetical model 

explaining how inverse transcriptional regulation of PHT might contribute to differential 

P-allocation in cattail and sawgrass is shown (Fig. 33). In sawgrass, the coordinated 

inverse regulation of PHT1cell and PHTvac results in the steady-state expression of PHTtot 

observed in this study. However, an increase in P-availability under this scenario would 

increase PHTvac protein abundance such that allocation to Pvac would be favored over 

Pgrowth. In cattail, while both transporters are still inversely regulated, the magnitude of 

PHTvac expression is diminished in comparison to PHTcell resulting in the induction of 

PHTtot at low P-availability. As P-availability increases under this scenario, the decreased 

abundance of PHTvac protein favors allocation to Pgrowth over Pvac.  
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For simplicity, the model presented above assumes a more-or-less constant Pgrowth 

sink. Given the dynamic nature of plant growth, molecular regulation of P-allocation is 

certainly multi-facetted and interconnected. Consequently, as we contemplate further 

investigation into the molecular mechanisms underlying differential P-allocation in cattail 

and sawgrass we must address the question of whether to proceed with these species, or 

switch to model plants such as Arabidopsis? While model species are certainly more 

suited to exploring theoretical subjects such as the molecular regulation of P-allocation, 

the unique molecular signatures rooted in evolutionary origins of cattail and sawgrass 

responses to P-availability might have significant utility to improving crop production 

and environmental sustainability. 

 

  

4.3 Evolutionary origins of allocation-dependent photosynthetic regulation 

From an evolutionary standpoint, the species-specific patterns of P-allocation and 

their downstream effects on photosynthesis and growth are adaptations to the pre-man 

Everglades. In addition to P-impoverishment, the pre-man ecosystem was subject to 

seasonal wet and dry seasons. Consequently, slight depressions in the ecosystem known 

as sloughs experienced periodic cycles of flooding and drying [49]. Given the mobility of 

the mineral in water, sloughs likely also accumulated slightly higher levels of P than the 

surrounding habitat. Cattail seemingly adapted to this niche through an increased 

propensity to allocate P towards growth. To exploit the temporary niche created through 

flooding, rapid growth to reproductive age was needed [16]. Under this situation, any 

allocation of P to the vacuole would limit photosynthesis, growth, and survival itself. 

Consequently, growth becomes a direct correlate of P-availability. Rather than being a 
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„regulator‟ of growth, P-availability acts more as a limiting resource, restricting the all-

or-nothing approach to shoot growth of the species, the results of which were manifested 

in the „global regulation‟ of photosynthetic performance. 

Aside from the sloughs, the vast majority of the pre-man Everglades was P-

impoverished and less prominently inundated. The propensity to allocate P to the vacuole 

of sawgrass was seemingly an adaptation to this P-impoverished environment. Extreme 

P-impoverishment would have severely restricted the number of species having the 

capacity to inhabit the environment. In fact, there would have been little-to-no 

competition for light-capture given the vast open flatness of the ecosystem. 

Consequently, rather than providing an evolutionary advantage, extensive shoot growth 

could become disadvantageous to survival. Similar to the carbon cost benefits afforded 

through incorporating plasticity in P-acquisition; photosynthetic limitation would have 

ensured efficient use of the limited P-resources toward shoot growth. In fact, the 

combination of efficient P-acquisition and a propensity to store P would have further 

contributed to survival in an environment where P-availability was certainly temporally 

allocated by the wet and dry seasons.  

 

4.4 Low-resource adapted plants as model organisms 

Taken together, the findings here suggest that plasticity and inflexibility are 

evolutionary responses to the selective forces present in the environment in which it 

evolved. A plant adapted to a resource-impoverishment such as sawgrass would develop 

plasticity in mechanisms contributing to the acquisition of the resource itself. 

Concomitantly, inflexibility would arise in traits reducing the efficiency of resource-use 
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such as unnecessary shoot growth or allocation of biomass to roots. Conversely, a species 

adapted to periodic disturbance such as cattail would develop plasticity in mechanisms 

contributing to rapid growth and lifecycle completion. Concomitantly, inflexibility in 

traits having a drain on shoot growth, such as unnecessary root growth, would be of 

further benefit. 

However, human activities such as agriculture and urbanization impact adjacent 

areas by altering the natural selective forces of the habitat. Agricultural runoff and altered 

hydrology has increased P-availability and homogeneity in many areas of the Everglades. 

In the process, a shift from a resource-competitive to a light-competitive environment has 

occurred. This has not only negated the advantage of plasticity in sawgrass P-acquisition 

and the disadvantage of inflexibility in cattail P-acquisition, but also made inflexibility in 

sawgrass shoot growth a disadvantageous and plasticity in cattail shoot growth an 

advantage. Interestingly, unique solutions to the problem of resource-induced plant 

invasion lie within the mechanisms underlying the process itself (Fig. 34).  

Adaptation to resource limitation requires carbon-efficiency. As a consequence, 

plants adapted to resource-impoverishment would demonstrate a tendency towards 

reduced plasticity in all but the most essential traits for survival. In the case of sawgrass, 

plasticity has remained in traits that together encompass a highly refined and carbon-

efficient approach to P-acquisition. While evolution has been shaping the genome of 

sawgrass towards this goal for thousands of years, modern agricultural researchers are 

working towards a similar goal, the development of more P-efficient crop plants. 

Whether more P-efficient crops are produced through molecular breeding or genetic 

engineering, a more intimate knowledge of the signaling pathways underlying the 
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mechanisms of P-acquisition and use is needed [44]. While single-gene strategies for 

enhancing herbicide and pest resistance exist, P-efficiency is a highly complex and multi-

faceted process. For example, genome-scale microarray analysis identified 612 and 254 

induced and repressed genes in Arabidopsis subject to low P-availability [42, 43]. 

Although a considerable reduction from the 22,810 genes present on the chip, further 

characterizing the function, assessing the costs/benefits, and understanding the inter-

connectedness of these genes remains a daunting task. Consequently, knowledge of 

master regulators and key pathways contributing to P-efficiency is greatly needed. 

In sawgrass, the processes of genetic assimilation and gene loss have seemingly 

acted to streamline the sensing, signaling, and response network to the P-

impoverishment. From an agricultural perspective, this „simplification‟ could provide a 

powerful tool for sorting out the more complex molecular networks underlying P-

acquisition in closely related crop plants such as corn, rice, wheat, barley, and sugar cane. 

Manifested somewhere within the sawgrass genome are the blueprints for efficient P-

acquisition in monocot plants. While the modern agriculture practices of the 1
st
 Green 

revolution relied heavily on P-fertilizers, further research concerning the mechanisms 

underlying P-acquisition in resource-impoverished plants such as sawgrass could identify 

key molecular regulators of efficient P-use. Introgression of traits contributing to efficient 

P-acquisition and P-allocation in sawgrass could ultimately lead to the development of 

more P-efficient crops. Such developments could fuel a 2
nd

 Green revolution where P-

fertilizer use and runoff are reduced; enhancing the restoration of downstream 

ecosystems and native plants communities in the process. Ironically, long-term solutions 
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to P-enrichment seemingly lie in the same species most affected by the problem itself 

(Fig. 35). 
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Fig. 31. Approach to P-acquisition  

While cattail relied primarily on increases in root mass, sawgrass employed plasticity in 

root length, lateral root development, root hair density, ACP enzyme activity, and PHT 

expression to increase P-acquisition efficiency without increasing root mass. 
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Fig. 32. Molecular regulators of P-allocation  

Putatuve molecular regulators of the allocation towards growth (Pgrowth) and storage (Pvac) 

in photosynthetic plant cells. (1) High-affinity P-transporter family member (PHT1), (2) 

low-affinity P-transporter family (PHT2), (3) phosphoenolpyruvate/phosphate 

translocator (PPT) and/or triose phosphate/phosphate translocator (TPT), (4) Sucrose 

transporter family member (SUC), (5) low- or high-affinity P-transporter family member 

(6) phosphoenolpyruvate/phosphate translocator (PPT). 
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Fig. 33. Phosphate transporter expression and P-allocation 

Hypothetical model illustrating how transcriptional regulation of inversely related cell 

(PHTcell) and vacuolar (PHTvac) P-transporters might drive the differential P-allocation 

observed in cattail and sawgrass. The model accounts for the differential P-transporter 

family (PHTtot) gene expression observed in the studies described here.  
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Fig. 34. Plasticity and resource flux 

Plasticity can be both a consequence of evolution and a driver of species distribution. 

Anthropogenic P-enrichment has changed the Everglades environment from a nutrient-

competitive one where plasticity in root-borne traits was advantageous, to a light-

competitive one where plasticity in shoot-borne traits ultimately drives survival. 



 94 

 
Fig. 35. A second ‘green’ revolution  

Plants adapted to P-impoverished environments have evolved intricate strategies for P- 

acquisition and use. The modern agriculture practices of the 1
st
 Green revolution relied 

heavily on inorganic fertilizers. Fertilizer runoff during the cultivation of plants such as 

sugarcane has negatively impacted the downstream environment. Understanding how 

plants such as sawgrass tolerate P-impoverishment can yield key molecular contributors 

to efficient P-acquisition and use in plants. Introgression of this knowledge towards the 

development of more P-efficient cultivars could fuel a 2
nd

 Green revolution directed at 

reducing fertilizer inputs. The reduction in fertilizer runoff accompanying such a 

revolution would aid restoration efforts by enabling return of the P-impoverished plants 

themselves. 
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CHAPTER 5. SUMMARY 

Towards a greater understanding of the mechanisms underlying the role 

anthropogenic P-enrichment has played in the invasion of cattail into the formerly 

sawgrass-dominated Everglades environment, the following conclusions were made. 

 Despite having similar P-acquisition potentials, sawgrass had the capacity to alter 

PHT expression, ACP enzyme activity, and root morphology (seminal root length, 

lateral root number, and root hair density) to enhance acquisition efficiency over the 

carbon-expensive adjustments in root-to-shoot ratio employed by cattail. 

 Photosynthetic performance and growth in sawgrass was maintained at a moderate 

level by a high propensity for P-allocation towards storage. 

 A low propensity for P-allocation to storage in cattail led to a surplus of cellular-P for 

the support of metabolic processes. 

 Surplus cellular-P invoked a „global up-regulation‟ of transcription in cattail shoots 

lead to increased PSBP transcript abundance, protein abundance, Rubisco 

concentration, photosynthetic performance, and shoot growth.  

Thus, while P-acquisition played a role in sawgrass dominance in the P-impoverished 

Everglades the molecular mechanisms underlying invasion of cattail into the 

anthropogenically P-enriched Everglades ultimately lie in differential P-allocation 

towards storage in the vacuole.  
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Abstract Sawgrass (Cladium jamaicense) is the

predominant plant and vegetation community in the

Florida Everglades. Germination of sawgrass seeds in

the laboratory or nursery has been difficult and

problematic, yet little is known about the physiolog-

ical mechanistic regulation of the sawgrass seed

germination process. In the present study, we exam-

ined the factors and mechanisms that influence

sawgrass seed germination. We found that removal

of seed husk and bracts, pre-soaking with bleach

(hypochlorite), breaking the seed coat, or combina-

tions of these treatments promoted the rate and

success of germination, whereas presence of seed-

encasing structures or treatment with husk/bract

extract inhibited germination. We further detected

the presence of abscisic acid (ABA) in the husk and

bract. Experiments with ABA and gibberellin biosyn-

thesis inhibitors fluridone and tetcyclacis suggested

that ABA already presented in the pre-imbibed seeds,

and not derived through post-dormancy de novo

synthesis, contributed to the inhibition of seed

germination. Examination of bleach and mechanical

treatments indicated the physical barrier presented by

the seed-encasing structures provided additional

mechanism for the long-term delay of seed germina-

tion. Based on the results of this study and others, we

discussed the implications of sawgrass seed dormancy

and germination in relation to its natural habitat

and proposed a hypothesis that the protracted seed

dormancy in sawgrass offered an adaptive advantage

in the pre-anthropogenic Everglades environment, but

may become a liability in the current man-managed

Everglades water system.

Keywords Sawgrass (Cladium jamaicense) �
Cattail (Typha domingensis) � Husks/bracts �
Seed germination � Abscisic acid (ABA) �
Gibberellins � Wetland plant � Florida Everglades

Introduction

The timing and speed of seed germination are vital

developmental processes that correlate directly with

the success of a plant species. The process of

germination begins when a dormant seed takes up

water (imbibition). Imbibition triggers the cellular

and metabolic events that set the course for germi-

nation, but the entire process is further regulated by

a myriad of external signals such as light and

temperature. Plant hormones, especially abscisic acid
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(ABA) and gibberellic acids (GAs), are important in

mediating the germination process (Bewley 1997;

Finkelstein et al. 2008). The breaking of dormancy

and the initiation of seed germination are, in general,

restricted in two ways. First, the seed coat acts as a

physical barrier that prevents imbibition and progres-

sion towards germination (Schütz 2000). Second,

inhibitory compounds including ABA present in

seed-encasing structures such as the coat, husk, and

bract/glume as well as in the endosperm/cotyledons

and embryos may further prevent or delay germina-

tion of imbibed seeds. In nature, protracted dormancy

provides a mechanism for preventing germination

‘‘out-of-season’’ or under inappropriate environmen-

tal conditions. In this way, seed dormancy is an

adaptive trait with the capacity to provide a species

with an ecological advantage under specific environ-

mental conditions (Jain 1982).

Sawgrass (Cladium jamaicense Crantz) is a sedge

species abundantly distributed in the Florida Ever-

glades wetlands. Sawgrass seeds are relatively large

achene (ca. 4 mm 9 2 mm) and have a thick protec-

tive seed coat (Miao et al. 1998). A fibrous husk

surrounds the seed coat and the entire assembly is

encased in modified leaves, or bracts (Fig. 1a;

Richards 2002). In recent years, sawgrass communi-

ties in the Florida Everglades have been invaded by

a native species of cattail (Typha domingensis).

Cattail invasion is seemingly a result of recent

anthropogenic changes, most notably changes in

hydrology and nutrient (namely phosphorous) levels

(Miao 2002). Cattail seeds are practically the antith-

esis of sawgrass. They are considerably smaller

(ca. 1 mm 9 0.2 mm) with a hairy stalk that aids in

dispersal by wind and water, possess only a thin seed

coat, and germinate readily under a wide variety of

conditions (our observations; Flora of North America

Editorial Committee 1993). Although both species

also propagate vegetatively through clonal propaga-

tion, sexual reproduction is thought to play a key role

in the establishment of new stands (Miao et al. 1998).

Despite the vast difference in seed morphology, the

genetic and molecular mechanisms underlying how

and if these phenotypic differences contribute to

cattail invasion into the sawgrass habitat are largely

speculative.

Fig. 1 Structure and germination of representative sawgrass seeds. a Seed encasing structures; bract (left), husk (center), seed coat

(right). b Radicle emergence in fluridone- (left) and bleach-imbibed (right) seeds
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Studies of the habitat competition between saw-

grass and cattail have experimentally required seed

germination. There have also been interests and

requirements in cultivating large quantities of saw-

grass plants for habitat restoration. While cattail

seeds readily germinate, sawgrass seeds demonstrate

slow, incomplete, and non-uniform germination

under laboratory or nursery conditions. Early studies

observed a high variability of germination ranging

between 0.4 and 30.2% (Alexander 1971; Ponzio

et al. 1995; Sleszynski 1991). While examining the

effects of various pretreatments on germination,

Ponzio (1998) observed between 50 and 79.3%

germination. Interestingly, the highest performing

pretreatment was a 3-day soak in 2–3% hypochlorite.

Insight concerning the effect of temperature on

sawgrass germination was provided in a study

demonstrating an increase from 0% germination in

seeds maintained at constant temperatures to 42%

under a fluctuating temperature regime (Lorenzen

et al. 2000). This study also addressed the regulation

of germination in the context of cattail invasion into

sawgrass habitat. We have observed a rate of

germination between 0 and 60%, with considerable

variation between seed batches and pretreatments.

There is no published study addressing the

molecular or physiological mechanisms underlying

sawgrass seed germination, hence control of germi-

nation in sawgrass is not fully understood. For

example, it is not clear what causes the variability

in seed germination rate for sawgrass. Knowledge of

how physical and chemical factors regulate seed

dormancy and germination would help improve the

consistency, uniformity, and rate of seed germination,

therefore facilitate studies of lab-cultivated sawgrass.

Furthermore, a mechanistic insight of the interaction

between seed morphology and recent anthropogenic

environmental change will contribute to our under-

standing of the strategies different plants use to

compete for resources and space. Information con-

cerning sawgrass seed biology is particularly relevant

to Everglades restoration efforts. Here we report

studies aimed at understanding how the physical

barrier associated with husk, bract and seed coat as

well as chemical factors such as phytohormones

present in the husk and bract may contribute to

regulation of the seed germination process in saw-

grass. We also discuss the implication of the sawgrass

seed germination process in the context of its natural

and anthropogenic wetland habitats.

Materials and methods

Seed collection and germination

Seeds of sawgrass (Cladium jamaicense Crantz) were

collected during the summer of 2006 from the Water

Conservation Areas (WCA) 2A in the Florida Ever-

glades and stored at 4�C with the husk and bract

intact until use. Seed husk and bract were removed by

placing approximately 100 seeds and 3 ml of water in

a mortar. Seeds were ground with a pestle using only

light pressure. Seeds were rinsed with water and the

husk (floating) and seed (sinking) separated via their

different densities. The study comparing husked and

dehusked seeds utilized 200 seeds per treatment

germinated en masse. Individual seed germination in

this comparison was monitored and recorded daily

with a digital camera linked stereomicroscope

(1274ZH, VanGuard). All other studies including

phytohormones, inhibitors and enzymatic/mechanical

seed coat treatments (see below) were conducted

using 100 seeds sown in four replicate treatments of

25 seeds. Following pretreatments, seeds were rinsed

in deionized water and sown on moist paper towels.

Seeds were placed in a growth chamber (AR-36,

Percival) under a 16-h light, 8-h dark photoperiod

and a 25�C light, 15�C dark diurnal temperature

cycle. Daytime light intensity was approximately

250 lmol/m2/s. Humidity was maintained near

100%. All germination rates were reported as the

mean ± SE of the four replicate treatments at

6 weeks post imbibition. Germination rates were

compared using a univariate analysis of variance with

a Tukey post hoc test (Q B 0.05).

Treatments with hypochlorite, phytohormones

and their inhibitors

The effect of seven different pretreatments adminis-

tered via a 7-day imbibition period on the germination

rate of sawgrass was examined. For studies comparing

the germination rate of husked and dehusked seeds,

imbibition in 10% household bleach (Clorox) equiv-

alent of 0.3–0.6% sodium hypochlorite was used.

For studies comparing the effect of pretreatment
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on germination rate, 10% bleach, 30 lM fluridone

(Sonar, Chem Service), 50 lM gibberellic acid (GA3,

Sigma), 25 lM tetcyclacis, deionized water, and

water-soluble bract extract were tested respectively.

The water-soluble bract extract was made by soaking

bract and husk from 200 seeds in 100 ml of water for

7 days.

Enzymatic and mechanical treatments

of seed coat

Seeds were treated enzymatically and mechanically

with the intention of weakening the seed coat. For

enzymatic treatment, dehusked seeds were incubated

in a solution containing 1% Cellulysin� (Calbiochem

Co.), 0.5% macerase� pectinase (Calbiochem Co.),

1.5% Driselase� (Sigma), 0.7 mM KH2PO4, 6 mM

CaCl2, 1.5 mM sorbitol, 0.15 M mannitol, 0.1 M

glucose, and 3 mM 2-(N-morpholino) ethanesulfonic

acid, pH 5.6, at 25�C with gentle shaking for 7 days.

Seeds were monitored daily for visible signs of seed

coat removal. For mechanical treatment, the endo-

sperm cap was removed by making a cut parallel to

the axial plate at the point where the radicle emerges.

Dehusked seeds that had been water-imbibed or 10%

bleach-incubated for 7 days were used. Seeds were

sown as described above.

Measurements of abscisic acid (ABA)

Plant hormones were extracted from dry and pre-

germination seeds, using a modified procedure of

Lewis and Visscher (1982). A total of 25 seeds were

weighed, ground in liquid nitrogen, and extracted in

2 ml of 80% methanol for 24–40 h at -20�C.

Extracts were centrifuged at 14,000 RPM for

10 min and the supernatant was removed. The

supernatant was then extracted in 1 ml of 80%

methanol for 24–40 h at -20�C. The extract was

centrifuged as above and the supernatant combined

with the first extract. Extracts were diluted to 10%

methanol (pH 2.8) using water and HCl. Extracts

were purified using C18 preparatory columns

(WAT020515, Waters) using the following process.

1. Column conditioned with 10 ml 100% methanol.

2. Column equilibrated with 10 ml of 10% metha-

nol (pH 2.8).

3. Extract (*20 ml) loaded onto the column.

4. Column washed with 10 ml of 20% methanol

(pH 2.8).

5. Column washed with 10 ml of 32% methanol

(pH 2.8)

6. Column eluted with 5 ml of 32% methanol (pH

8.0)

7. Column stripped with 10 ml of 100% methanol

8. Column washed with 10 ml of 100% ethyl

acetate

Elution fractions were vacuum dried and re-

suspended in 1 ml of water. The pH was adjusted

to 2–3 before extracting three times with ethyl

acetate. Organic phases from the three extractions

were combined, vacuum dried, and re-suspended in

300 ml of 20 mM Tris and 50 mM NaCl (pH 7.5)

buffer. ABA was measured using the competitive

enzyme-linked immunosorbent assay (ELISA) kit

(Agdia) according to the manufacturer’s protocol.

ABA from Sigma was used a standard. ABA

concentration was expressed as ng ABA per g of

fresh weight. Three replicate extractions and ELISA

reactions were performed for each treatment. Mean

ABA concentrations were compared using a univar-

iate analysis of variance with a Tukey post hoc test

(Q\ 0.05).

Results

Sawgrass seeds in their natural form are encased with

husk, bract and seed coat (Fig. 1a). Dehusked seeds

had a germination rate nearly four times that of
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Fig. 2 Improvement of rate and synchrony of sawgrass

germination by husk removal
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husked seeds (56% vs. 16%) as shown in Fig. 2.

Germination synchrony was also improved (50%

germination over 6 days vs. 12 days) and the time to

germination reduced by approximately 1 week (50%

germination after 23 days vs. 29 days). These results

suggested that the presence of bracts and husks

hindered germination. The mechanism underlying

this improvement was examined by determining

whether husk/bract inhibition was a result of physical

and/or chemical factors.

No significant differences in water uptake were

observed between husked and dehusked seeds fol-

lowing a 7 day imbibition, suggesting that the husk/

bract inhibition was not a direct result of altered

water penetration into the seed. As shown in Fig. 3,

husk/bract removal resulted in an approximate 20%

reduction (423 ± 13 to 328 ± 36 ng ABA per g FW)

in seed ABA content as determined by ELISA,

although the difference was not statistically signifi-

cant (Q = 0.174). Imbibition significantly (Q B 0.05)

reduced the ABA content of seeds but bleach did not

significantly reduce the content in comparison to

water (Fig. 3). These results indicate that chemical

factors may have been at least partly responsible for

husk/bract inhibition. The involvement of chemical

factors in husk/bract inhibition was also suggested by

a reduction in percent germination from 45 ± 3% in

water-imbibed seeds to 35 ± 2% in seeds imbibed in

water-soluble bract extract, although the difference

was not statistically significant (Fig. 4).

To examine the roles of the phytohormones ABA

and gibberellin (GA) in sawgrass seed germination,

two inhibitors were tested: fluridone, an inhibitor of

ABA biosynthesis and tetcyclacis, an inhibitor of

cytochrome P450 enzymes involved in pathways

leading to ABA and GA biosynthesis (Fig. 5).

Surprisingly, sawgrass germination was not improved

in 30 lM fluridone-imbibed seeds, even though

fluridone action was evident in the reduced pigmen-

tation of emerging radicles (Fig. 1b). Treatment with

25 lM tetcyclacis also did not affect seed germina-

tion. Furthermore, neither 30 lM fluridone nor 50 lM

GA3 treatments had a significant effect on germina-

tion rate (Fig. 4). These results suggest that de novo

synthesis of ABA or GA may not play a major role in

regulation of sawgrass seed germination.
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Fig. 4 Germination rate of sawgrass imbibed in various

solutions in comparison to water. Germination rate is given

as the mean ± SE percent germination from replicate germi-

nations of 25 seeds (P B 0.05, n = 4)
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While removal of the husk/bract appears to stimu-

late germination by decreasing the level of chemical

inhibitors, our results could not fully explain the

mechanism underlying increased germination in de-

husked bleach-imbibed seeds. The germination rate of

bleach-imbibed seeds (60 ± 6.3%) was significantly

(Q = 0.044) higher than that of water-imbibed seeds

(45 ± 2.5%) (Fig. 4). Interestingly, ELISA analysis

indicated that in comparison to water, bleach had no

significant effect on the post-imbibition level of ABA

(Fig. 3), suggesting that bleach-imbibition did not

increase the rate or magnitude of ABA degradation.

The inability of chemical treatment to elevate

germination to bleach-imbibed levels suggests that

the physical barrier presented by the seed coat may be

the main inhibiting force. In this scenario, we

hypothesized that the bleach pretreatment would

promote germination by weakening the seed coat.

An examination of the effect of a 1-week pretreat-

ment in 0, 10, 20, 30, 40, and 50% bleach on

germination demonstrated that 10% bleach was the

optimum concentration in our hands. An attempt to

weaken the seed coat by digestion with an enzyme

cocktail commonly used for protoplast preparation

(Zhang et al. 2001) resulted in no observable change

to the seed coat or germination rate following a 7 day

incubation period. These observations indicated that

the sawgrass seed coat is resistant to cellulose-

and pectin-degrading enzymes. Finally, mechanical

removal of the endosperm cap by surgical nicking

following a 7 day imbibition resulted in a significant

increase (Q = 0.05) in germination rate, as compared

to that of untreated seeds under the same condition

(Table 1), which supported our notion that the

physical barrier of the seed coat provided additional,

perhaps major, mechanism in delaying germination

of sawgrass seeds.

Discussion

It is well known that ABA normally inhibits seed

germination whereas GAs generally promote the

germination process (Bewley 1997; Cutler and Kro-

chko 1999; Hedden and Phillips 2000; Finkelstein

et al. 2008). The biosynthesis of both ABA and GAs

is originated from geranylgeranyl diphosphate in the

carotenoid pathway (Ajjawi and Shintani 2004;

Cutler and Krochko 1999; Hedden and Phillips

2000; Sawada et al. 2008; Fig. 5). Fluridone is an

inhibitor of phytoene desaturase (a key enzyme in the

formation of the ABA precursor carotene, Fig. 5) and

is commonly used as an inhibitor of ABA synthesis to

dissect the role of hormones in seed germination. Our

studies show that inhibition of ABA synthesis by

fluridone during imbibition had not improved seed

germination, which indicated that unlike some other

plants (Grappin et al. 2000), post-dormancy de novo

ABA synthesis does not contribute significantly to the

inhibition of germination in sawgrass.

On the other hand, improvement in germination

through removal of the bract, glume or husk has been

observed in other grasses (Fandrich and Mallory-Smith

2006; Wurzburger and Leshem 1969). We also

observed an increase in both germination and syn-

chrony for dehusked seeds (Fig. 2) and an apparent

decrease in germination for seeds soaked in bract/husk

extracts (Fig. 4). Together, these findings lead us to

propose that ABA and probably other compounds

synthesized prior to dormancy and stored in the husk

and bract contribute, although to a lesser extent (see

below), to the regulation of germination in sawgrass.

The presence of ABA and other germination inhibitors

in seed-encasing structures may provide a mechanism

for the long-term delay of seed germination. In nature,

the erosion of the bracts, husk, and seed coat would

require months to years depending on the seed-

encasing structure and environmental conditions. For

example, to achieve seed germination for field work we

routinely store sawgrass seeds in field sediment for

three to four months before sowing (Miao, unpublished

data). One of the consequences of this long period

weathering is probably the degradation of germination

inhibiting compounds, as well as the break down of the

seed coat.

More importantly, our studies suggest that dor-

mancy and seed germination in sawgrass is regulated

by the innate characteristics of its seed-encasing

Table 1 Comparison of germination rate between seeds

without the endosperm cap and seeds with intact coats after

42 days

Treatment Germination rate (%)

Endosperm cap removed 28.0 ± 1.6a

Intact seed coat 20.0 ± 2.8b

Dehusked seeds water-imbibed for 7 days were used.

Germination rate is given as the mean ± S.E. percent

germination from replicate germinations of 25 seeds (P = 0.05,

n = 4)
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structures. Surgically removal of part of the seed coat

significantly increased germination rate (Table 1),

supporting our notion that physical barrier may be a

major factor controlling sawgrass seed germination.

Conceivably, the chemical inhibitors in the husk/

bract and the physical restriction of the seed coat

apparently function synergistically to maintain dor-

mancy and delay germination in nature. These

findings may reflect evolutionary and ecological

implications for sawgrass adapted to the Everglades.

Sawgrass seed dispersal normally occurs between

July and August during the wet season when daytime

temperatures can be as high as 35�C. The seed

encasing structures maintain the level of inhibiting

chemicals, thus physically and physiologically pre-

vent early season germination. Studies have shown

that high temperature promotes ABA biosynthesis

and represses GA synthesis and signaling in seed

germination (Toh et al. 2008). During the Everglades

dry season (between November and April), there is a

marked difference in day/night temperatures (around

20�C day and 10�C to as low as 5�C night). This

temperature condition would favor a decrease in

ABA content and an increase in GA synthesis thus

promoting seed germination in late winter/early

spring when water condition becomes favorable.

Erosion of the seed coat over the wet months,

degradation of inhibitory compounds and water and

temperature conditions during the dry period all favor

sawgrass seed germination. The ample nutrient

reserves in the large seeds would help sawgrass grow

into robust seedlings and quickly establish them-

selves at the start of the wet season in the Everglades,

since sawgrass seedlings are not tolerant to deep

water (Miao 2002). Thus, the seed-encasing struc-

tures and the inhibitory chemical compounds in the

husk, bract, and probably endosperm as well, may be

an adaptation to the natural Everglades climate and

hydrological rhythm. In the modern Everglades,

however, anthropogenic changes in hydrology (e.g.,

year-round elevated water level) and soil nutrition

(e.g., increased phosphate level) may have dimin-

ished the adaptive advantage of protracted seed

dormancy in sawgrass.
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