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Triclosan (TCS) is an antimicrobial compound found in several types of common 

household products. After being washed down the drain, TCS will then end up in the 

local watershed. Although numerous studies have been conducted to evaluate the fate 

and effects of TCS in aquatic environments, there have been no studies evaluating the 

role arbuscular mycorrhizal fungi (AM) play in a plants response to TCS exposure. 

Three species of wetland plants native North Texas were inoculated with AM spores 

and exposed to 0, 0.4 µg/L and 4.0 µg/L TCS concentrations. Root morphology of E. 

prostrata and S. herbacea showed AM and exposure responses. S. herbacea produced 

the greatest amounts biomass and TCS bioaccumulation, in all but one treatment. It 

also displayed opposing results to E. prostrata in measures of root length, root surface 

area, relative root mass, relative shoot mass and shoot:root ratio. TCS root tissue 

concentrations increased with increased exposures for both E. prostrata and S. 

herbacea. Even though E. prostrata had the lowest levels in each measure of biomass 

production, it had the highest amount of root TCS bioaccumulation in the AM inoculated 

4.0 µg/L treatment. H. laevis was between the other two species in terms of biomass 

production, and did not demonstrate any exposure or inoculation effects in morphology 

or TCS accumulation. Overall, no clear patterns were detected, which highlights the fact 

that further study is required to completely understand the effects compounds like TCS 

can have on plant community structure, and ultimately ecosystem function.  
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CHAPTER 1 

INTRODUCTION 

Wetland ecosystems, which support a diverse and abundant array of flora and 

fauna, comprise some of the most important and vulnerable areas in the world. These 

ecosystems provide services that translate, directly and indirectly, into societal value by 

providing areas for recreation, sport hunting and fishing, commercial fishing, crop and 

timber production, water quality improvement and global climate mitigation (Vymazal, 

2001). Worldwide it is difficult to place an exact value to wetlands, as they serve 

numerous functions both economically and ecologically, however Brander et al. (2006) 

estimates an average value of $2800 US$ ha-1yr-1. Like any other ecosystem, plant 

communities ultimately support wetland services. In wetland areas, plants function in 

flood control, storm buffering, sediment and nutrient retention, habitat for animals and 

carbon sequestration (Brander et al. 2006). These ecologic functions are then converted 

into economic good and services.   

Some of the most significant threats to wetlands are the environmental changes 

that are associated with increased urbanization. In 2008, it was estimated that 50% of 

the world population resided in urban areas, and this number is expected to increase 

(UN 2012). The building of dams and roads, altered land use and the intentional or 

unintentional introduction of exotic species all associated with increased urbanization 

can alter hydrology. In turn, hydrological alterations of riparian zones can lead to 

changes in plant communities (Richardson et al. 2007; King and Buckney 2000; 

Pennington et al. 2010; Paul and Meyer 2001; George et al. 2009).  
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In addition to changes in hydrology, increased urbanization has led to new types 

of watershed contamination. Pharmaceutical and personal care products (PPCPs) are 

an emerging class of ubiquitous environmental contaminants. Most chemicals in this 

group are bioactive and usually occur in trace concentrations. While many are readily 

broken down into less bioactive compounds, their continual release into the 

environment causes them to be considered pseudo-persistent (Barcelo and Petrovic 

2007). Major sources of these contaminants are manufacturer release, runoff from 

agricultural lands and household and hospital discharge to municipal wastewater (Ellis 

2006). Many times, wetlands occupy areas on the edge of rivers and lakes that receive 

a variety of contaminants from these sources. As water moves through these wetlands, 

plants remove contaminants from the water column and either biotransform them into 

less harmful substances or bioaccumulate them in roots and shoots, effectively 

removing them from the environment (Locke et al. 2011; Park et al. 2009; Tanner and 

Headley 2011; Liang et al. 2011; Moore et al. 2009; Dan et al. 2011; Pedescoll et al. 

2011). Because of this, in many areas around the world, wetlands have been 

constructed to act as remediation zones to improve surface water quality from a variety 

of contamination sources, and have been shown to be useful tools for removing PPCPs 

from the watershed (Zhang et al. 2011).  

Triclosan (5-chloro-2-[2,4-dichlorophenoxy]phenol; TCS) is one of the most 

common agents found in PPCPs (Glaser 2004). TCS has been used as a bactericide for 

the last 30 years and is added to antibacterial mouthwashes and soaps, as well as 

commonly used household equipment such as furniture, textiles and sports equipment 

(Chalew and Halden 2009). Because PPCPs, like TCS, typically end up being washed 
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down the drain, wastewater treatment plant (WWTP) influent can have measured TCS 

concentrations anywhere from 1.86 to 26.8 µg/L (Chalew and Halden 2009). A majority 

of this is removed during the water treatment process. WWTP effluent has been 

measured to contain concentrations ranging from 0.027 to 2.7 µg/L, and natural surface 

waters in the U.S. have concentrations that range from below detection up to 2.3 µg/L 

(Chalew and Halden 2009). TCS concentrations from water in a North Texas stream, 

receiving WWTP effluent, were in the range of 0.06 to 0.12 µg/L (Coogan et al. 2007).   

The toxicity of TCS has been studied on a wide range of organisms including 

humans, and has been found to have toxic effects on algae, plants and aquatic animals, 

with acute toxicity concentrations ranging from 2.7 to 3,000 µg/L (von der Ohe et al. 

2012). Algae are the most sensitive with a biomass endpoint median effective 

concentration (EC50) seen with exposure concentrations as low as 0.7 µg/L (Orvos et 

al. 2002), and toxic concentrations in the range of 0.2 to 2.8 µg/L (Chalew and Halden 

2009). TCS is lipophilic (log Kow value of 4.8 at pH 7.0) and is known to accumulate in 

algae, snails (Coogan et al. 2007; Coogan and La Point 2008) and higher plants 

(Adhikari 2010; Zarate et al. 2012). The metabolite of TCS, methyl-triclosan (MTCS), is 

even more lipophilic and persistent than TCS (Coogan et al. 2007), and also has the 

potential to accumulate in aquatic organisms (Balmer et al. 2004). 

Only a couple of studies have looked at adverse effects in aquatic plants. 

Stevens et al. (2009) saw reduced root growth in wetland macrophytes (S. herbacea 

and B. frondosa) at concentrations of 0.4 µg/L. Orvos et al. (2002) calculated an EC25 

in Lemna gibba, using a 7 day growth inhibition test, at >62.5 µg/L. And even though 

TCS has been reported as an EPA approved fungicide/fungistate (Jones 2000), 
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research into the effects of TCS on fungi is limited to a study demonstrating inhibitory 

effects of TCS on arbuscular mycorrhizae (AM) spore germination, hyphal growth, and 

hyphal branching at as low as 0.4 µg/L TCS exposures (Twanabasu et al. 2013b).  

A review of the literature highlights the dearth of information on the effects of 

TCS on wetland plants in association with mycorrhizal fungi. Only recently Twanabasu 

et al. (2013a) found reduced AM colonization in wetland plant species exposed to TCS. 

Because wetland plants are critical to providing wetland services and mycorrhizal fungi 

aid in the development and maintenance of plant communities, there is a critical need to 

thoroughly understand how environmental contaminants will affect these relationships. 

Mycorrhizae fungi are important ecologically in the establishment of plant 

community structure (Wolf et al. 2006), and in terrestrial ecosystem nutrient cycling 

(Brundrett et al. 1996; Escudero & Mendoza 2005; van der Heijden 1998). Strack (2003) 

estimates that more than 90% of terrestrial plants form some type of symbiotic 

relationship with mycorrhizae. Among these fungi, AM is the most abundant (Brundrett 

et al. 1996). Mostly involved in phosphorus uptake, AM fungi form specialized structures 

(hyphae, appresorium, vesicles and arbuscules, Figure 1) that colonize the cortical cells 

of the host plant’s roots (Brundrett et al. 1996; Smith and Reed 2008). Hyphae move out 

into the soil and are responsible for connecting plants to nutrient stores. Plant roots 

produce signaling compounds that aid hyphae in coming into contact with a host 

(Harrison 2005). Once the hyphae reach a suitable root, an appresorium will form to 

help the hyphae enter the root. When the hyphae reach the cortex of the root, 

arbuscules, coils or abusculate coils may develop inside the cortical cells providing the 

site for nutrient exchange between the plant and fungi. Vesicles may also form that 
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serve as storage bodies for lipids. AM associations have been thoroughly researched in 

terrestrial ecosystems; however, the role of this relationship, in wetland plant 

communities, has been largely neglected until recently.  

The goal of this study was to assess the ability of AM fungi to mitigate 

detrimental effects of TCS on root growth and development in three species of wetland 

plants, and the effect AM colonization has on the bioaccumulation of TCS. Because 

wetland plants do play a role in the removal of chemicals from wastewater, and the lack 

of information regarding TCS and AM fungi, valuable information could be gained for the 

planning of constructed wetlands to be used as mitigation zones for contaminated 

surface waters.   

 

1.1 Effects of TCS on Plants Mitigated by AM Fungi 

Stevens et al. (2009) found that TCS exposure results in substantially reduced 

root:shoot ratios in wetland plant species at a concentration of 0.4 µg/L. Because an 

external nutrient source was not available to the plants, this was attributed to a reduced 

utilization of storage reserves in the seeds used for plant growth. By extending beyond 

the zone of depletion surrounding the host plant’s roots, AM fungi allow plants to take 

advantage of resources they would otherwise be unable to obtain. Khan (2004) 

demonstrated that mycorrhizal fungi helped plants in an aquatic environment adapt to 

times of drought. Numerous other studies have shown that AM fungi can reduce the 

uptake of heavy metals into plant cells (Hildebrant et al. 2007). In addition, the AM fungi 

Glomus intraradices Sy167 and G. intraradices Br1 are able to mediate heavy metal 

stress to plants (Hildebrandt et al. 1999; Kaldorf et al. 1999). I hypothesize that although 
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root growth and morphology will be negatively impacted by the exposure to TCS, plants 

that have been inoculated with AM spores will show less effects to the mass, length and 

surface area of their root systems.  

 

1.2  Bioaccumulation Rates of TCS and MTCS 

Wild et al. (2005) demonstrated that compounds with relatively high log Kow 

values (>3) tend to accumulate in the roots of plants, and are not transported to the 

shoots. Several studies have shown that TCS and MTCS have a tendency to 

accumulate in plants. There is also evidence that the amount a plant will accumulate 

varies between species and even among species within functional groups. Adhikari 

(2010) found that root TCS levels did not differ between semi-emergent species 

(Bacopa monnieri and Potamogeton nodosus) and submerged species (Vallisneria 

americana, Najas guadalupensis); however, root TCS concentrations were significantly 

different between emergent species (Polygonum hydropiperoides and Pontederia 

cordata) and floating leaved species (Nymphaea sp. and Nelumbo lutea).  Zarate et al. 

(2012) found that TCS root tissue concentrations in Typha latifolia were significantly 

greater than P. cordata, both emergent plant species, from plants grown in a functional 

constructed wetland receiving WWTP effluent. While both of these studies analyzed 

shoot bioaccumulation, most of the analized smaples had concentrations that were 

below the detection limit.  

The presence of AM fungi in combination with other factors (biosurfactants and 

aromatic hydrocarbon degrading bacteria) can increase the removal of soil 

contaminants by plants (Zhang et al. 2010). Because the FabI gene, which is targeted 
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by TCS, does not control their fatty acid synthesis pathway (Carr et al. 2011), fungi are 

the least affected soil microbes, when exposed to TCS (Butler et al. 2012). This enables 

plants to still be able to form AM associations under experimental exposure conditions 

(Twanabasu et al. 2013a). Because AM fungi increase the uptake of phosphorus, it is 

reasonable to expect an increase in TCS uptake. With this increased foraging and 

uptake provided by the AM fungi, I hypothesize that plants inoculated with AM spores 

will have a higher amount of TCS and MTCS accumulation in their roots. 

 
Figure 1**. Roots stained for AM visualization. A: Non-colonized cortical cells (*) in E. 
prostrata. An arrow indicates the vascular cylinder. Scale bar=100µm. B: Colonized root 
of S. herbacea. Xylem tracheary element (arrow) and cortical cells (*) can be seen with 
intercellular hyphae (arrow heads), arbuscules (double arrow heads) and vesicle 
(double arrow). Scale bar=50µm. (**Picture taken from Twanabasu et al. 2013a) 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1  Plants 

Three emergent wetland species (Figure 2) were chosen based on their 

abundance, importance and a preliminary assessment of the AM status of wetland 

plants in North Central Texas: false daisy, Eclipta prostrata (L.) L.; big pod sesbania, 

Sesbania herbacea (Mill.) McVaugh; and halberd-leaf rose-mallow, Hibiscus laevis All. 

(Taxonomy follows Diggs et al. 1999.)  

 

2.2  Chemicals 

 Neat native TCS and MTCS were purchased from Fluka Laboratories (Buchs, 

Switzerland). The internal standards (13C12 TCS and 13C12MTCS) were obtained from 

Wellington Laboratories (Guelph, ON, Canada). Analytical grade hexane (HEX), ethyl 

acetate (ETAC), chloroform (CHLF), and N-Methyl-N-(trimethylsilyl)trifluoroacetamide 

(MSTFA) were purchased from Fisher Scientific (Houston, TX, USA).  

 

2.3  Flow-Through Exposure System 

The flow-through exposure system was modified from a previous study (Stevens 

et al., 2009; Figure 3, Figure 4 and Figure 5). Neat TCS was dissolved in deionized 

water to make two exposure solution concentrations of 0.4 and 4.0 µg/L. Exposure 

solutions were mixed in 22 L HDPE reservoirs that were replenished every 36 hours. 

Nutrients were added to the reservoirs to obtain a level of 1/64th strength Long Ashton 

solution (Hewitt 1966). Controls received only 1/64th strength Long Ashton nutrients. 
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Twelve non-draining plastic potting trays (54 x 28 x 6 cm, Summit Plastic Company) 

were plumbed with a drainage outlet approximately 1.5 cm from the base to allow 

exposure solutions to flow into a second row of twelve trays (Figure 3). Exposure 

solutions were delivered to the first row of trays through a 12-channel peristaltic 

cassette pump (12/6 Thermo scientific, Barrington, IL) at a constant flow rate of 2.5 

mL/min. Four channels on the pump were utilized for each treatment, with two channels 

of each treatment selected for AM inoculation. Seedling growth inserts (4 x 6 x 6 cm; 

Dillen Products, Rochester, NY) were placed in each tray. Each insert was filled with 

approximately 115 g of commercial sand (Sakrete Natural Sand, Bonsal American, 

Charlotte, NC, USA). To prevent algal growth, care was taken to shield the entire setup 

from light (Figure 4). The sand surface was covered with light impenetrable fabric, with 

a small opening that permitted the shoots to pass through (Figure 4). The delivery tubes 

(0.55 mm ID PTFE microbore, Cole-Palmer, Vernon Hills, IL) were run through 1 cm 

diameter black tubing from the peristaltic pump to the growth trays. The reservoirs and 

peristaltic pump were shielded from the light by a shade tent made from the light 

impenetrable fabric. 

Twelve seedlings of each species were randomly assigned a location in the 

seedling growth inserts. Seeds of the experimental plants were germinated in petri 

dishes on the surface of filter paper moistened with deionized water. Immediately after 

radical emergence, the seedlings were transplanted into the seedling growth inserts. 

Each seedling, in trays selected for AM inoculation, were given approximately 1 mL of 

Glomus intraradices spores in liquid suspension (BioSyneterra Solutions Inc. Quebec, 

Canada) at the time of planting. One mL of the spore suspension contained 
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approximately 200 AM spores. Plants were then maintained under greenhouse 

conditions (16/8 light dark cycle and temperature 24-30ºC) for 30 days in the Institute for 

Applied Sciences, Environmental Greenhouse at the University of North Texas, Denton, 

TX. 

 

2.4  Plant Harvest 

 After 30 days plants were removed from the seedling growth inserts (Figure 6). 

Care was taken to ensure that the complete root system remained intact. Plants were 

then washed by hand using deionized water to remove all sand particles attached to 

plant surfaces. Specimens were then separated into roots and shoots using steel 

laboratory scissors that were decontaminated with a three-part rinse (tap water, 

deionized water and ethanol). Masses for entire plans and root systems were recorded 

using a Mettler Toledo DeltaRange Balance (PG503-S), Mettler-Toledo, LLC, 1900 

Polaris Parkway, Columbus, OH 43240. The root system of each plant was scanned 

(Epson Expression 10000 XL, Epson America Inc., Long Beach, CA, USA; Figure 7, 

Figure 8 and Figure 9) and then analyzed with computer software (WinRhizo, Regent 

Instruments Inc., Quebec City, QC, Canada) to calculate the total root length and 

surface area. Roots were then placed in aluminum foil and frozen until processing for 

analysis of TCS and MTCS tissue concentrations. 

 

2.5 AM Analysis 

 Three plants of each species were taken from each inoculated tray for AM 

verification. Selected non-inoculated plants were also analyzed to verify the absence of 
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AM fungi. Using methods established by Brundrett et al. (1996), the roots were stained 

to allow visual identification of fungal structures. The roots were cleared with a 5% 

potassium hydroxide solution at 80 °C for 1-2 h, rinsed with DI water and stained with a 

0.1% Chlorazol Black E solution at 80 °C for 1 h. Ten to twenty fine roots were then 

selected and mounted on a microscope slide (25 x 75 mm) with 50% glycerol and 

covered with a cover glass (25 x 60 mm). Slides were viewed at a magnification of 200x 

using a Zeiss Axio Imager A1 microscope (Carl Zeiss Inc., Germany) and images were 

obtained with a Zeiss Axiocam MRC-5 camera (Carl Zeiss Inc., Germany).   

 

2.6  Instrumental Analysis of Exposure Solutions 

 Using methods from a previous study (Stevens et al. 2009), quantitative analysis 

of TCS and MTCS on the exposure solutions was performed on an Agilent 6890 gas 

chromatograph coupled with a 5973 mass selective detector (70 eV). Practical 

quantification limits (PQL) established by Stevens et al. (2009) were used for the water 

analysis. The flow-through system was allowed to equilibrate by operating for several 

days with only the exposure solutions flowing through. After this time water samples 

were analyzed to ensure that the exposure solutions were at the correct concentrations. 

Water was also analyzed at days 15 and 30. For each sampling, duplicate water 

samples were collected from the center of each tray and taken through a liquid-liquid 

extraction process. Different volumes were collected to allow final analyte 

concentrations to be uniform across all treatments. For control and 0.4 µg/L 

concentrations, 100 mL was collected in 150 mL conical flasks. For the 4.0 µg/L 

exposures, 10 mL was collected in 50 mL Teflon capped glass centrifuge vials.  
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 Internal standards (5 µL 13C12TCS and 13C12MTCS at a concentration of 10 ppm) 

were added before extraction. Liquid-liquid extraction was performed three times with 

10 mL of 1:1 HEX:ETAC. Extracted samples were evaporated using RapidVapTM 

nitrogen evaporator (Labconco, Kansas City, MO, USA) and reconstituted with 50 µL 

MSTFA. Samples were placed in a 60 ºC oven for 30 min for derivatization, evaporated 

under nitrogen gas, reconstituted with 100 µL CHLF and transferred to 200 µL auto-

sampler vial inserts for instrumental analysis. 

 

2.7 Instrumental Analysis of Root Tissue 

 Using methods modified from previous studies (Stevens et al. 2009; Zarate et al. 

2012), quantitative analysis of TCS and MTCS on root tissues was performed on an 

Agilent 6890 gas chromatograph coupled with a 5973 mass selective detector (70 eV). 

For tissue analysis, the method detection limit (MDL) established by Adhikari (2010) 

was used. Tissues from individual trays were pooled to ensure adequate amounts of 

tissue for analysis. Each pooled sample was finely macerated using a stainless steel 

razorblade, blotted dry using a disposable cloth, and homogenized. Two to five samples 

(depending on tissue availability) of approximately 500 mg (measured to the nearest 0.1 

mg) of tissue was randomly subsampled from individual composite samples and added 

to 50 mL Teflon capped glass centrifuge vials with 10 mL of MilliQ water. Internal 

standard was then added to each sample vial (5 µL 13C12TCS and 13C12MTCS at a 

concentration of 10 ppm). Plant tissues were mechanically homogenized using a Fisher 

Scientific PowerGen Model 1000 Homogenizer (Fisher Scientific, USA). Tissues were 

extracted with 20 mL of 1:1 HEX:ETAC, vortexed for 2 min, and centrifuged for 12 min 
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at 3,000 rpm. The supernatant was transferred to 30 mL glass vials and evaporated 

using a RapidVapTM nitrogen evaporator (Labconco, Kansas City, MO, USA). To 

ensure adequate extraction, the process was repeated twice, extracts were combined, 

evaporated and transferred to 1.5 mL centrifuge vials and then evaporated to dryness 

under nitrogen gas.  

For lipid extraction, the samples were reconstituted with 1 mL acetonitrile, placed 

in a freezer at - 80° C for 10 min and centrifuged immediately at 14,000 rpm for 30 sec 

to facilitate the coagulation of lipids. The supernatant of each sample was transferred to 

2 mL amber vials and evaporated to dryness using nitrogen gas. To ensure adequate 

extraction, the process was repeated twice.  

Samples were then reconstituted with 50 µL MSTFA and placed in a 60 ºC oven 

for 30 min for derivatization, evaporation under nitrogen gas, reconstituted with 90 µL 

CHLF and 10 µL MSTFA, and transferred to 200 µL auto-sampler vial inserts for 

instrumental analysis. 

 

2.8  Quality Assessment/Quality Control 

 Quality control of the exposure solution included the analysis of method blanks 

(deionized water with internal standards only), blank spikes (deionized water with 

internal standards and TCS) and matrix spikes (control solution with internal standards 

and TCS). 

 For tissue samples method blanks (deionized water with internal standards), 

blank spikes (deionized water with internal standards, TCS and MTCS), matrix blanks 

(root tissue and internal standards) and matrix spikes (root tissue with internal 
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standards, TCS and MTCS) were analyzed. Root tissue for matrix blanks and matrix 

spikes came from S. herbacea plants grown in the growth room of the Environmental 

Education, Science and Technology building on the campus of the University of North 

Texas, Denton, TX.  

  

2.7  Statistical Analysis 

 A three-way ANOVA was conducted on SAS® software (SAS Institute Inc., Cary, 

NC, USA) to compare species among different exposure concentrations and AM 

treatments. To assess ANOVA assumptions, comprehensive residual analyses were 

conducted. Residuals were tested for normality, and plotted against expected values 

and explanatory variables.    

To meet ANOVA assumptions relative root biomass, relative shoot biomass and 

root surface area were square root transformed; total biomass and root length were 

cube root transformed; shoot:root ratio, root biomass, shoot biomass, MTCS root tissue 

concentration and TCS root tissue concentration were log transformed. Multiple 

comparisons among treatment means were conducted using the lsmeans statement in 

SAS®. Differences between means were considered significant if p<0.05. Although the 

analysis was conducted on transformed data, graphs and means presented in the 

results are raw means and ± one standard error. 
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Eclipta prostrata                             Hibiscus laevis                     Sesbania herbacea 
 

Figure 2. Photos of the three species of plants selected for study, shown growing in 
exposure trays 10 days after germination. Note the fabric placed on the cells to reduce 
light exposure and algal growth on the substrate surface.  
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Overview of the flow-through system prior to planting seedlings. The exposure 
solution was delivered from the buckets (A) to the top row of trays (B). The first row was 
plumbed with drains (C) that emptied into the second row of growth trays (D). The 
second row then emptied in to the drain (E).  
 

A. 
 
 
B. 
 
C. 
 
D. 
 
 
 
E. 
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Figure 4. Overview of the flow-through system with plants at day 10. Shade cloth is 
covering the reservoir buckets and the surface of the growth trays. This light 
impermeable fabric was used to help prevent algal growth.   
 

 
Figure 5. Overview of the flow-through system at day 30, just before the final harvest.  
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Figure 6. Photo showing harvested S. herbacea plants. Once plants were transported to 
the laboratory, the mass of the entire plant was obtained before the roots were 
separated from the shoot. Individual root and shoot masses were obtained, and then the 
root systems were scanned and frozen until processing for instrumental analysis.  
 

 
Figure 7. Root scans of taken from control exposure trays. A: E. prostrata, D—F: H. 
laevis. Scanned images were analyzed using WinRhizo computer software to calculate 
total root length and surface area. 
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Figure 8. Root scans taken from 0.4µg/L exposure trays. A—B: H. laevis, D—F: S. 
herbacea. Scanned images were analyzed WinRhizo computer software to calculate 
total root length and surface area. 
  

 
Figure 9. Root scans taken from 4.0 µg/L exposure trays. A—C: S. herbacea, D—F: H. 
laevis. Scanned images were analyzed WinRhizo computer software to calculate total 
root length and surface area. 
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CHAPTER 3 

RESULTS 

3.1 AM Verification 

 The presence of AM colonization was verified for each inoculated species. AM 

structures (hyphae, arbuscules and vesicles; Figure 10) were visible only in plants 

harvested from inoculated trays. No visible fungal features were seen in the roots of 

plants from the non-inoculated trays.   

 

3.1  Exposure Solution Analysis 

 The instrumental analysis of the exposure solutions is presented in Table 1. 

Internal standards and native TCS and MTCS had a consistent recovery in all matrix 

spikes. At day 0, measured exposure levels for the 0.4 and 4 µg/L exposure solutions 

were higher than expected. At day 15 the measured concentrations were below target 

levels. The averages for all sample times were slightly below the target levels. TCS was 

detected in the control solutions during all samplings, ranging from <0.05 to 0.075 µg/L, 

while blank samples measured from <0.05 to 0.13 µg/L (Table 1). Stevens et al. (2009) 

established the practical quantification limit (PQL) of 0.05 µg/L.  

 

3.2  Tissue Quality Control  

 Quality control data is presented in Table 2. Internal standards and native TCS 

and MTCS had a consistent recovery in all samples. The tissue used for matrix blanks 

and matrix spikes show background levels of TCS, ranging from <0.05 to 132.03 ng/g in 

matrix blanks, and matrix spikes ranging from 13 to 65 % above full recovery of the 
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native compound (Table 2). MTCS levels were below the method detection limits (MDL) 

for all matrix blanks, and matrix spikes had recoveries ranging from 42 to 118 %. The 

MDL for root samples, 6 ng/g, was established by a previous study (Adhikari 2010). 

 

3.3  Plant Morphology  

 Root length was not significantly affected by the presence of AM inoculation. 

There was a significant effect of TCS exposure that differed among species (Table 3, 

Figure 11). Within species, the controls for E. prostrata (84.19 ± 6.36 cm) were 

significantly longer than 0.4 µg/L (60.14 ± 5.16 cm), and 4.0 µg/L (69.95 ± 5.47) was not 

significantly different from the other two. H. laevis had no significant differences 

between controls, 0.4 µg/L and 4.0 µg/L (146.68 ± 9.35, 153.11 ± 11.15 and 150.68 ± 

10.14 cm respectively). S. herbacea showed somewhat opposing results to E. prostrata 

with 4.0 µg/L (336.03 ± 27.46 cm) being significantly higher than the control (259.31 ± 

27.78 cm), and 0.4 (272.94 ± 13.82 cm) being intermediate. When comparing species 

within exposure concentrations, root length was consistently lower in E. prostrata 

followed by H. laevis and S. herbacea was the highest. 

 Root surface area was not significantly affected by AM inoculation; there was 

however a significant effect of TCS exposure that differed among species (Table 3). 

Measured surface area also displayed the same trends that were seen in root length 

(Figure 12), at each exposure S. herbacea was significantly higher than both other 

species, followed by H. laevis and E. prostrata respectively. E. prostrata had a 

significantly higher surface area in the control (9.43 ± 0.31 cm2) compared to 0.4 µg/L 

(8.13 ± 0.28 cm2), while 4.0 µg/L (8.49 ± 0.31 cm2) was intermediate. H. laevis had no 
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significant differences between controls, 0.4 µg/L and 4.0 µg/L (12.00 ± 0.32, 12.03 ± 

0.35 and 12.14 ± 0.34 cm2 respectively). S. herbacea once again showed opposing 

results to E. prostrata, however, the controls (14.61 ± 0.88 cm2) were not significantly 

different from the 0.4 or 4.0 µg/L, while the 4.0 µg/L treatment (16.94 ± 1.12 cm2) had 

the significantly higher value over 0.4 µg/L (14.06 ± 0.40 cm2).  

Total plant shoot mass was significantly affected by AM inoculation; however, the 

effect differed among species at the different exposure concentrations (Table 3). Even 

though there was a significant three-way interaction, there was no significant AM effect 

within any species (Figure 13). When analyzing species-specific differences, we saw 

the exact same trend as in the previous two morphological measurements. For each 

exposure concentration at the AM- and AM+ treatments, E. prostrata had the lowest 

amount of shoot mass, followed by H. laevis then S. herbacea (Figure 13). 

AM inoculation had a significant effect on total root mass, although the response 

differed among exposure concentrations and species (Table 3). However, S. herbacea, 

was the only species to have a significant difference between Am- (8.49 ± 2.27 g) and 

AM+ (16.99 ± 2.76 g) treatments at the 4.0 µg/L exposure concentration. The S. 

herbacea AM+ treatment was also the only group to have any significant differences 

between exposure concentrations. The 4.0 µg/L was significantly higher than the 0.4 

µg/L (7.60 ± 1.98 g), while the control (8.49 ± 2.27 g) was not significantly different from 

the other two. As with shoot mass, for each exposure concentration at the AM- and AM+ 

treatments, E. prostrata had the lowest levels, followed by H. laevis then S. herbacea 

(Figure 14).  
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 Total biomass showed a similar response to what was seen for root mass. There 

was a significant AM effect that differed among exposures and species (Table 3). S. 

herbacea, again, was the only species to have a significant AM effect. At the 4.0 µg/L 

exposure concentration, the AM+ (21.78 ± 3.40 g) was significantly higher than the Am- 

treatment (7.72 ± 0.82 g). The S. herbacea AM+ treatment was also the only group to 

have any significant differences between exposure levels. The 4.0 µg/L treatment was 

significantly higher than the 0.4 µg/L treatment (7.60 ± 1.98 g), while the control (8.49 ± 

2.27 g) was not significantly different from the other two. For each exposure 

concentration at the AM- and AM+ treatments, S. herbacea had the highest levels 

followed by H. laevis, and E. prostrata had the lowest levels (Figure 16).  

AM inoculation had a significant effect on relative root biomass; however, the 

response differed among species (Table 4). Within this interaction, E. prostrata had the 

opposite result from S. herbacea (Figure 16). For E. prostrata, the AM- treatment (0.72 

± 0.012) was significantly higher than the AM+ treatment (0.66 ± 0.014), and in S. 

herbacea the AM+ treatment (0.68 ± 0.013) was significantly higher than the AM- 

treatment (0.63 ± 0.007). H. laevis had a similar trend as E. prostrata with the AM- 

treatment being higher than the AM+ treatment (0.68 ± 0.006, 0.65 ± 0.012 

respectively); however, the difference was not significant. Although there were no 

significant differences of root mass in AM+ treatments, AM- had significant differences, 

with E. prostrata being the highest, followed by H. laevis and S. herbacea being the 

lowest. 

  TCS exposure had a significant effect on relative root biomass, which differed 

among species (Table 4). E. prostrata and S. herbacea both had a significant 
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concentration effect (Figure 17). For E. prostrata, the controls (0.73 ± 0.012) were not 

significantly different from 0.4 µg/L (0.72 ± 0.016), while 4.0 µg/L (0.66 ± 0.014) was 

significantly lower from the other two. S. herbacea had opposite results; the 4.0 µg/L 

exposure concentration (0.67 ± 0.011) was significantly higher that the controls (0.62 ± 

0.015), while 0.4 µg/L (0.66 ± 0.01) was intermediate and not significantly different from 

the other two. H. laevis had no significant differences between the controls, 0.4 and 4.0 

µg/L exposures (0.68 ± 0.009, 0.67 ± 0.008, and 0.67 ± 0.012 respectively). When 

assessing the species-specific effects within an exposure level, E. prostrata had the 

highest levels for the controls followed by H. leavis and finally S. herbacea. For the 0.4 

µg/L exposures E. prostrata was significantly higher than both H. laevis and S. 

herbacea, and H. laevis was not significantly different from S. herbacea. At the 4.0 µg/L 

concentration, E. prostrata was significantly lower than S. herbacea and H. laevis was 

not significantly different from the other two. 

Relative shoot biomass had significant AM effect that differed among species 

(Table 4). E. prostrata and S. herbacea had significant AM effects that were opposite 

from each other (Figure 18). The AM+ treatment (0.338 ± 0.014) for E. prostrata was 

higher that the AM- treatment (0.278 ± 0.009). In S. herbacea the AM+ treatment (0.318 

± 0.011) was significantly lower than the AM- treatment (0.368 ± 0.015). H. laevis had 

similar results to E. prostrata with the AM+ treatment (0.346 ± 0.011) being higher than 

the AM- treatment (0.316 ± 0.006), however, this difference was not significant. There 

was also a species-specific effect for both the AM- and AM+ treatments. For the AM- 

treatment, E. prostrata was the lowest, S. herbacea was the highest and H. laevis was 
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intermediate. For the AM+ treatment, H. laevis was significantly higher than S. herbacea 

and E. prostrata was not significantly different from the other two. 

 The relative shoot biomass showed a concentration effect that differed among 

species. Both E. prostrata and S. herbacea had significant concentration effects (Figure 

19). In E. prostrata, the 4.0 µg/L exposure (0.34 ± 0.014) was significantly higher than 

both the 0.4 µg/L and control (0.282 ± 0.016 and 0.272 ± 0.011 respectively); however, 

they were not significantly different from each other. In S. herbacea, the control (0.384 ± 

0.015) was significantly higher than 4.0 µg/L (0.331 ± 0.011) and the 0.4 µg/L treatment 

(0.342 ± 0.01) was intermediate and not significantly different from the other two. H. 

laevis did not have any significant differences, but there was a trend similar to what was 

seen in E. prostrata, with the controls (0.316 ± 0.009) being the lowest, followed by 0.4 

µg/L (0.327 ± 0.008) and then 4.0 µg/L (0.334 ± 0.012). Species-specific effects were 

significant in the control and 0.4 µg/L exposures. For the controls, S. herbacea had the 

highest levels, followed by H. laevis and E. prostrata being the lowest. In the 0.4 µg/L 

treatments, S. herbacea and H. laevis were not significantly different from each other 

and E. prostrata was significantly lower from the other two.  

 With the shoot:root ratio, we see a response that is similar to the relative root and 

relative shoot biomasses. There were significant effects of both AM inoculation and 

exposure concentration, and these effects differed among species (Table 4). S. 

herbacea showed opposite results from the other two species (Figure 20, Figure 21). 

When looking at the AM effect the ratio was significantly higher in the AM+ treatment of 

E. prostrata (0.568 ± 0.041) compared to the AM+ treatment (0.45 ± 0.04), but in S. 

herbacea the AM- treatment (0.615 ± 0.021) was significantly higher over AM+ (0.522 ± 
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0.041). H. laevis showed the same trend  as E. prostrata (0.567 ± 0.034 and 0.48 ± 

0.015 for AM+ and AM- respectively), however the difference was not significant. The 

species-specific response was only significant in the AM- treatments (Figure 20). All 

three species were different from each other with S. herbacea being the highest, 

followed by H. laevis and lastly E. prostrata. 

E. prostrata was significantly effected by exposure concentration. Both control 

(0.389 ± 0.022) and 0.4 µg/L (0.46 ± 0.045) were significantly lower than 4.0 µg/L (0.613 

± 0.073), but not significantly different from each other. H. laevis had no significant 

differences between the three exposure levels (0.54 ± 0.034, 0.503 ± 0.019 and 0.483 ± 

0.024  for 4.0 µg/L, 0.4 µg/L and control respectively). S. herbacea had the highest level 

in the controls (0.688 ± 0.046), which were significantly higher compared to 4.0 µg/L 

(0.524 ± 0.026), but not significantly different from 0.4 µg/L (0.552 ± 0.031). The 0.4 

µg/L exposure was also not significantly different from 4.0 µg/L. The controls across all 

three species were significantly different from one another. S. herbacea had the highest 

shoot/root ratio among the group, followed by H. laevis and finally E. prostrata. For the 

0.4 µg/L exposure S. herbacea and H. laevis were both significantly higher than E. 

prostrata, however there was no difference between the two. In contrast, at 4.0 µg/L 

exposure concentration, E. prostrata has a significantly higher shoot/root ratio than S. 

herbacea, and H. laevis being intermediate with no significant difference compared to 

the other two species. 
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3.4  Root Tissue Analysis 

AM inoculation and TCS exposure both had significant effects on MTCS root 

tissue concentrations; however, both of these effects differed among species (Table 4). 

Although the AM effect differed among species, there was no difference within species 

at the different AM treatments (Figure 22). In the AM- treatments, E. prostrata (19039 ± 

8674.7 ng/g) was not significantly different from S. herbacea (2101.84 ± 394.44 ng/g). 

H. laevis (241.19 ± 46.11 ng/g) was significantly different from the other two species. 

The AM+ treatments had the exact same results. E. prostrata (10572.98 ± 4269.62 

ng/g) and S. herbacea (2443.06 ± 505.32 ng/g) were not significantly different, and H. 

laevis (216.8 ± 63.43 ng/g) was significantly lower than the other two species. 

All species had significant differences in MTCS tissue concentrations at the three 

different exposure concentrations (Figure 23). For E. prostrata, the 0.4 µg/L exposure 

had a measured level that was considerably higher than the other two exposures 

(52897.95 ± 18635.07 ng/g), however, it was not significantly different from the 4.0 µg/L 

group (2087.36 ± 357.6 ng/g), and the control had the lowest measured levels (11.09 ± 

1.59 ng/g). The results for H. laevis 4.0 µg/L had the highest MTCS tissue 

concentration, followed by 0.4 µg/L and then the control (682.15 ± 81.45 ng/g, 72.71 ± 

6.42 and 7.75 ± 0.964 respectively). S. herbacea had results that followed in line with 

what was seen for H. laevis. 4.0 µg/L had the highest level, followed by 0.4 µg/L and 

then the control (4957.86 ± 463.33 ng/g, 639.53 ± 49.10 and 60.98 ± 10.40 

respectively). Looking at the species-specific response, the controls of E. prostrata and 

H. laevis were not different from each other, but they were both significantly lower than 
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the S. herbacea controls. At the 0.4 and 4.0 µg/L exposures, all three species were 

significantly different from one another. 

 The TCS root tissue concentrations had a significant AM effect that differed 

among exposures and species (Table 4). The AM- treatment of E. prostrata had the 

highest levels of TCS in the 4.0 µg/L exposure concentration (344.04 ± 39.06 ng/g, 

Figure 24), which was significantly higher than both the control (46.38 ± 6.66 ng/g) and 

0.4 µg/L (66.25 ± 13.34 ng/g). The AM+ treatment had the same outcome; 4.0 µg/L 

(4136.81 ± 1085.61 ng/g) was significantly higher than the other two exposures (78.76 ± 

15.68 and 111.79 ± 16.66 ng/g for control and 0.4 µg/L respectively), and the 4.0 µg/L 

TCS level in the AM+ treatment was significantly higher than the AM- treatment at the 

same exposure concentration. 

   S. herbacea had significant differences of TCS tissue concentrations 

within AM treatments. The AM- controls (68.74 ± 12.65 ng/g) were significantly lower 

than the 0.4 µg/L (336.55 ± 40.16 ng/g) and 4.0 µg/L exposures (814.01 ± 102.94 ng/g), 

which were not statistically different from each other. The AM+ treatment had the same 

significant differences. The controls (150.89 ± 28.43 ng/g) were lower than the other 

exposure concentrations, but the 0.4 µg/L (800.67 ± 136.58 ng/g) was not significantly 

different from the 4.0 µg/L (1144.77 ± 236.77 ng/g). In the controls of S. herbacea, the 

AM+ treatment had a tissue concentration that was significantly higher than the AM- 

treatment (Figure 24). This represents the only difference between AM treatments for S. 

herbacea. 

 Tissue concentrations of TCS for H. laevis did not have any significant 

differences between AM treatments, or within AM treatments at different exposure 
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concentrations (Figure 24). The only differences were when we compare species-

specific effects. For the AM- treatments, the controls of H. laevis (108.51 ± 15.78 ng/g) 

were significantly higher than both of the other two species, while there was no 

difference between E. prostrata and S. herbacea. At the 0.4 µg/L exposure 

concentration, H. laevis (107.98 ± 16.66 ng/g) was significantly higher than E. prostrata 

but lower than S. herbacea. At the 4.0 µg/L level, H. laevis (205.86 ± 26.67 ng/g) was 

the lowest followed by E. prostrata and then S. herbacea, all of which were significantly 

different from one another.  

TCS tissue concentrations, among the AM+ treatments between the species, 

were significantly different at all three exposure concentrations. The control 

concentrations of H. laevis (112.84 ± 10.01 ng/g) were significantly higher than E. 

prostrata, but not significantly different from S. herbacea, while there was no difference 

between S. herbacea and E. prostrata. The 0.4 µg/L exposure had S. herbacea as 

significantly higher than the other two species, and H. laevis (101.07 ± 8.45 ng/g) was 

not different from E. prostrata. Finally, at the 4.0 µg/L level, all three species were 

significantly different from each other. E. prostrata was the highest, followed by S. 

herbacea, and H. laevis (323.44 ± 87.61 ng/g) was the lowest. 

 

3.5  Bioconcentration Factors

 The bioconcentration factor (BCF) for each species was calculated as the ratio of 

mean TCS root tissue concentration to water concentrations. BCF was higher for 

inoculated plants in E. prostrata and S. herbacea at the 0.4 and 4.0 µg/L exposures, but 

only for the 4.0 µg/L exposure of H. laevis. The highest BCF was in inoculated E. 
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prostrata at the 4.0 µg/L exposure, and the lowest was in the non-inoculated 4.0 µg/L 

treatment of H. laevis. BCFs, for each species, are presented in Table 5.

Table 1 
Measured triclosan (TCS) concentrations (µg/L) in the exposure growth trays. Data 
shown are means ± one standard error. 

TCS n Day 0 Day 15 Day 30 Average 

Blank 2 <0.05 <0.05 <0.05-0.13 <0.05 

0 µg/L 8 <0.05 0.07 ± 0.012 <0.05 <0.05 

0.4 µg/L 8 0.59 ± 0.008  0.32 ± 0.09 0.08 ± 0.02 0.334 

4.0 µg/L 8 6.35 ± 0.53 2.44 ± 0.81  1.12 ± 1.02  3.305 

Blk + MS 

Recovery (%) 

4 100.4 ± 25.45  90.9 ± 23.36  

 

131.49 ± 3.79  107.6% 

Blk + MS = Blank + Matrix Spike,  
Practical quantification limit (PQL) = 0.05 µg/L (Stevens et al., 2009)  

 

Table 2 
Measured tissue triclosan (TCS) and methyl-triclosan (MTCS) concentrations (ng/g) in 
quality control samples. Data shown are means ± one standard error. 

Quality Control Sample   n   MTCS (ng/g)   TCS (ng/g) 

       

Method Blank  18  <0.05  <0.05 

Method Spike Recovery (%) 5  96.68 ± 13.11  89.22 ± 11.61 

Matrix Blank   8  <6  45.91 ± 17.43 

Matrix Spike Recovery (%)   7   78.91 ± 9.79   134.27 ± 8.06 

Method detection limit (MDL) = 6 ng/g (Adhikari, 2010) 
Practical quantification limit (PQL) = 0.05 (Stevens et al., 2009) 



 30 

Table 3 
Summary table of three-way ANOVA assessing the effects of triclosan concentration (Conc), plant species (Sp), and AM 
colonization (AM) on root length, root surface area, shoot biomass, root biomass and total biomass. Significant effects (p 
= <0.05) are in bold. 
 Total BM Shoot BM  Root BM  Root Length  Root SA 
Effect DF F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F 
Sp 2 949.44 <.0001 1105.6 <.0001 1010.7 <.0001 227.4 <.0001 145.49 <.0001 
Conc 2 0.30 0.7479 0.38 0.6891 0.31 0.7398 0.29 0.7566 1.01 0.4201 
AM 1 1.75 0.2021 1.18 0.2908 1.51 0.2350 0.98 0.3628 1.06 0.3435 
Sp*Conc 4 6.35 <.0001 1.91 0.1065 7.15 <.0001 3.78 0.0049 3.54 0.0074 
Sp*AM 2 14.25 <.0001 3.87 0.0214 8.86 0.0002 0.61 0.5452 0.06 0.9431 
Conc*AM 2 0.09 0.9167 0.05 0.9487 0.05 0.9544 0.49 0.6382 0.25 0.7837 
Sp*Conc*AM 4 5.12 0.0005 2.73 0.0284 3.56 0.0070 0.17 0.9551 0.56 0.6920 

 

Table 4 
Summary table of three-way ANOVA assessing the effects of triclosan concentration (Conc), plant species (Sp), and AM 
colonization (AM) on relative root mass, relative shoot mass, shoot/root ratio, MTCS root tissue concentrations and TCS 
root tissue concentrations. Significant effects (p = <0.05) that have been analyzed are in bold. 
 Root BM/Total 

BM 
Shoot BM/Total 

BM 
Shoot BM/Root 

BM MTCS TCS 
Effect DF F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F 
Sp 2 7.54 0.0006 12.56 <.0001 9.64 <.0001 105.20 <.0001 1105.66 <.0001 
Conc 2 0.26 0.7794 0.50 0.6285 0.38 0.6963 47.06 0.0002 0.38 0.0007 
AM 1 1.43 0.2749 1.47 0.2657 1.41 0.2764 0.11 0.7509 1.18 0.0369 
Sp*Conc 4 7.96 <.0001 8.42 <.0001 8.29 <.0001 33.16 <.0001 1.91 <.0001 
Sp*AM 2 18.40 <.0001 22.73 <.0001 20.05 <.0001 3.20 0.0426 3.87 0.0008 
Conc*AM 2 2.51 0.1581 3.77 0.0798 3.14 0.1112 1.14 0.3779 0.05 0.9707 
Sp*Conc*AM 4 1.91 0.1071 1.62 0.1686 1.75 0.1381 0.50 0.7352 2.73 0.0036 
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Table 5   
Bioconcentration factors (BCFs) for measurable TCS concentrations in root tissue of E. 
prostrata, H. laevis and S. herbacea grown in the presence (AM+) and absence (AM-) of 
AM fungi. 

Exposure 
(µg/L) 

 
E. prostrata  H. laevis  S. herbacea 

  AM- AM+  AM- Am+  AM- AM+ 

0.334  198.35 334.7  323.29 302.6  1007.63 2397.22 

3.305  104.1 1251.68  62.29 97.86  246.33 346.48 
 

 
Figure 10**. Roots stained for AM visualization. A: Non-colonized cortical cells (*) in E. 
prostrata. An arrow indicates the vascular cylinder. Scale bar=100µm. B: Colonized root 
of S. herbacea. Xylem tracheary element (arrow) and cortical cells (*) can be seen with 
intercellular hyphae (arrow heads), arbuscules (double arrow heads) and vesicle 
(double arrow). Scale bar=50µm. C: E. prostrata root showing epidermal cells (*), a 
hyphopodium (arrow) and extra-radical hyphae (arrow head) on the surface. Scale 
bar=50µm. D: H. laevis cortical cell containing an arbuscle (arrow). Scale bar=20µm. E: 
A vesicle (arrow), hyphae (arrow heads) in the cortex of a S. herbacea root. F: Hyphal 
coils (arrow head) and hyphae (double arrow head) in cortical cell of S. herbacea root. 
Scale bar=20µm. (**Picture taken from Twanabasu et al., 2013a)  
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Figure 11. Total root length of three wetland plant species (E. prostrata, H. laevis and S. 
herbacea) grow in three different exposures to TCS (0, 0.4 and 4.0 µg/L). Lowercase 
letters indicate significant differences (p<0.05) within a species at different 
concentrations. Upper case letters indicate a significant difference between species at 
the three different concentrations. Data shown are raw means ± one standard error. 
 

 
Figure 12. Total root surface area of three wetland plant species (E. prostrata, H. laevis 
and S. herbacea) grow in three different exposures to TCS (0, 0.4 and 4.0 µg/L). 
Lowercase letters indicate significant differences (p<0.05) within a species at different 
concentrations. Upper case letters indicate a significant difference between species at 
the three different concentrations. Data shown are raw means ± one standard error. 
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Figure 13. Total shoot mass of three wetland plant species (E. prostrata, H. laevis and 
S. herbacea) grow in three different exposures to TCS (0, 0.4 and 4.0 µg/L) in the 
presence (AM+) and absence (AM-) of AM fungi. Capital letters indicate species effects 
at concentrations of 0, 0.4, and 4 µg/L at the same AM treatments. Asterisks indicate 
AM effects within a species at the three different exposure concentrations. Significance 
is indicated by p<0.05. 
 

 
Figure 14. Total root mass of three wetland plant species (E. prostrata, H. laevis and S. 
herbacea) grow in three different exposures to TCS (0, 0.4 and 4.0 µg/L) in the 
presence (AM+) and absence (AM-) of AM fungi. Lower case letters indicate 
concentration effects within species and AM treatments. Capital letters indicate species 
effects at concentrations of 0, 0.4, and 4 µg/L. Asterisks indicate AM effects within a 
species at the three different exposure concentrations. Significance is indicated by 
p<0.05. 
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Figure 15. Total biomass of three wetland plant species (E. prostrata, H. laevis and S. 
herbacea) grow in three different exposures to TCS (0, 0.4 and 4.0 µg/L) in the 
presence (AM+) and absence (AM-) of AM fungi. Lower case letters indicate 
concentration effects within species and AM treatments. Capital letters indicate species 
effects at concentrations of 0, 0.4, and 4 µg/L. Asterisks indicate AM effects within a 
species at the three different exposure concentrations. Significance is indicated by 
p<0.05. 
 

  
Figure 16. Relative root biomass of three wetland plant species (E. prostrata, H. laevis 
and S. herbacea) grown in the presence of (AM+) and absence (AM-) of AM fungi. 
Letters indicate a difference between species at given AM treatment. Asterisks indicate 
a difference within a species at different AM treatments. Significance is indicated by 
p<0.05. 

Total Plant Biomass

0 0.4 4.0 0 0.4 4.0 0 0.4 4.0 0 0.4 4.0 0 0.4 4.0 0 0.4 4.0
0.0

0.2

0.4

0.6

10

20

30

M
as

s 
(g

)

AM- AM-AM-AM+ AM+AM+

E. prostrata H. laevis S. herbacea

C

C

C

C C
C

B B B B B B

A

A *
A

b
A

b
A

a
A

Root Mass/Total Mass

AM- AM+ AM- AM+ AM- AM+
0.60

0.65

0.70

0.75

0.80

%
 B

io
m

as
s

E. prostrata H. laevis S. herbacea

*
a

b

*
c



 35 

 

 
Figure 17. Relative root biomass of three wetland plant species (E. prostrata, H. laevis 
and S. herbacea) grow in three different exposures to TCS (0, 0.4 and 4.0 µg/L). 
Lowercase letters indicate differences within a species at different concentrations. 
Capital letters indicate a difference between species at the three different 
concentrations. Significance is indicated by p<0.05 
 

  
Figure 18. Relative shoot biomass of three wetland plant species (E. prostrata, H. laevis 
and S. herbacea) grown in the presence (AM+) and absence (AM-) of AM fungi. Letters 
indicate a difference between species at given AM treatment. Asterisks indicate a 
difference within a species at different AM treatments. Significance is indicated by 
p<0.05. 
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Figure 19. Relative shoot biomass of three wetland plant species (E. prostrata, H. laevis 
and S. herbacea) grown in three different exposures to TCS (0, 0.4 and 4.0 µg/L). 
Lowercase letters indicate differences within a species at different concentrations. 
Capital letters indicate a difference between species at the three different 
concentrations. Significance is indicated by p<0.05. 
 

  
Figure 20. Shoot:root ratios of three wetland plant species (E. prostrata, H. laevis and S. 
herbacea) grown in the presence (AM+) and in the absence (AM-) of AM fungi. Letters 
indicate a difference between species at given AM treatment. Asterisks indicate a 
difference within a species at different AM treatments. Significance is indicated by 
p<0.05. 
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Figure 21. Shoot:root ratios of three wetland plant species (E. prostrata, H. laevis and S. 
herbacea) grown in three different exposures to TCS (0, 0.4 and 4.0 µg/L). Lowercase 
letters indicate differences within a species at different concentrations. Capital letters 
indicate a difference between species at the three different concentrations. Significance 
is indicated by p<0.05. 
 

 
Figure 22. Measured MTCS concentrations in root tissue three wetland plant species 
(E. prostrata, H. laevis and S. herbacea) grown in the presence (AM+) and in the 
absence (AM-) of AM fungi. Letters indicate a difference between species at given AM 
treatment. Significance is indicated by p<0.05. 
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Figure 23. Measured MTCS concentrations in root tissue three wetland plant species 
(E. prostrata, H. laevis and S. herbacea) grown in three different exposures to TCS (0, 
0.4 and 4.0 µg/L). Lowercase letters indicate differences within a species at different 
concentrations. Capital letters indicate a difference between species at the three 
different concentrations. Significance is indicated by p<0.05. 
 
 

 
Figure 24. Measured TCS tissue concentrations of three wetland plant species (E. 
prostrata, H. laevis and S. herbacea) roots. Plants were grown in three different 
exposures to TCS (0. 0.4 and 4.0 µg/L) and in the presence (AM+) and absence (AM-) 
of AM fungi. Asterisks indicate AM effects within a species at the three different 
exposure concentrations. Lower case letters indicate concentration effects within 
species and AM treatments. Capital letters indicate species effects at concentrations of 
0, 0.4 and 4.0 µg/L at the same AM treatments. Significance is indicated by p<0.05.  
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CHAPTER 4 

DISCUSSION 

 A changing urban landscape and the continued release of bioactive compounds, 

like TCS, into aquatic environments presents a challenging set of questions. The goal of 

this study was to assess the ability of AM fungi to mitigate detrimental effects of TCS on 

root growth and development in three species of wetland plants, and the effect AM 

colonization has on the bioaccumulation of TCS. The only research into the effects of 

TCS on fungi is limited to a study demonstrating inhibitory effects of TCS on AM spore 

germination, hyphal growth, and hyphal branching at as low as 0.4 µg/L TCS exposures 

(Twanabasu et al. 2013b), and one other finding that AM colonization is reduced in 

three wetland plant species exposed to TCS (Twanabasu et al. 2013a). Previous 

studies have shown that TCS negatively affects root growth at the environmentally 

relevant concentration of 0.4 µg/L (Stevens et al. 2009), and TCS and MTCS have a 

tendency to accumulate in plant roots (Stevens et al. 2009; Adhikari 2010) with species-

specific differences (Zarate et al. 2012). The findings from Zarate et al. (2012) were 

taken from an operational constructed wetland, but the interaction with AM fungi has not 

been previously evaluated. Similar to Stevens et al. (2009) and Zarate et al. (2012), 

effects in this study were species specific. Of the ten metrics used, AM effects were 

evident in shoot mass, root mass, total mass, relative root mass, relative shoot mass, 

shoot:root ratio MTCS and TCS root tissue concentration. The AM effects on relative 

root mass, relative shoot mass, shoot:root ratio and MTCS tissue concentration varied 

among species, and the effects of shoot mass, root mass and TCS tissue concentration 

varied among species and exposure concentrations. Concentration effects were seen in 
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measures of root length, root surface area, relative root mass and relative shoot mass. 

These concentration effects also differed among species. The morphological results for 

E. prostrata and S. herbacea showed exposure and AM responses, while H. laevis 

showed no root morphological effects with increased exposure concentrations or 

different AM treatments. S. herbacea displayed opposing results to E. prostrata in 

measures of root length, root surface area, relative root mass, relative shoot mass and 

shoot:root ratio.  

  

4.1 Root Morphology and AM Fungi 

 AM fungi can help plants survive different environmental stressors, such as 

drought, low nutrient availability or high salt concentrations. When it comes to 

environmental contaminants, the ability of AM fungi to mitigate heavy metal stress in 

plants is well documented (Hildebrant et al. 2007). Stevens et al. (2009) saw a reduction 

in root growth at TCS exposures of 0.6 and 7.8 µg/L for S. herbacea and E. prostrata 

respectively. However, Furchsman et al. (2010) noted that these exposures are not 

within relevant levels, and that the source of stress for the plants was the lack of a 

nutrient media. This study represents an effort to further study TCS effects using more 

realistic exposure conditions. Exposure and nutrient concentrations fell within a range 

that could be seen in environmental conditions. The presence of AM fungi aids in 

representing a realistic condition, as plants grow in the presence of complex root 

interactions that may influence TCS uptake and effect. When examining metrics of root 

morphology I expected to see a reduction in root growth and increase in shoot:root 

ratios with increases in TCS exposure concentrations, as has been previously 



 41 

demonstrated (Stevens et al. 2009). This exposure effect was only observed in E. 

prostrata, for both inoculated and non-inoculated treatments, but not in the other two 

species. This trend was not only absent in S. herbacea, the controls had less root 

growth than the 0.4 µg/L and 4.0 µg/L exposures in non-inoculated and inoculated 

treatments, respectively. This species-specific responses and the mechanism for these 

responses require further investigation. One of the factors I was attempting to evaluate 

was the innoculation of Am fungi and the effect this had on bioaccumulation and root 

morphology. AM fungi increases nutrient allocation and uptake, which permits plants to 

increase the shoot:root ratio. If TCS exposure and AM colonization have a simple 

additive interaction, I would expect to see non-inoculated plants grown in the absence of 

TCS to have the highest amount of root growth and the lowest shoot:root ratio. 

Conversely, I would expect inoculated plants grown at the highest exposures of TCS to 

have the lowest root growth and highest shoot:root ratio. Other treatment combinations 

would then fall in the intermediate range. Root length and shoot:root ratio did not have a 

significant interaction of AM inoculation and TCS exposure that would allow me to make 

a formal evaluation. However, looking at the trends in the data, E. prostrata and H. 

laevis had shoot:root ratios that are in line with this additive effect. S. herbacea on the 

other hand, had root lengths and shoot:root ratios that were the opposite of the other 

two species. Even though the experimental flow-through system was designed to 

provide a realistic exposure condition, the nutrient media flowed from one end to the 

other, which means that there could have been a nutrient gradient from the in-flow to 

the out-flow. A nutrient gradient would provide a source of greater variability for plant 

morphology. However, exposure trays were not sampled to test nutrient levels, and 
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plant tissues were not analyzed for N or P content. To avoid the possibility of a nutrient 

gradient in future studies, nutrient solutions should be applied directly to each plant at 

the base of the shoot.    

Several variables are involved with a plants ability to produce roots. These 

variables are highly plastic and are affected by resource availability (Eissenstat et al. 

2000). Fulton et al. (2010) found that TCS exposure can affect tissue N and P content. 

The exact response is, again, dependent on several environmental factors. Because our 

plants were grow with a nutrient media with direct inter- and intraspecific competition for 

space and nutrients, coupled with the fact that as TCS exposure concentrations 

increased, accumulation levels in the roots of S. herbacea increased; the results of S. 

herbacea could be attributed to limited resources producing a stronger signal than that 

produced by any exposure to TCS. When resources (CO2, N, P and water) are not 

limited, plants are able to invest more energy into shoot growth (van Noordwijk and de 

Willigen 1987). It has also been demonstrated that there are differences between and 

within plant species in the ability to forage for nutrients (Wijesinghe et al. 2001).   

AM fungal colonization is one of the variables that will affect root production in 

plants (Eissenstat et al. 2000), and Twanabasu et al. (2013a) found that for E. prostrata, 

H. laevis and S. herbacea, AM colonization was significantly higher in the controls 

(4.58 ± 0.75%) compared to 0.4 µg/L (2.20 ± 0.38%) and 4.0 µg/L (1.22 ± 0.24%) TCS 

exposures. AM fungi increases the adsorptive surface area of the rhizosphere, which 

affects nutrient availability. Additionally, Fulton et al. (2010) found that when L. gibba is 

grown in the presence of excess N, P uptake will increase with increasing TCS 

exposure. The relative root biomass, relative shoot mass and shoot:root ratios for E. 



 43 

prostrata and H. laevis have results that I expected to see. Non-inoculated plants have 

more root growth and less shoot growth, which can be interpreted as an energy 

diversion to root production needed for increased nutrient foraging resulting from a lack 

of AM colonization. Again, the results for S. herbacea were opposite from what were 

seen for the other two species and what was expected. Twanabasu et al. (2013a) found 

that overall, vesicular colonization was significantly lower in S. herbacea (0.80 ± 0.20%) 

compared to H. laevis (1.95 ± 0.39%). Reduced AM colonization may just be one of the 

contributing factors involved in a limited resource condition experienced by S. herbacea, 

which would cause these plants to increase root production. While I was able to 

evaluate overall AM effects for E. prostrata and H. laevis, mitigation of negative TCS 

effects to roots was only detected at the 4.0 µg/L exposure level in S. herbacea.  

 

4.2 Bioaccumulation of TCS and MTCS 

 I expected to detect measurable levels of TCS and MTCS in the roots of the 

plants grown in the exposure system. Previous studies have found TCS to 

bioacculmulate in several types of aquatic species (Adolfsson-Erici et al. 2002; Coogan 

et al. 2007; Zarate et al. 2012), while other studies have produced contradictory results 

as to the bioacculmulation of TCS (Lindstrom et al. 2002). Wild et al. (2005) 

demonstrated that compounds with relatively high log Kow values (>3) tend to 

accumulate in the roots of plants, which was validated by Zarate et al. (2012) and 

Adhikari (2010). In both of these studies, most of the analyzed shoot samples had TCS 

concentrations that were below the detection limit. Zarate et al. (2012) measured the 

highest level of TCS in the roots of T. latifolia at a concentration of 40.3 ± 11.3 ng/g at a 
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site that had sediment TCS concentration of 29.2 ± 8.5 ng/g, which represents a 

bioconcentration factor (BCF) of 1.4. Adhikari (2010) showed that the roots of N. lutea 

had the highest measured TCS concentrations (76. ±7.7 ng/g) out of twelve plants that 

were grown in WWTP effluent with a TCS concentration of 0.12 µg/L (BCF of 633). 

Stevens et al. (2009) measured a maximum BCF for S. herbaceaat 2.8 (54.9 µg/L 

exposure and 151 ng/g tissue concentration). The highest levels I detected were in the 

AM+ treatment of E. prostrata 4.0 µg/L (4136.81 ± 1085.61 ng/g). These results 

represent a BCF that are 754 times greater than the highest measured by Zarate et al. 

(2012), 1.6 times higher than Adhikari (2010) and 369 times higher than Stevens et al. 

(2009). BCF can vary between sediment and water TCS exposures (Zarate et al. 2012), 

and the comparison of BCFs, across laboratory and field studies, further highlights the 

species-specific nature of responses that have been observed. 

The availability of TCS, in environmental conditions, is complex and is affected 

by multiple factors such as pH, total suspended solid concentrations (Young et al. 

2008), photodegredation (Dann and Hontela 2011) and the dilution capacity of rivers 

and streams that receive TCS contaminated water (Ricart et al. 2010). One factor, that 

does not seem to have a consistent effect on plant uptake of TCS, is the presence of 

AM colonization. Zhang et al. (2010) found that AM fungi, in combination with other 

factors (biosurfactants and aromatic hydrocarbon degrading bacteria), was the most 

efficient way to remove contaminants from soil. The only signs of significant differences 

with AM colonization are in the E. prostrata 4.0 µg/L exposures and the S. herbacea 

controls. The tissue used for matrix blanks show background levels of TCS, ranging 
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from <0.05 to 132.03 ng/g, which could explain the differences seen in the S. herbacea 

controls. 

TCS tissue concentrations increased with increasing exposure; however, MTCS 

did not show the same patterns of accumulation. MTCS has been shown to accumulate 

in the roots of plants under experimental conditions (Stevens et al. 2009) however, no 

detectable levels were found in roots collected from an operational constructed wetland 

(Zarate et al. 2012), and Adhikari (2010). Like the availability of TCS under different 

environmental conditions, the formation of MTCS can be affected by environmental 

factors such as oxygen availability, nutrient availability, microbial population and soil 

structure (Carr et al. 2011). These environmental variables along with O-demethylation 

provide a possible explanation for why there are discrepancies between studies.           

The use and ability of constructed and natural wetlands to help mitigate 

environmental contamination is well documented. The fact that variability in specific 

environmental conditions can affect TCS availability and action along with plant growth 

and morphology; makes the process of trying to accurately analyzing these complex 

interactions more difficult. However, identifying the key components and long-term 

environmental impacts, for the most efficient removal of PPCP’s, is a key component of 

any remediation plan. The production of biomass and bioaccumulation will be important 

factors for selecting plants for phytoremediation purposes. The results of this study 

suggest that the S. herbacea is a plant capable of thriving in the presence of TCS, and 

E. prostrata may not produce the most biomass, but it is capable of accumulating a 

significant amount of TCS in the presence of AM colonization. Making these two 

species likely candidates for the use in mediation wetlands.  
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CHAPTER 5 

CONCLUSIONS 

Because the observed responses to TCS by wetland plants have been species-

specific, continued release of contaminants like TCS into the environment could affect 

community structure, and ultimately ecosystem function. Much of the release of PPCPs, 

like TCS, has been linked to the expansion of urban areas. Populations are expected to 

increase, so presumably the release of contaminants into aquatic ecosystems will not 

diminish in the near future. The consequences of this continued release need to be 

identified and the best practices for dealing with negative effects need to be evaluated.    

 Numerous studies have been conducted to evaluate the fate and effects of TCS 

in aquatic environments. Previous studies have identified negative effects to root growth 

at environmentally relevant concentrations and bioaccumulation patterns that are 

species-specific. This study represents the first attempt to evaluate the role mycorrhizal 

fungi play in a plants response to TCS exposure. While some of the results appear to be 

somewhat perplexing, they are still encouraging. Responses that were exposure 

dependent and species-specific were seen in two of the three species we evaluated, but 

no clear patterns were found. Bases on the current experimental design and results, 

further controlled experimentation, field studies, and long-term monitoring will be 

needed to make the most prudent decisions. 
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