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The capability of the marine red macroalga Portieria hornemannii to remove and 

detoxify the nitroaromatic explosive 2,4,6-trinitrotoluene (TNT) in a seawater 

environment was evaluated using an axenic microplantlet suspension culture system.  

Microplantlets were challenged with TNT dissolved in seawater at concentrations of 1 to 

50 mg L-1 in well-mixed photobioreactors under both batch and continuous additions.  

Photosynthetic activity was monitored by chlorophyll a fluorescence and oxygen 

evolution rate (OER) to determine the effects of TNT on the microplantlet photosynthetic 

viability. 

 

Microplantlets in 1.1 gFW L-1 suspension effectively removed 100% of TNT from 

seawater medium at concentrations under 10 mg L-1 within approximately 72 h of 

exposure.  First-order rate constants for TNT uptake were 0.025 to 0.037 L g FW-1 h-1 

under both illuminated and dark conditions.  Biotransformation products of TNT, 2-

ADNT and 4-ADNT, were identified as the immediate transformation products.  

However, these products only accounted for 29% of initial TNT.  A mass balance of 14C-

labeled TNT in radioisotope tracer studies however, indicated that over 60% of 14C-label 

taken up by microplantlets was released back into the liquid medium, primarily in the 

form of polar and ionic metabolites.  Polar metabolites were responsible for a change in 

liquid medium to a yellow color.  These metabolites were tentatively identified by mass 



spectrometry to be Meisenheimer TNT complex (H-TNT) and tetranitro-hydrazotoluene 

(TN-HydrazoT) dimerization products.  In contrast, only 26% of the 14C-label, primarily 

as solvent-extactable compounds, accumulated within the biomass tissue.  Futhermore, 

bound residues of TNT metabolites accounted for less than 5% of initial TNT added. 

 

Exposure to TNT inhibited photosynthetic activity in microplantlets by a rapid reversible 

mechanism.  The extent of inihibition was dependent on TNT concentration, with higher 

concentrations causing permanent damage to the photosynthetic apparatus.  A flow-

recirulation bioreactor was developed to monitor real-time oxygen OER of microplantlets 

exposed to pulse and continuous additions of TNT.  Pulse additions of TNT caused a 

rapid decrease in oxygen evolution by microplantlets, with the recovery of OER 

following TNT uptake dependent on the intial concentration.  Microplantlets were able to 

continuously take up and transform TNT during 20 d perfusion additions of 0.35 and 2.5 

mg TNT d-1, even though at the higher concentration photosynthesis was significantly 

suppressed. 
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Comprehensive Introduction 

The accumulation of industrial and military pollutants in the environment has triggered 

the development and implementation of a variety of remediation techniques for cleanup 

of contaminated sites (Harvey, et. al 2002).  Although traditional physical and chemical 

methods of remediation are primarily in use, biological methods are emerging as an 

alternative in remediation applications.  Research into the bioremediation of terrestrial 

and aquatic environments with microorganisms and the phytoremediation with higher 

plants is well documented (Esteve-Núñez, et al. 2001; Harvey, et al. 2002; Schnoor, et al. 

1995; Lelie, et al. 2001).  However, only a limited number of studies exist for the marine 

environment.  Unlike terrestrial and aquatic environments, the ability to deploy and 

maintain a marine organism to a specific contamination site is hindered by the physical 

attributes of a continuously flowing ocean.  Marine macroalgae, also known as seaweed, 

may present a viable option for phycoremediation in marine environments.  Seaweeds are 

photosynthetic non-vascular marine plants that could have similar bioremediation 

capabilities to aquatic and terrestrial higher plants.  Furthermore, the larger size and 

number of different species of seaweed available would provide a more easily deployable 

platform to a wide range of artic to tropical marine environments.  

 
This chapter includes general background on the phytoremediation concept and the 

correlation to phycoremediation of marine environments.  Also included is a discussion 

on the detoxification capability of macrophytic seaweed and the selection of the red 

seaweed Portieria hornemannii as the model organism for this research study.  The 

nitroaromatic explosive 2,4,6-trinitrotoluene (TNT) was chosen as the contaminant to 

observe transformation by this organism, and a review of contamination in marine 

environments by TNT is also presented.  The last part of this chapter integrates the goals 

of this research study to the corresponding results included in the proceeding chapters of 

this document to provide an overall blueprint of this study. 
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TNT contamination of marine environments 

The compound 2,4,6-trinitrotoluene is a nitroaromatic explosive with three nitro groups 

around a toluene ring.  The compound, a crystalline solid, is only slightly soluble in water 

(Ro, et al. 1996).  Contaminated sites, typically military installations located throughout 

the world, have been estimated to contain over one million cubic yards of contaminated 

soils/sediments causing damage to groundwater, wetlands, and soil ecosystems (Garcia-

Villada, 2002 and Won, 1976).  However, lesser known sites have been identified in 

marine environments.  Several different types of nitroaromatic explosives have been 

detected at locations in close vicinity to naval facilities in the state of Washington, likely 

due to the past use, storage, improper disposal, and incineration at these sites (Nipper, et 

al. 2001).  Another known contaminated site is the Hawaiian island of Kaho’olawe due to 

unexploded ordinance (UXO) from previous use of the island as a military bombing 

range and weapons testing site (U.S. Navy 2002).  In marine environments, UXOs are a 

direct lingering source of contaminants, releasing trace amounts of explosives through 

pinhole leaks in the eroded shells that can collect on nearby sediment (Darrach, et al. 

1998). 

  
The toxicity of TNT is documented for marine organisms.  Continuous exposure to TNT 

increased death rates in the marine copepod Trigriopus californicus and larva of the 

oyster Crassostrea gigas (Won, et al. 1976).  TNT exposure also reduced the growth and 

reproduction rates of the marine polychaete Neanthes arenaceodentata and the estuarine 

amphipod Leptocheirus plumulosus (Green, et al. 1999).  However, only a limited 

amount of research has been performed on the tolerance of algal species to TNT.   

Concentrations of TNT ranging from 2 to 20 mg L-1 have led to inhibited growth, decay, 

or death in the freshwater microalgae Dictyospaerium chloreloides (Garcia-Villada, et al. 

2002) and Selenastrum capricornutum (Smock, et al. 1976), and also in the 

cyanobacterium Anabaena sp. (Pavlostathis and Jackson, 1999). For the green macroalga 

Ulva fasciata, toxicity to TNT was exhibited by the significant decrease in zoospore 

germination after exposure (Nipper, et al. 2001). 
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Phytoremediation vs. phycoremediation 

Phytoremediation technology utilizes vascular higher plants to stabilize, extract, degrade, 

volatilize, filter, or enhance microbial degradation of contaminants in soil or water 

sources (Kassel, 2002 and Schnoor, 1995).  A conceptual model known as the “Green 

Liver” has been developed for the overall phytodegradation of xenobiotics in a plant 

system (Sandermann, 1994).  Although this model was originally developed for vascular 

plants, it can also be applied to non-vascular marine seaweeds.  Consideration has been 

made for the direct metabolism of contaminants only and not for microbial enhancement, 

volitization, mineralization, or simple filtration concepts. 

 
Unlike terrestrial plants, in phycoremediation the transport of soluble contaminants 

occurs directly into the plant tissue for aquatic and marine plants because these organisms 

are already immersed in the contaminated water.  The uptake and transformation of TNT 

has been shown in immersed Myriopyllum aquaticum plant cultures and in hairy root 

cultures of Catharanthus roseus (Hughes, et al. 1997).  However for aquatic plants, in 

addition to direct partioniong into the plant tissue, transport will also occur within the 

xylem where contaminants will be distributed to the remainder of the plant.  In contrast, 

non-vascular marine macroalga rely completely on diffusion and intercellular transport 

for contaminant uptake from the environment.  This highlights a distinct difference 

between a phytoremediation and phycoremediation systems.  Transport of contaminants 

into the organism will occur by different mechanisms and therefore at different rates, 

providing a potentially unique response between systems. 

 
Detoxification capability and advantages of macrophytic seaweed 

Marine macrophytic algae, also known as seaweed, have been shown to possess several 

key enzymes known to detoxify xenobiotic compounds.  Active species of the oxidation 

enzyme cytochrome (cyt) P450 were discovered in seaweeds of the Chlorophyta, 

Chromophyta, and Rhodophyta phyla (Pflugmacher and Sandermann, 1999).  The 

activity of peroxidase enzymes has also been identified in several marine macroalgae 

(Butler and Walker, 1993).  In addition to these transformation enzymes, conjugation 
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enzyme activity for glutathione-S transferases, and O- and N-glucosyltransferases were 

detected in nine species of Antarctic and Arctic macroalgae (Pflugmacher, et al. 2000).  

These enzymes are essential in the sequestration process of incorporating a metabolite 

into the cell wall or transfer into the cell vacuole (Kreuz, 1996).  This conjugation 

process has been confirmed with hairy root cultures of Catharanthus roseus exposed to 

TNT dissolved in aqueous medium (Bhadra, et al. 1999).  Although oxidation 

mechanisms have been identified in a variety of marine macroalgae, the presence of 

nitroreductase enzymes in marine macroalgae, which are necessary for the reduction of 

nitroaromatic compounds, has to date not been established.   Still the presence of 

oxidation and conjugation enzymes suggests that marine seaweeds have the potential to 

metabolize a variety of organic compounds. 

 

Seaweeds generally live attached to the ocean floor and can grow to considerable 

anatomical size and complexity (Kain and Norton, 1990).  However, axenic in vitro cell 

and tissue cultures of marine seaweeds developed through plant tissue culture techniques 

are grown in liquid suspension (Rorrer, 2000).  These axenic cultures guarantee that 

uptake or transformations would not be due to microorganisms normally associated with 

field-collected seaweed plants.  Also, sexually sterile cultures do not propagate, allowing 

for a morphologically stable microplantlet culture (Huang, et al. 1998).  The red seaweed 

Portieria hornemannii was selected as the model plant to study the exposure of dissolved 

TNT in seawater.  Axenic microplantlet cultures of P. hornemannii have been developed 

previously (Barahona and Rorrer, 2003).  Similar microplantlet cultures have also been 

used as novel platforms for the study of secondary metabolic processes (Polzin and 

Rorrer, 2003; Wise, et al. 2002; Barahona and Rorrer, 2003).  Therefore, it was 

anticipated that microplantlet cultures of P. hornemannii would provide a stable vehicle 

for the study of metabolic transformation in terms of remediation capacity by 

macrophytic marine algae.  
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Research goals 

The overall goal of this research was to assess the capability of marine seaweeds for the 

uptake and transformation of TNT dissolved in seawater.  For a successful 

phycoremediation platform to be established, the four topics were addressed for marine 

seaweeds exposed to the TNT contaminant: 1) substrate (TNT) uptake, 2) substrate 

transformation, 3) substrate endpoint, and 4) stress physiology.  These topics are based 

upon the ‘green liver’ concept as discussed by Sandermann (1994).  Contaminants 

introduced to the system were identified as substrates, which are the compounds of 

interest (in this study TNT) acted upon by metabolic processes of the organism for 

transformation into secondary metabolites.   

 
TNT uptake considers the ability of the organism to transport this substrate by 

passive/active mechanisms or by diffusion to a cellular location where transformation can 

occur.  These locations can be sites on the plant surface, within the cellular wall, or 

within the plant cell.  Once uptake has occurred, substrate transformation is initiated by 

the transformation mechanisms available to the organism.  The identification of products 

indicates the different pathways facilitated by the organism for transformation of the 

substrate.  Transformation processes are then eventually followed by the transformation 

endpoint or termination point.  Representing the final fate of the contaminant, this 

comprises of the release of transformation products back into the surrounding 

environment, conjugation and sequestration into the cellular matrix, or mineralization 

into carbon dioxide.  Beyond the considerations of the biotransformation process, the 

stress response incorporates considerations for toxic or other physiological effects on the 

organism from exposure the substrate.  The physiological response determines the 

tolerance and duration limitations of the organism to the substrate, a necessary 

consideration as changes to the metabolism of the organism directly affects the uptake 

and transformation of the substrate.   

 
This research study had four objectives.  The first was to confirm uptake and then 

measure the uptake of dissolved TNT within soluble concentrations by P. hornemannii 
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microplantlets.  Trends and kinetic parameters for the uptake of TNT by microplantlets in 

photobioreactors are addressed in Chapter 2.  The second was to determine the 

transformation products of TNT from biotic reactions of P. hornemannii and propose 

transformation pathways.  Immediate transformation products were reported in Chapter 2, 

with a more extensive analysis of aqueous phase products addressed in Chapter 4 based 

upon radioisotope studies reported on in Chapter 3.  The third was to identify endpoints 

for TNT after cumulative transformation as conjugation and sequestration or exportation 

to the surrounding environment.  A 14C-labeled TNT tracer study was utilized to 

determine the fate of TNT after transformation and is the focus of Chapter 3.  The 

tentative identification of select potential endpoint metabolites is reported in Chapter 4.  

The last objective of this study was to evaluate the physiological stress on P. 

hornemannii microplantlets from exposure to dissolved TNT.  Photosynthetic activity 

was utilized as the physiological marker for toxic effects of microplantlets and is the 

focus of both Chapters 5 and 6. 
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Chapter 2 

Uptake and Transformation of 2,4,6-Trinitrotolune (TNT) from 
Seawater by Microplantlet Suspension Cultures of the Marine Red 
Macroalga Portieria hornemannii 
 

Octavio T. Cruz-Uribe and Gregory L. Rorrer 
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Introduction 

Mass production and deployment of nitroaromatic explosives has resulted in 

contamination of terrestrial and aquatic environments (Spain, 2000).  The explosive 

2,4,6-trinitrotoluene (TNT) is the most dominant and recalcitrant munitions contaminant.  

In terrestrial and aquatic environments contaminated with TNT, bioremediation (Esteve-

Nuñez, et al. 2001) and phytoremediation (Burken, et al. 2000) have been studied as 

biological alternatives to conventional physical and chemical cleanup methods. 

 
Pathways for TNT metabolism in aerobic microorganisms are well documented (Esteve-

Nuñez, et al. 2001).  A number of vascular plants are also capable of metabolizing TNT.  

The uptake and transformation of TNT has been demonstrated in many terrestrial plants, 

including both whole plant and tissue culture systems (Sens, et al. 1999, George, et al. 

1994, Thompson, et al. 1998, Lucero, et al. 1999, French, et al. 1999, Hannik, et al. 

2001).  The uptake and transformation of TNT has also been demonstrated in two species 

of the model aquatic plant genus Myriophyllum (Hughes, et al. 1997, Vanderford, et al. 

1997, Bhadra, et al. 1999b, Medina, et al. 2000, Pavlostathis, et al. 1998) as well as six 

other submerged or emerged wetland plants (Best, et al. 1999).  The biological reduction 

of TNT to 2-amino-4,6-dinitrotoluene (2-ANDT) and 4-amino-2,6-dinitrotoluene (4-

ADNT) within the cell is the most common TNT biotransformation pathway, and the 

putative reduction enzyme is  nitroreductase (Hannik, et al. 2001).  Furthermore, after the 

transformation TNT, conjugation of metabolites, and then the sequestration of these 

conjugates into the cell wall of the plant tissues have been reported in previous studies 

(Burken, et al. 2000, Sens, et al. 1999, Bhadra, et al. 1999a). 

 
In addition to vascular plants, TNT uptake and metabolism has been studied in other 

aerobic phototrophic organisms, principally the cyanobacterium Anabaena sp., which 

possesses both reduction and oxidation pathways for TNT transformation (Pavlostathis, 

et al. 1999).  To date, the uptake and transformation of TNT by non-vascular marine 

macroalgae has not been studied.  Therefore the potential of these organisms to 

phytoremediate TNT-contaminated seawater in the marine environment is not known.  
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Marine macroalgae, commonly known as seaweed, possess several key oxidation and 

conjugation enzymes known to detoxify xenobiotic compounds (Pflugmacher, et al. 

1999).  Without a doubt, the potential for TNT detoxification by a marine non-vascular 

plant should be investigated. 

 
Seaweeds generally live in the inter-tidal benthic marine environment, grow to 

considerable size and anatomical complexity, and possess complicated life cycles (Kain 

and Norton, 1990).  In contrast, in vitro cell and tissue cultures of marine seaweeds 

developed through plant tissue culture techniques grow as a liquid suspension, propagate 

asexually, and are morphologically stable (Rorrer, 2000).  Microplantlet suspension 

cultures of marine red macroalgae are particularly suitable for bioprocess engineering 

applications (Huang, et al. 1998, Huang and Rorrer, 2002a-b, Polzin and Rorrer, 2003), 

and may have desirable features for the phytoremediation of TNT dissolved in seawater.   

Microplantlets of red macroalgae grow as a free liquid suspension in seawater, do not 

sexually propagate, are robust in agitated liquid environments, have a broad temperature 

range, and are easy to harvest.   Furthermore, laboratory phytoremediation studies with 

axenic microplantlets would not be complicated by epiphytes and microscopic organisms 

associated with field-collected seaweeds.   In this study, an axenic microplantlet 

suspension culture of the tropical red macroalga Portieria hornemannii was selected as 

the model system for the phytoremediation of TNT dissolved in seawater. Development 

of P. hornemannii microplantlet cultures are detailed by Barahona and Rorrer (Barahona 

and Rorrer, 2003). 

 
The toxicity of TNT to marine red macroalgae is also not known.  However, in general 

TNT is toxic to marine organisms, and marine invertebrates and green algae in particular 

show differential toxicity responses to TNT dissolved in seawater or adsorbed in marine 

sediments (Won, et al. 1976, Nipper, et al. 2001, Green, et al. 1999, Smock, et al. 1976).  

The ability of the organism to remain viable in the presence of TNT could directly other 

metabolic processes necessary for the biotransformation of TNT. 
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We report that P. hornemannii microplantlets take up and metabolize TNT dissolved in 

seawater.  The overall goal of this study was to determine the uptake and transformation 

of TNT dissolved in seawater by axenic microplantlets of the marine red macroalga P. 

hornemannii.  This study had three specific objectives.  The first objective was to 

determine the TNT uptake rate at initial TNT concentrations ranging from 1 to 50 mg L-1.  

The second objective was to identify and quantify TNT transformation products within 

the microplantlet biomass and in the aqueous medium.  The third objective was to 

measure the oxygen evolution rates of P. hornemannii microplantlets after exposure to 

TNT dissolved in seawater, and from this information, assess toxicity of P. hornemannii 

towards TNT. 

 
Materials and Methods 

Materials 

Reagent grade 2,4,6-trinitrotoluene (TNT) was obtained as a yellow crystalline solid with 

a moisture content of 30% from Chem Service, Inc. (#F2486, West Chester, PA) and 

dried at room temperature under vacuum in the dark for a minimum of 3 days.  Stock 

solutions of TNT in seawater medium (natural seawater containing ESS nutrients) were 

prepared by dissolving 1.0, 10, 25, or 50 mg of dried TNT crystals in 1.0 L of autoclaved 

natural seawater under continuous mixing at 30 ºC for a minimum of 48 hours.  Stock 

solutions were then filtered though a sterile 0.22 μm bottle-top filter and stored at 22 ºC 

under dark conditions.  The solubility of TNT in water at 21 ºC is 82 mg/L at a pH of 9.1 

(Ro, et al. 1996). 

 
An authentic standard for 4-amino-2,6-dinitrotoluene (#F2491, 4-ADNT) was obtained 

from Chem Service, Inc. as a yellow crystalline solid with a minimum purity of 99.5%.  

Standard solutions 4-ADNT were prepared by dissolving 4-ADNT crystals in HPLC-

grade acetonitrile solvent.  Authentic standards solutions (in methanol or acetonitrile) of 

2-amino-4,6-dinitrotoluene (#F2492JS, 2-ANDT), 1,3,5-trinitrobenzene (#F942JS, TNB), 

and 2,4-dinitrotoluene (#F35JS, 2,4-DNT) were also obtained from Chem Service, Inc.  
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Culture maintenance 

Microplantlet suspension cultures of the tropical marine red macroalga Portieria 

hornemannii were established by callus induction and shoot tissue regeneration 

techniques (Barahona and Rorrer, 2003).  Microplantlets were maintained in a seawater 

medium consisting of natural seawater (Hatfield Marine Science Center, Newport, OR) 

containing Enriched Seawater Supplement (ESS) nutrients (Kitade, et al. 1996).  The 

natural seawater base medium was autoclaved, whereas the 200x ESS nutrient stock 

solutions were 0.22 μm filter sterilized.  The final composition of ESS nutrients in the 

natural seawater base medium was the following:  1.42 mM NaNO3; 0.075 mM 

K2HPO4·3H2O; 0.022 mM EDTA Fe-Na salt; 0.775 mM Na-HEPES buffer; 0.12 μM KI; 

0.19 μM Na2EDTA·2H2O; 0.015 μM FeCl3·6H2O; 0.059 μM MnCl2·4H2O; 0.0064 μM 

ZnCl2; 0.0014 μM CoCl2·6H2O; 1.49 μM H3BO3; 0.0015 μM vitamin B12; 0.0083 μM 

biotin (C10H16N2O3S); 0.598 μM thiamine-HCl; 11.2 μM meso-inositol; 1.6 μM thymine; 

0.846 μM DL-pantothenic acid hemi Ca salt; 0.147 μM p-aminobenzoic acid; and 1.638 

μM nicotinic acid.   

 
Microplantlet suspension cultures of P. hornemannii were maintained in 500 mL 

Erlenmeyer bubbler flasks at 22 ºC within an illuminated incubator.  Each flask was 

inoculated with 0.50 g of pre-weighed fresh tissue suspended in 450 mL of seawater 

medium.  Sterile filtered (0.22 μm) house air was bubbled into each flask through a 6mm 

diameter glass tube at 240 mL min-1 to provide CO2 and to mix and suspend the biomass 

within the seawater medium.  Each bubbler flask was placed between two cool-white, 

vertically aligned 9W fluorescent lamps to provide an incident light intensity of 150 μE 

m-2 · sec-1 to each side of the flask.  The photoperiod was kept constant at 14 hr light/10 

hr dark.  Microplantlets were subcultured every 28 days, with complete seawater medium 

exchange every 14 days, as described by Barahona and Rorrer (2003).  Four weeks after 

subculture, the morphology of plantlets assumed a symmetrical, spherical shape of nearly 

10 mm in diameter, where several tiny shoots lined each branch.  The microplantlet shoot 

tissues were dark red in color. 
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Batch TNT uptake experiments 

Batch TNT uptake and metabolism experiments with P. hornemannii microplantlet 

suspension cultures were carried out in the bubbler flasks described above.  The purpose 

of these experiments was to determine the time course for removal of TNT from the 

liquid medium and the associated time course for the formation of TNT transformation 

products in the aqueous phase and within the biomass.  All experiments were conducted 

at the following conditions:  450 mL of seawater medium, 153 μE m-2 sec-1 incident light 

intensity, 242 mL min-1 aeration rate, 14 hr light /10 hr dark photoperiod, and 

temperature of 22 ºC.  The initial concentrations of TNT in the liquid medium were set at 

1.0, 10.0, and 50 mg L-1.  In addition, batch TNT uptake and metabolism experiments 

were conducted at an initial TNT concentration of 10 mg L-1 with no illumination, where 

bubbler flasks were wrapped in aluminum foil to exclude light.   Depending upon the 

sampling requirements, multiple bubbler flask experiments were conducted in parallel at 

each initial TNT concentration. 

 
To initiate a TNT uptake and metabolism experiment, seawater medium containing a 

known initial concentration of dissolved TNT was added to each bubbler flask.  Each 

flask was inoculated with 35 day old microplantlets to a final biomass suspension density 

of 1.16 g FW L-1.  The initial pH of the culture suspension was 8.3 to 8.5.  Both the liquid 

medium and the biomass were sampled at specific time intervals to determine the 

concentration of TNT and its transformation products in each phase.  Two types of 

samples were collected.  First, 1.0 mL aliquots of the aqueous medium were removed 

from each flask at 8 to 24 hour intervals.  Each sample was diluted to a 50:50 v/v with 

acetonitrile, stored at 4ºC for a minimum of 24 hours to allow salts to precipitate, and 

then 0.22 μm syringe filtered.  Second, at four time points during the course of the 

experiment, the contents of two entire bubbler flasks were pooled for a detailed analysis 

of TNT transformation products in both the aqueous medium and in the biomass tissue.  

Specifically, the biomass was filtered on a 20 μm nylon mesh filter, and the aqueous 

filtrate was collected and stored in the dark at 4 °C.  The biomass retained on the filter 

was washed with autoclaved natural seawater, weighed, and then stored in the dark at -20 
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ºC.   Fresh cell weight (FW) and dry cell weight (DW) measurements of P. hornemannii 

tissue were performed as described by Barahona and Rorrer (2003).  Control experiments 

containing no biomass were also performed.  At each initial TNT concentration, duplicate 

set of flasks containing only natural seawater with ESS nutrients and dissolved TNT were 

conducted in parallel with the TNT uptake experiments at the same environmental 

conditions.  Liquid phase samples were taken at selected time intervals as described 

above.   

 
TNT and metabolite analysis of liquid culture medium 

The concentrations of TNT and its transformation products in the aqueous phase samples 

were determined by high-pressure liquid chromatography (HPLC).  The TNT 

concentration in the 1.0 mL aqueous samples was assayed directly by HPLC on a reverse 

phase Waters Novapak C8 analytical column (3.9 x 150 mm, 60Å, 4 μm), under the 

following conditions:  isocratic elution at 0.6 mL min-1 with 50:50 v/v acetonitrile:water, 

UV detection at 254 nm, column temperature of 22 ºC,  20 μL sample injection volume.  

The limit of detection for TNT by this HPLC method was 0.14 mg L-1. 

 
TNT transformation products in aqueous phase samples were too dilute to be assayed 

directly.  Therefore, TNT transformation products in selected whole-flask aqueous 

samples were concentrated 30-fold by solid phase extraction (SPE) prior to HPLC 

analysis.  Specifically, 150 mL aqueous medium aliquots from the whole flask samples 

were passed though a Waters Sep-Pak/Porapak RDX vacuum 6cc cartridge 

(polydivinylbenzene-vinylpyrrolidone resin, 125-150 μm, 500 mg) under vacuum.  TNT 

and transformation products retained on the cartridge were eluted with 5 mL of 

acetonitrile.  The eluted sample was stored at 4ºC for 24 hours to allow any residual salts 

to precipitate, and then filtered through a 0.2 μm x 13 mm nylon syringe filter.  Filtered 

samples were then analyzed by HPLC on a Waters Nova-Pak C8 analytical column at 

conditions optimized for separation of ADNT isomers:  isocratic elution at 1.0 mL min-1 

with 18:82 v/v isopropanol:water, UV detection at 254 nm, column temperature of 22 ºC, 

20 μL sample injection volume.  The absolute limits of detection by HPLC in order of 
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lowest to highest response factor were 0.20 mg L-1 (4-ADNT), 0.15 mg L-1 (2-ADNT), 

0.08 mg L-1 (1,3,5-TNB), and 0.05 mg L-1 (2,4-DNT).   Identification of compounds was 

based upon comparison of peak retention times with those for authentic standards of 

TNT, 2-ADNT, 4-ADNT, and 2,4-DNT.  The concentration of each compound in the 

aqueous phase of the parent sample was determined by the external calibration method, 

which included the concentration factor associated with the SPE method.  The SPE-

HPLC method was quantitative at sample concentrations 30-fold smaller than the 

absolute limit of HPLC detection for each TNT transformation product. 

 
TNT and metabolite analysis of fresh biomass tissue 

The amounts of TNT and its transformation products retained within the biomass tissue 

were also determined by HPLC.  Microplantlet tissue samples were frozen in liquid 

nitrogen, ground into a coarse powder in a mortar and pestle, weighed, and then extracted 

in acetonitrile (5 mL per g FW) at 22 ºC in the dark under continuous stirring for 48 

hours.  The acetonitrile extract (2 mL) was passed through a Superclean LC-18 6cc 

cartridge tube (Supelco), which retained TNT and its transformation products on the 

packing, but let the photosynthetic pigments pass through the packing.  TNT and its 

transformation products retained on the cartridge were eluted with 2 mL acetonitrile, and 

the recovered extract was blown down to a final volume of 2 mL under flowing N2 gas at 

room temperature.  The concentrated extract was syringe filtered (0.22 μm) and analyzed 

by HPLC by the methods described above. 

 
TNT uptake analysis 

The kinetics of TNT uptake by the microplantlet tissues is described by a first-order 

process.  The material balance for TNT in the well-mixed liquid suspension at constant 

biomass density is   

TNTFWTNT CXk
dt

dCTNT
⋅⋅−=        (1) 
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where CTNT is the concentration of dissolved TNT (mg L-1) in the seawater,  t is exposure 

time (hours), XFW is the biomass density (g  FW L-1) and kTNT is the first-order rate 

constant for TNT uptake (L g-1 FW hr-1).  Integration of Equation 1 gives  

tFWXTNTk
oTNTTNT eCtC ⋅⋅−⋅= ,)(         (2) 

where CTNT,o is the initial concentration in the liquid medium (mg L-1).  Values for kTNT 

were estimated from the least-squares slope of ln CTNT vs. exposure time (t) data.  The 

specific rate of TNT uptake by microplantlets was defined as 

FW

oTNTTNT
TNT X

Ck
R ,⋅

=         (3) 

 
Material balance 

The total fraction of the initial TNT added to the experiment that was recovered as 

products in the aqueous phase was defined as 

oTNT

i
iP

aqTNT C

C
Y

,

,

,

∑
=          (4) 

where CTNT,o is the initial molar concentration of TNT in the aqueous medium, CP,i is the 

molar concentration of a given TNT transformation product in the aqueous phase. The 

total fraction of the initial TNT added to the experiment that was recovered as products 

and residual TNT within the biomass was defined as  
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      (5) 

where C /P,i is the molar concentration of a given TNT transformation product within the 

biomass (mmol g-1 FW), and C /TNT,i is the molar concentration of residual TNT within the 

biomass (mmol g-1 FW). 
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Specific oxygen evolution rate measurements 

Measurements of the net photosynthetic oxygen evolution rate (OER) under illumination 

conditions and respiration rate under dark conditions were carried out using the D.O. cell 

apparatus and procedures described by Huang et al. (1998).  At selected times during the 

batch TNT uptake experiment, microplantlets and the seawater medium were removed 

from a given bubbler flask.  The biomass was filtered and weighed, then loaded into the 

D.O. cell along with 65 mL of the seawater medium from the experiment.  This 

suspension was then assayed for OER.  All OER measurements were conducted at 23 ºC 

and incident intensity of 220 μE m-2 sec-1.  At the end of a series of OER measurements, 

the dry cell mass of the tissue (DW) was determined. 

 
Results 

TNT uptake by Portieria hornemannii microplantlets 

Batch TNT uptake and metabolism experiments were conducted by exposing Portieria 

hornemannii microplantlets to seawater medium containing initial TNT concentrations of 

1.03, 9.69, and 47.6 mg L-1 within illuminated bubbler flasks.  The aqueous phase TNT 

concentration vs. time profile at each initial TNT concentration is presented in Figures 

1a, 2a, and 3a.   The experiments shown in Figures 1 to 3 were conducted at an incident 

light intensity of 153 μE m-2 sec-1, photoperiod of 14 hr light / 10 hr dark, and biomass 

density of 1.16 g FW L-1. Values for TNT concentration at each time point were the mean 

value from triplicate flask experiments, and error bars represent one standard deviation 

from the mean.  In all experiments, the concentration of TNT in the seawater medium 

decreased exponentially with time.  At an initial TNT concentration of 1.03 mg L-1, the 

removal of dissolved TNT from the seawater medium was 100% after 72 hr, whereas at 

an initial TNT concentration of 9.69 mg L-1, the removal of TNT was 100% after 120 hr.  

However, at a higher initial TNT concentration of 47.6 mg L-1, the TNT removal was 

only 44% after 120 hr.  In the control experiments, the dissolved TNT consumption after 

120 hr ranged from 20% at an initial TNT concentration of 10 mg L-1 to 31% at an initial 

TNT concentration of 50 mg L-1. 
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First-order rate constants for TNT uptake by the P. hornemannii microplantlets are 

presented in Table 1.  Microplantlets exposed to seawater medium containing initial TNT 

concentrations below 10 mg L-1 had similar specific rates of TNT uptake, with kTNT = 

0.035 ± 0.003 L g-1 FW hr-1 and k = 0.036 ± 0.003 L g-1 FW hr-1 at initial TNT 

concentrations of 1.03 and 9.69 mg L-1 respectively.  A much lower specific rate of TNT 

uptake was observed for microplantlets exposed to an initial TNT concentration of 47.6 

mg L-1, with kTNT = 0.0082 ± 0.0010  

L g-1 FW hr-1 during the first 48 hr of the experiment and kTNT = 0.0024 ± 0.0003 L g-1 

FW hr-1 from 48 to 120 hr of the experiment. 

 
TNT transformation products in the liquid culture medium 

The TNT transformation products 2-amino-4,6-dinitrotoluene (2-ADNT), 4-amino-2,6-

dinitrotoluene (4-ADNT), and 2,4-dinitrotoluene (2,4-DNT) were detected in the aqueous 

phase of all batch TNT uptake and metabolism experiments.  TNT transformation 

product concentration vs. time profiles for experiments conducted at initial TNT 

concentrations of 1.03, 9.69, and 47.6 mg L-1 are presented in Figures 1b, 2b, and 3b 

respectively.  The increase in aqueous phase 2-ADNT and 4-ADNT concentration with 

time was commensurate with the decrease in aqueous phase TNT concentration with time 

during the first 48 hr of the experiment.  After 48 hr, the product concentrations in the 

aqueous phase leveled off.  The concentration of 4-ADNT was higher than the 

concentration of 2-ADNT, and 2,4-DNT appeared only in trace amounts.  The amounts of 

ADNT products in the aqueous phase did not account for a significant fraction of the total 

TNT consumption.  The highest fraction of the initial TNT recovered as products in the 

aqueous phase was 29% for the experiment conducted at an initial TNT concentration of 

9.69 mg L-1.  In comparison, 20% was recovered at an initial TNT concentration of 1.03 

mg L-1 and only 12% was recovered at an initial TNT concentration of 47.6 mg L-1. 

 
TNT transformation products isolated from plant tissue extracts 

Only trace amounts of 4-ADNT and 2-ADNT were found in the acetonitrile extracts of 

the biomass following exposure of P. hornemannii microplantlets to seawater medium 
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containing initial TNT concentrations of 1.03, 9.69, and 47.6 mg L-1, as shown in Figures 

1c, 2c, and 3c respectively.  ADNT products within the biomass generally increased 

during the first 48 hr of the experiment, and then leveled off or decreased from 48 to 120 

hr.  Residual TNT concentrations within the biomass increased from 0.001 to 0.004 mg g-

1 FW as the initial TNT concentration was increased from 1.03 mg L-1 to 9.69 mg L-1.  At 

an initial TNT concentration of 47.6 mg L-1, the residual TNT in the biomass increased 

significantly, peaking at 0.27 mg g-1 FW.  However, the total TNT and ADNT 

concentrations within the biomass after 120 hr still accounted for less than 1% of the 

TNT initially added to the experiment. 

 
TNT uptake and transformation under dark conditions 

A batch TNT uptake and metabolism experiment was conducted under dark conditions.  

P. hornemannii microplantlets were exposed to seawater medium containing at an initial 

TNT concentration of 10.2 mg L-1 within bubbler flasks wrapped in aluminum foil to 

exclude light.  The aqueous phase TNT concentration vs. time profile is presented Figure 

4a, and TNT transformation product concentration vs. time profiles in the aqueous phase 

and within the biomass are presented in Figures 4b and 4c respectively.  The removal of 

dissolved TNT from the seawater medium was 97% after 120 hr.  The first-order rate 

constant for TNT uptake from the dark experiment was 0.026 ± 0.001 g-1 FW hr-1 versus 

a higher rate constant of 0.036 ± 0.003 L g-1 FW hr-1 from the illuminated experiment at 

the same initial TNT concentration.  In the aqueous phase, the concentration of both 2-

ADNT and 4-ADNT peaked around 0.4 mg L-1 for the dark experiment, which was lower 

than the peak 2-ANDT and 4-ADNT concentrations of 0.90 to 1.3 mg L-1 respectively in 

the illuminated experiment (cf. Figure 2).  The ADNT products in the aqueous phase 

never accounted for more than 10% of the TNT initially added to the experiment.  In the 

biomass, residual TNT and ADNT products only accounted for less than 0.3% of the 

initial TNT. 
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Effects of TNT uptake on microplantlet oxygen evolution rate 

The toxicity of TNT dissolved in seawater on P. hornemannii microplantlets was 

characterized by net photosynthetic oxygen evolution rate measurements.  Specific 

oxygen evolution and respiration rates before and after the microplantlets were exposed 

to seawater medium containing dissolved TNT  at initial concentrations of 1.11 mg L-1 

and 10.2 mg L-1 are presented in Figures 5a and 5b respectively.  The batch TNT uptake 

and metabolism experiments that generated these microplantlet samples were conducted 

at an incident light intensity of 153 μE m-2 sec-1 and photoperiod of 14 hr light / 10 hr 

dark.  At an initial TNT concentration of 1.11 mg L-1, TNT removal from the seawater 

medium was 100% after an exposure time of 70 hr, whereas at an initial TNT 

concentration of 10.2 mg L-1, TNT removal was 100% after 120 hr.  For the experiment 

conducted at an initial TNT concentration of 1.11 mg L-1, the specific OER of the P. 

hornemannii microplantlets did not change following 100% TNT removal from the 

seawater medium.  However, for the experiment conducted at an initial TNT 

concentration of 10.2 mg L-1, the specific OER moved toward zero, meaning that no net 

photosynthesis was occurring.  However, in all experiments the specific respiration rate 

of the microplantlets was not significantly affected by the presence of TNT dissolved in 

seawater. 

 
Photodegradation products of TNT 

Illuminated control experiments containing seawater medium were conducted in parallel 

with the batch TNT uptake and metabolism experiments at the same environmental 

conditions.  The dissolved TNT concentration vs. time profile decreased slowly with time 

by a first-order process (Figures 1a, 2a, 3a). The apparent first-order rate constants ( k/ ) 

were 0.0022 ± 0.0004 hr-1 and 0.0028 ± 0.0004 hr-1 at initial TNT concentrations of 9.98 

and 50.3 mg L-1respectively (Figures 2a, 3a).  In comparison, the dissolved TNT 

concentration vs. time profile for the control experiment conducted under dark conditions 

at an initial TNT concentration of 10.1 mg L-1 did not statistically decrease after 120 hr 

(Figure 4a).  The apparent rate constants for TNT degradation in the illuminated control 

experiments were at least a factor of 10 smaller than those for TNT uptake by the P. 
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hornemannii microplantlets (cf. Table 1).  Abiotic products of TNT transformation found 

in the aqueous phase of the illuminated control experiments were 2-ADNT, 4-ADNT, 

2,4-DNT, and 1,3,5-TNB.  For example, after a 120 hr exposure time in the control 

experiment, as the initial TNT concentration increased from 1.14 to 10 mg L-1, the 

aqueous 2-ADNT concentration increased from 0.028 to 0.11 mg L-1, the 4-ADNT 

concentration increased from 0.022 to 0.043 mg L-1, and the 2,4-DNT concentration 

increased from 0.004 to 0.032 mg L-1.  However, aqueous concentrations of 2-ADNT and 

4-ADNT in the control experiments were much lower than those found in the TNT 

uptake and metabolism experiments with P. hornemannii microplantlets.  At the highest 

initial TNT concentration of 50 mg L-1, significant amounts of 1,3,5-TNB were formed 

(see Figure 3a), which accounted for 6% of the initial TNT.  However, since the total 

TNT degradation in the control experiments ranged from 20 to 31% of the initial TNT 

after a 120 hr, TNT was also being degraded to other products not identified by this 

study. 

 
Discussion 

The overall goal of this study was to characterize the uptake and transformation of TNT 

dissolved in seawater by axenic microplantlets of the marine red macroalga Portieria 

hornemannii.  P. hornemannii microplantlets in suspended in seawater amended with 

TNT consumed 100% of the TNT initially dissolved in the seawater, provided the initial 

TNT concentration was less than 10 mg L-1 and the plantlet density was at least 1.2 g FW 

L-1 (Figures 1-4).  Two TNT reduction products, 2-ADNT and 4-ADNT, were identified 

in the aqueous phase and within the cell biomass, but never accounted for more than 30% 

of the initial TNT.  Pathways for the TNT transformation by P. hornemannii 

microplantlets in seawater are proposed in Figure 6. 

 
TNT uptake by P. hornemannii microplantlets was a first-order process, similar to that 

observed in vascular plants (Pavlostathis, et al. 1998, Lucero, et al. 1999, Medina, et al. 

2000) and cyanobacteria (Pavlostathis, et al. 1999).  At initial TNT concentrations at or 

below 10 mg L-1, first order rate constants for TNT uptake by P. hornemannii 
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microplantlets were around 0.035 L g-1 FW hr-1, a factor of at least five times higher than 

the range of rate constants for TNT uptake by vascular plants.  For example, aquatic 

plants in genus Myriophyllum had rate constants ranging from only 0.0002 to 0.0062 L g-

1 FW hr-1 (Pavlostathis, et al. 1998, Medina, et al. 2000), whereas cell suspension cultures 

of Datura innoxia had a rate constant of only 0.0020 L g-1 FW hr-1 (Lucero, et al. 1999).  

In contrast, first-order rate constants for TNT uptake by the cyanobacterium Anabaena 

sp. (Pavlostathis, et al. 1999) were significantly higher than those for P. hornemannii 

microplantlets.  The specific rate of TNT uptake by P. hornemannii microplantlets may 

be determined in part by transport processes, which involve convective mass transfer of 

TNT from the bulk aqueous phase to the plantlet surface, active or passive transport of 

TNT across the cell wall, and then diffusion of intracellular TNT to active sites of TNT 

biotransformation within the cell.  P. hornemannii microplantlets are nonvascular, but the 

shoot tissues are in general are less than 1 mm in diameter (Barahona and Rorrer, 2003), 

and therefore the surface area available for TNT transport per unit mass of tissue is 

relatively large.  Hence, mass transport processes could explain in part why some large 

vascular plants have slow rates of TNT uptake relative to P. hornemannii microplantlets. 

 
When the initial concentration of TNT dissolved in seawater was increased from 10 to 50 

mg L-1, the first-order rate constant for TNT uptake by P. hornemannii microplantlets 

decreased dramatically (cf. Table 1), and TNT consumption by the microplantlets ceased 

after 48 hours, as evidenced by the leveling off of the dissolved TNT concentration vs. 

time profile (Figure 3a).  A similar decrease in rate constant with increasing TNT 

concentration was observed with aquatic plants in the genus Myriophyllum (Pavlostathis, 

et al. 1998, Medina, et al. 2000), and a leveling off of the dissolved TNT concentration 

vs. time profile was also observed at initial TNT concentrations of greater than 80 mg L-1 

during TNT transformation by C. roseus root cultures (Bhadra, et al. 1999a).  The 

decrease in TNT uptake rate appears due to the inhibition or damage of cell metabolic 

processes by the TNT transformation process itself.   At initial concentrations of 10 mg L-

1, TNT inhibits photosynthetic activity of P. hornemannii microplantlets (Figure 5) 

suggesting a strong toxic response at higher concentrations of TNT.  Another possibility 
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for the rate decrease is the deactivation of enzymes for TNT transformation.  In a 

previous study, Riefler and Smets (2002) showed that nitroreductase was deactivated 

during TNT transformation to 2-hydroxylamino-4,6-dinitrotoluene and 4-hydroxylamino-

2,6-dinitrotoluene.  From these results it appears the toxicity of TNT directly affects the 

capability of microplantlets to transform TNT. 

 
The material balance for TNT transformation by P. hornemannii microplantlets did not 

close, with extracted metabolites not accounting for the total initial TNT addition.  

Although 100% consumption of TNT was observed, the total amounts of TNT 

transformation products detected by this study, 2-ADNT, 4-ANDT, and 2,4-DNT, never 

represented more than 30% of the initial TNT, a result consistent with previous studies 

for vascular plants (Burken, et al. 2000).  The formation of the ADNTs indicated that 

TNT reduction was potentially catalyzed by a nitroreductase enzyme, an enzymatic 

mechanism that has not been previously reported in marine plants.  The low levels of 

TNT found within the biomass confirmed that TNT was not simply adsorbed onto the 

tissue surface or absorbed into the biomass.  Instead, the TNT was rapidly converted to 

products within the biomass, indicating that that TNT transport into the biomass was the 

rate limiting step for TNT transformation.  TNT transformation products were found in 

both the liquid phase and within the biomass.  Although trace concentrations of ADNTs 

in seawater were detected in the illuminated control experiments, ADNTs isolated in the 

uptake experiments with microplantlets was the result of an enzymatic reduction of TNT.  

This conclusion was supported by the results observed during non-illuminated uptake 

experiments that demonstrated P. hornemannii microplantlets take up TNT in the dark 

and produce ADNTs (Figure 4).  Although all TNT was not completely accounted for, 

the isolation and identification of ADNT reduction products in both the liquid medium 

and the biomass indicated microplantlets actively transformed TNT taken up into the 

plant tissue.  

 
With ADNTs only able to account for less than 30% of the initial TNT consumed, 

additional metabolic pathways must then account for the remaining TNT consumed 
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(Figure 6).  One possibility is the conjugation of ADNTs with intracellular sugars via N-

glycosyl transferase.  The mechanism involves formation of N-glucoside conjugates via 

glycosylation of the amine group on each ADNT, similar to mechanisms described for 

herbicide detoxification (Lamoureux, et al. 1991, Kreuz, et al. 1996) and dichloroaniline 

pesticide conjugation (Bockers, et al. 1994) in land plants.  Conjugation of TNT 

metabolites has been previously reported in C. roseus root cultures (Bhadra, et al. 1999a).  

With conjugation enzymes confirmed by Pflugmacher and Sandermann (1999) in marine 

macroalgae, the conjugation of TNT metabolites is a legitimate consideration with P. 

hornemannii microplantlets.  Furthermore, following conjugation, the ADNT-

glycoconjugates are in a form to become bound residues within the cell wall as proposed 

in previous studies with vascular plants (Vanderford, et al. 1997, Larson, et al. 1999, 

Bhadra, et al. 1999a).  Alternatively, ADNT-glycoconjugates would also be susceptible 

to transport and then storage within cell vacuoles as has been observed in herbicide 

detoxification mechanism (Klein, et al. 1996). 

 
Under illuminated conditions, abiotic photodegradation of TNT dissolved in seawater to 

1,3,5-trinitrobenzene (TNB) was significant at a high initial TNT concentration of 50 mg 

L-1 (Figure  3a).  Although TNB was the most significant product detected in the control 

experiments, it did not account for the total fraction of TNT degraded.   In previous work, 

TNB was also the major oxidation product obtained from the direct photolysis of aqueous 

TNT (Schmelling and Gray, 1995).  Abiotic reduction of TNT to ADNTs is also known 

to occur(Esteve-Nuñez, et al. 2001), and this may explain why minor amounts of ADNTs 

(less than 0.1 mg L-1) were found in the aqueous phase of the illuminated control 

experiments. 

 
TNT uptake inhibited the photosynthesis of P. hornemannii microplantlets.  In contrast, 

TNT did not appear to directly affect respiration (Figure 5).  Inhibition of photosynthesis 

was dependent on the initial TNT concentration amended to the seawater medium (cf. 

Figure 5a and 5b).  Previous studies have observed toxic effects of TNT on cell growth, 

reproduction rates, and by qualitative indicators of pigment loss and chlorosis (Smock, et 
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al. 1976, Won, et al. 1976, Pavlostathis, et al. 1998, Lucero, et al. 1999, French, et al. 

1999, Hannik, et al. 2001, Best, et al. 1999).   However, precedence for inhibition of 

photosynthesis by TNT in higher plants is not well established, with only a single study 

demonstrating that inhibition of photosynthesis in the green microalga Dictyosphaerum 

chlorelloides to decrease exponentially with an increase in TNT concentration (Garcia-

Villada, et al. 2002).  We speculate that the inhibition of photosynthesis by P. 

hornemannii microplantlets during TNT uptake occurs by a mechanism similar to 

nitroaromatic herbicide mode of action on the photosynthetic apparatus of higher plants.  

With these mechanisms, the nitro groups disrupt electron transport in photosystem I, 

photosystem II and form nitroxide radicals that damage chlorophyll (Van Assche and 

Carles, 1982, Fedtke, 1982, Dodge, 1989).  Nevertheless, more extensive studies on the 

effects of TNT to the photosynthetic apparatus are required to determine the specific 

modes of action and were beyond the scope of this study. 

 
In conclusion, our results demonstrate that the non-vascular macrophytic marine red alga 

Portieria hornemannii takes up and transforms TNT by pathways similar to those 

observed in vascular land and aquatic plants.   Before this study, the potential of using 

marine macroalgae to metabolize TNT was unknown.  It is likely that other marine 

macroalgae may effectively remove TNT dissolved in seawater.  Therefore, the 

bioremediation of TNT-contaminated seawater using marine macroalgae merits 

continued investigation. 
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Table 2.1.  Summary of kinetic parameters for TNT uptake by P.hornemannii 

Table 2.1.   Summary of Kinetic Parameters for TNT Uptake by P. hornemannii 

Initial TNT 
Concentration  

(mg L-1) a,b 

Illumination 
Conditions 
(light/dark) 

TNT 
Removal 

(%) c 

Apparent Rate 
Constant, k/  

(hr-1) d 

Specific Rate  
Constant, kTNT  

 (L g-1 FW hr-1) d 

TNT Uptake Rate, RTNT  
(μmol TNT g-1 FW hr-1) 

 
1.03 ± 0.08 

 
light 

 
100 

 
0.041 ± 0.003 
(r2 = 0.817) 

 
0.035 ± 0.003 

 

 
0.157 ± 0.01 

9.69 ± 0.44 light 100 0.042 ± 0.003 
(r2 = 0.911) 

0.036 ± 0.003 
 

1.54 ± 0.11 

10.2 ± 0.4 dark 97 0.029 ± 0.001 
(r2 = 0.967) 

0.026 ± 0.001 
 

1.17 ± 0.05 

47.6 ± 2.2 light 44 e 0.0082±0.0010 e 
(r2 = 0.884) 

0.007 ± 0.001 e 
 

1.48 ± 0.15 e 

a  Mean ± s.d. (n=3) 
b  Biomass density 1.13-1.17 g FW L-1 
c  After 120 hr exposure time 
d  Mean ± s.e. (95% confidence) 
e  Data from 0-48 hr 
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Figure 2.1.  Time course of TNT uptake and TNT transformation product formation for 
P. hornemannii microplantlets in seawater medium containing dissolved TNT at an initial 
concentration of 1.03 ± 0.08 mg L-1 under illumination conditions.  (a) Dissolved TNT 
concentration, with control; (b) 2-ADNT, 4-ADNT, 2,4-DNT concentration in aqueous 
phase (symbols), and aqueous product recovery by equation 4 (bars); (c) TNT, 2-ADNT, 
4-ADNT, 2,4-DNT concentration within biomass (symbols), and biomass product 
recovery by equation 5 (bars).  
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Figure 2.2.  Time course of TNT uptake and TNT transformation product formation for 
P. hornemannii microplantlets in seawater medium containing dissolved TNT at an initial 
concentration of 9.69 ± 0.44 mg L-1 under illumination conditions.  (a) Dissolved TNT 
concentration; (b) 2-ADNT, 4-ADNT, 2,4-DNT concentration in aqueous phase 
(symbols), and aqueous product recovery by equation 4 (bars); (c) TNT, 2-ADNT, 4-
ADNT, 2,4-DNT concentration within biomass (symbols), and biomass product recovery 
by equation 5 (bars).  
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Figure 2.3.  Time course of TNT uptake and TNT transformation product formation for 
P. hornemannii microplantlets in seawater medium containing dissolved TNT at an initial 
concentration of 47.6 ± 2.2 mg L-1 under illumination conditions.  (a) Dissolved TNT 
concentration; (b) 2-ADNT, 4-ADNT, 2,4-DNT concentration in aqueous phase 
(symbols), and aqueous product recovery by equation 4 (bars); (c) TNT, 2-ADNT, 4-
ADNT, 2,4-DNT concentration within biomass (symbols), and biomass product recovery 
by equation 5 (bars).  
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Figure 2.4.  Time course of TNT uptake and TNT transformation product formation for 
P. hornemannii microplantlets in seawater medium containing dissolved TNT at an initial 
concentration of 10.2 ± 0.4 mg L-1 under dark conditions.  (a) Dissolved TNT 
concentration; (b) 2-ADNT, 4-ADNT, 2,4-DNT concentration in aqueous phase 
(symbols), and aqueous product recovery by equation 4 (bars); (c) TNT, 2-ADNT, 4-
ADNT, 2,4-DNT concentration within biomass (symbols), and biomass product recovery 
by equation 5 (bars).  
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Figure 2.5.  Time course net specific oxygen evolution rate (as net photosynthesis) and 
respiration rate during TNT uptake by of P. hornemannii microplantlets.  (a) Initial TNT 
concentration of 1.11 mg L-1 in seawater medium; (b) initial concentration of 10.2 mg L-1 
in seawater.



36 
 

 

 

CH3

NO2

NO2

O2N

CH3

NO2

NH2

O2N

CH3

NH2

NO2

O2N

AQUEOUS PHASEAQUEOUS PHASE

SEQUESTRATION
BOUND RESIDUES
SEQUESTRATION
BOUND RESIDUES

TNT

4-ADNT 2-ADNT

ALGAL CELLALGAL CELL

CH3

NO2

NO2

NO2

NO2

O2N

CH3

NO2

NH2

O2N

CH3

NH2

NO2

O2N

4-ADNT 2-ADNT

2,4-DNT 1,3,5-TNB

N-Glycosylated
Conjugates

N-Glycosylated
Conjugates

(?)

nitroreductase

 
 
 
Figure 2.6.  Proposed pathways for uptake and transformation of TNT dissolved in 
seawater by microplantlet suspension cultures of the marine red macroalga P. 
hornemannii, including abiotic reactions in seawater and biological processes within the 
cell.  Dashed-line arrows indicate possible biotic transformation, conjugation, and 
sequestration steps within the cell, whereas dotted line arrows indicate possible abiotic 
reduction and oxidation steps in the aqueous phase. 
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Chapter 3 

Distribution of 14C-TNT during Uptake and Transformation by the 
Marine Red Macroalga Portieria hornemannii 
 

Octavio T. Cruz-Uribe, Jennifer M. Duringer, A. Morrie Craig, Alena Paulenova, 

Gregory L. Rorrer 
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Introduction 

Remediation of TNT with plants implements the concepts of the ‘green liver’ model for 

detoxification of a xenobiotic compound by a three phase process of transformation 

(phase I), conjugation (phase II), and sequestration (phase III) (Sandermann, 1994, 

Coleman, et al. 1997).  Although phase I transformation of TNT has been well 

established in terrestrial and aquatic higher plants (Hannik, et al. 2002), only recently 

have marine plants (macroalgae) been demonstrated to similarly transform TNT (Cruz-

Uribe, et al. 2007).  Detoxification however, also requires conjugation of transformed 

products to sugars or amino acids and then sequestration into an intermediary storage 

pool as a cell vacuole or incorporation into the cellular matrix as a bound residue 

(Schröder and Collins, 2002).  While the formation of TNT conjugates and bound 

residues have been reported in terrestrial and aquatic plant systems (Adamia, et al. 2006, 

Subramanian, et al. 2006, Best, et al. 1999b, Bhadra, et al. 1999a, Sens, et al. 1999), only 

a small amount of excreted secondary metabolites has been reported on the fate TNT 

after uptake by marine macroalgae (Cruz-Uribe and Rorrer, 2006).   

 
There are only a limited number of studies to date that document the detoxification of 

organic xenobiotic compounds by marine macroalgae.  Activity of enzymes for 

conjugation of xenobiotics have been verified in marine macroalgae (Pflugmacher, et al. 

1999, 2000), however the fate of an organic xenobiotic after the initial phase I 

transformation by a marine macroalgae has not been reported.  As TNT represents a well 

established xenobiotic, the study on the fate of TNT after phase I transformation by 

macroalgae would fill a gap in knowledge on the capability of marine plants to conjugate 

and more importantly sequester xenobiotic compounds from a marine environment. 

 
Beyond the attributes of marine macroalgae for remediation, trends in xenobiotic 

detoxification within a non-vascular plant provide a strong point of comparison to that 

observed with vascular plant systems.  Transport of TNT into and within higher plants 

occurs through the roots and xylem of the vascular system, with additional direct 

diffusion into submerged plant tissue occurring for aquatic species (Burken, et al. 2000).  
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The incorporation of TNT by phase II and III processes has been reported to occur 

differently in the separate plant anatomical structures (Adamia, et al. 2006).  This 

indicates detoxification can be dependent on transport and distribution to specific parts of 

the plant.  In contrast, marine macroalgae do not have a vascular system, with direct 

transport of TNT and metabolites occurring directly between the aqueous phase and the 

plant tissue.  Essentially, macroalgae are a biotransformation platform that is still a 

photosynthetic multicellular plant without the limitation of a vascular system for 

transport.  Therefore the fate of TNT taken up by macroalga provides a strong baseline to 

distinguish between beneficial traits of vascular and non-vascular system in the 

detoxification of xenobiotics.  

 
In this study, we report that axenic microplantlets of the marine red macroalga Portieria 

hornemannii primarily release transformation products of TNT back into the surrounding 

environment and do not form a significant amount of bound TNT residues.  A balance on 
14C-activity was used to determine the allocation of TNT transformation products 

between aqueous, biomass, and gas phases.  Overall, the goal of this study was to 

determine the distribution of transformation products after the uptake of TNT by a marine 

macroalga.  In turn the extent in which products were incorporated and bound within the 

plant tissue was evaluated in comparison to vascular plants.  

 
Materials and Methods 

Materials 

Solid reagent grade 2,4,6-trinitrotoluene, was purchased from Chem Service, Inc. (West 

Chester, PA).  Sterile TNT seawater stock solutions at a concentration of 50 mg L-1 were 

prepared as described by Cruz-Uribe and Rorrer (2006).  [Ring-U-14C]-TNT (sp. activity 

8 mCi/mmol; purity of ≥ 98%) was purchased from American Radiolabeled Chemicals 

(St. Louis, MO).  The commercial carbohydrate degrading enzymes Viscozyme L (multi-

enzyme complex of carbohydrases) and AMG 300L (an exo-1,4-α-D-glucosidase) were 

gifted from Dr. Penner (Dept. Food Science, Oregon State University).  Liquid 
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scintillation (LS) cocktails were purchased from Perkin Elmer (Waltham, MA).  All other 

chemicals were analytical grade and purchased from Sigma-Aldrich (Milwaukee, WI). 

 
Microplantlet cultures 

Axenic microplantlet cultures of the tropical marine red alga Portieria hornemannii were 

established and maintained by techniques previously described by Barahona and Rorrer 

(2003).  Microplantlets were maintained in autoclaved natural seawater (Hatfield Marine 

Science Center, Newport, OR) containing an enriched seawater supplement (ESS) with a 

final composition as listed by Barahona and Rorrer (2003).  Cultivation conditions were 

kept as described in Cruz-Uribe, et al. (2007). 

 
14C-TNT uptake experiments 

The uptake of unlabeled TNT and 14C-TNT were carried out in a series of 300 ml bubbler 

flask reactors at an ambient temperature of 22.1 °C on an illuminated platform.  Each 

bubbler flask was inoculated with sterile seawater medium (pH 8.3) and 23 day old 

microplantlets for a final biomass density of 3.0 g FW L-1.  Sterile-filtered (0.22 µm) air 

from an air pump was delivered to each flask through a 6 mm glass tube at 242 ml min-1 

to provide aeration and mixing of liquid medium.  A single cool-white, vertical 7W 

fluorescent lamp provided 54 µE m-2 s-1 of incident light intensity to each flask, during a 

14h light/10h dark photoperiod.  Air exiting each flask was routed through an ORBO 44 

polymer resin cartridge to capture volatile organic carbons (VOCs) and then a 200 ml 1.0 

M KOH trap to collect CO2. 

 
To initiate the experiment, a TNT seawater stock spiked with 14C-TNT was added to each 

flask to obtain a final medium volume of 200 ml with an initial TNT concentration of 9 

mg L-1 and an activity of 18,700 dpm ml-1 (1.7 µCi total per flask).  Triplicate flasks with 

a common biomass inoculum and duplicate control flasks without biomass were run in 

parallel at the same TNT concentration and 14C activity.  A 2.0 ml sample aliquot was 

removed from each flask after an initial 8 h period and then at 24 h intervals for analysis 

of TNT concentration and 14C activity.  The sample was divided into two 1.0 ml aliquots, 
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with the first aliquot diluted to a 50:50 v/v with acetonitrile and stored at 4 °C for TNT 

analysis and the second used to measure 14C activity. 

 
At the end of the experimental run (144 h), the contents of each bubbler flask were 

filtered on a 0.2 µm cellulose nitrate (CN) filter membrane to collect the biomass and 

solid particulates freely suspended in the medium.  The biomass was removed from the 

filter, weighed, and stored at 4 °C.  The filter membrane with remaining solid particulates 

was dissolved in 20 ml of Filter-Count LS cocktail to measure 14C activity.  Empty 

bubbler flasks were rinsed twice with 20 ml of methanol to remove 14C-labeled 

compounds adsorbed to the reactor surface.  Polymer resin from VOC cartridge traps 

were extracted with 5 ml MeOH for 24 h to determine the amount of 14C activity in 

captured VOCs.  The KOH solution from traps was directly sampled to measure 14CO2 

activity. 

 
Biomass extraction 

Biomass was extracted by a three-step process to release trapped 14C activity from the 

tissue in three distinct stages.  In the first stage, biomass tissue was frozen with liquid 

nitrogen, ground into coarse powder in a mortar and pestle, and then extracted with 5 ml 

of MeOH for 24 h to extract organic soluble metabolites from the tissue.  The MeOH 

extraction of the biomass was repeated twice more for a total of three solvent extractions.  

The second stage comprised of a hot water extraction to solubilize large polysaccharides 

that are a dominant constituent of the cell wall in red macroalga (Jhurry, et al. 2006).  

Biomass solids were suspended in 15 ml DI H2O, heated to 98 °C, and mixed for 60 min.  

The hot water extraction was repeated once more for a total of two hot water extractions.  

For the third stage, the biomass residue was enzymatically hydrolyzed with Viscozyme L 

and AMG 300L to produce water soluble extracts of remaining cellular structure as 

described by Heo, et al. (2005).  The remaining solids were suspended in 15 ml 0.1N 

acetate buffer (pH 4.4) with 100 µl and 60 µl of Viscozyme and AMG added, 

respectively.  The enzyme mixture was heated to 50 °C and mixed for 48 h, whereupon 
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the suspension was then clarified by centrifugation at 3000 x g for 10 minutes and the 

supernatant liquid was collected to measure 14C activity. 

 
Analysis of TNT and 14C radioactivity 

The concentration of TNT in liquid medium samples was determined by high-pressure 

liquid chromatography (HPLC).  Liquid samples were assayed for TNT concentration by 

HPLC on a reverse phase Phenomenex Luna C18 analytical column (4.6 x 250 mm, 100 

Å, 5 µm), under the following conditions: isocratic elution at 1.0 ml min-1 with 70:30 v/v 

acetonitrile:water, UV detection at 230 nm, column temperature of 22 °C, and 20 µl 

sample injection volume.  In addition to TNT analysis, the distribution of 14C activity in 

TNT and transformation products for final liquid samples taken was determined by 

collecting fractions of the HPLC eluent during the HPLC run.  Fractions were collected 

from elution times of 1-4, 4–6.8, and 6.8–10 min and then measured for radioactivity. 

 
The 14C radioactivity for all samples was detected and quantified with a Beckman 

LS6500 scintillation counter.  Liquid medium samples of 1.0 ml were mixed with 5 ml of 

Ultima Gold LLT LS cocktail in disposable scintillation vials.  For all other extract and 

rinse solutions, a 1.0 ml sample aliquot was taken from each and mixed with 15 ml of 

Ultima Gold LS cocktail.  Counting times were 3 min for liquid samples and 5 min for all 

other extraction samples.  

 
Results 

The concentration profiles of TNT and 14C activity in the liquid medium versus time for 

reactor flasks with microplantlets are presented in Figure 1.  Values were also included 

for control flasks run under the same conditions without biomass inoculum.  Results were 

reported as an average of the triplicate reactor flasks, with 14C activity normalized to the 

average total initial activity.  The complete uptake of TNT (Figure 1a) from the liquid 

medium was observed after 72 h had elapsed, whereas TNT in control flasks only 

decreased 22% after 144 h.  A linear decrease to 57% of initial values in 14C activity 

(Figure 1b) in the liquid medium was observed in the first 48 h, whereupon activity levels 

in the liquid remained constant for the remaining duration of the experimental run.  The 
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activity in the liquid medium of control flasks remained steady and did not significantly 

change for the entire 144 h duration. 

 
A balance on 14C activity in the aqueous and biomass phases of reactor flasks after a 144 

h exposure period is reported in Table 1.  The activities for 14C adsorbed to the reactor 

surface and in gas traps were also included in Table 1.  Results were reported from an 

average of counts from triplicate flasks and were normalized to both the specific phase 

and the total initial activity added.  For reactor flasks with microplantlets, 14C activity 

primarily resided in the aqueous phase with 55% of all activity dissolved in the liquid 

medium and another 8% accounted for as particulate solids suspended in the medium.  In 

comparison, only 27% of total initial activity was measured in biomass extracts.  

Furthermore, over 81% of activity accounted for in the biomass was recovered in the 

MeOH extracts, whereas 14% was in hot water extracts and only 5% in enzyme treated 

extracts.  Low amounts of activity, 5% of total initial, was adsorbed to the reactor surface 

and even lower amount of less than 0.5% was detected in VOC and CO2 traps.  A 

complete balance of all phases accounted for 95% of the total initial activity added to 

flasks with micoplantlets.  The results in control experiments indicated all 14C activity 

resided in the aqueous phase, with 97% of initial activity in the liquid medium and the 

remaining activity present in suspended particulate solids. 

 
Sample chromatograms from HPLC analysis of liquid samples taken from reactor flasks 

after 144 h are presented in Figure 2.  The 14C activity collected in fractions A (1 – 4 

min), B (4 – 6.8 min), and C (6.8 -10.0 min) of HPLC eluent are reported in Table 2.  

Retention time for an authentic standard of TNT was 7.0 min, while aminodinitrotoluene 

(ADNT) standards co-eluted at 6.0 min.  In liquid samples from reactor flasks with 

microplantlets, 67% of activity in samples eluted in fraction A.  An additional 29% of 

total sample activity was recovered in fraction B and only 4% was in fraction C.  In 

contrast, 72% of sample activity for liquid samples from control flasks was recovered in 

fraction C, with 20% in fraction A and the remaining 8 % collected in fraction B.  The 

total 14C activity collected in HPLC fractions accounted for 91% and 99% of total activity 
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measured in the liquid medium of samples from reactors with microplantlets and 

controls, respectively. 

 
Discussion 

Results of this study demonstrate microplantlets of the marine macroalga P. hornemannii 

transform TNT into metabolites that are primarily released back into the liquid medium 

with only a small fraction remaining within the plant tissue as extractable products (see 

Table 1).  Once TNT uptake was complete, the fraction of activity in the liquid remained 

steady and indicated that the partitioning of products between the liquid and biomass 

appeared to be at a definitive endpoint.  The release of a significant amount of TNT 

metabolites back into the aqueous phase has been previously observed with aquatic plants 

(Hughes, et al. 1997, Best, et al. 1999a) and constitutes soluble non-conjugated 

transformation products.  While the majority of transformation products of TNT by 

microplantlets remain undetermined, the bulk of 14C activity collected during HPLC 

sample runs were in the initial void peak (Fraction (A) in Figure 2).  These products are 

potentially polar oxidation products as previously identified with aquatic plants (Bhadra, 

et al. 1999b) or ionic meisenhemier complexes reported with marine yeast (Jain, et al. 

2004).  The activity measured for Fraction (B) was representative of ADNT reduction 

metabolites reported in a previous study with P. hornemannii (Cruz-Uribe and Rorrer, 

2006). 

 
Activity of 14C extracted in the plant tissue revealed transformation products were mostly 

extractable and that only a small fraction had potentially formed a bound reside within 

the cell.  Extractable products were potentially TNT conjugates as the accumulation of 

secondary TNT metabolites in the plant tissue has not been observed in previous studies 

with P. hornemannii (Cruz-Uribe and Rorrer, 2006).  Although conjugation represented 

an important step in detoxification, the amount of activity extracted in the plant tissue 

suggests that many TNT metabolites were excreted before conjugation could possibly 

occur.  The same conjugation enzymes in higher plants of glutathione S-transferases, O-

glucosyltransferase, and N- glucosyltransferase have also all been identified in red 
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macroalgae (Pflugmacher, et al. 1999, 2000).  However, transport of metabolites from the 

plant tissue back to the aqueous phase could occur at a much higher rate for a non-

vascular marine plant than with a vascular aquatic or terrestrial plant, as uptake rates of 

TNT are 4 to 15 times higher in macroalgae than vascular plants (Cruz-Uribe, et al. 

2007).  With TNT metabolite already very soluble in a seawater medium and direct 

transport of metabolites occurring between the biomass and aqueous phases, conjugation 

reactions are quite possibly competing with the loss of metabolites to transport 

mechanisms.  The rapid uptake of TNT into the plant tissue for transformation would 

appear to be an advantage in a non-vascular in comparison to a vascular system.  

However, this also acts as double-edged sword, with the rapid release of metabolites back 

into the aqueous phase appearing to limit the capability of macroalgae to incorporate 

these metabolites permanently within the plant tissue. 

 
Typically, bound TNT residues have been reported as the dominant fate of TNT in 

vascular plants (Vila, et al. 2007, Subramanian, et al. 2006, Adamia, et al. 2006).  Further 

treatment of biomass revealed that only a small fraction (~ 5%) of TNT was converted 

into a residue bound to the cellular matrix in microplantlets.  Hot water extraction of 

microplantlets appeared to release the majority of this activity as products bound to long-

chain sulphated polysaccharides, in particular carrageenan, which has been identified as a 

major cell wall component of P. hornemannii (Craigie, 1990).  In contrast to vascular 

plants, red macroalgae predominantly stores photosynthetically fixed carbon directly in 

the cytosol as either floridean starch granules or as soluble floridoside sugar (Viola, et al. 

2001).   Conjugate residues of TNT incorporated in floridean starch would remain in the 

cytosol and extractable by hot water treatments.  Furthermore, conjugates incorporated as 

floridoside would remain free in the cytosol susceptible to solvent extraction, as 

floridoside is an important osmolyte for cellular osmotic balance (Viola, et al. 2001).  

However, floridoside has also been reported as a substrate for sulfated cell-wall 

polysaccharides ( Li, et al. 2002) and incorporation into a certain amount of carrageenan 

constituents would be expected.  The differences in carbon assimilation could be the basis 

for why macroalge does not appear to incorporate conjugated TNT forms into high-
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molecular weight residues as observed in vascular plants (Subramanian, et al. 2006, Vila, 

et al. 2007).  Nevertheless, extractable TNT transformation products within 

microplantlets appear to remain trapped in a conjugated form within the plant tissue, and 

are not released back into the surrounding environment. 

 
In closing, this study has determined that microplantlets of P. hornemannii primarily 

transformed TNT into polar and highly soluble metabolites that were released back into 

the liquid.  Products in the plant tissue were predominantly extractable, and only a small 

fraction existed as bound residues.  This study indicates that physiological differences 

between vascular and non-vascular higher plants influence the detoxification process of 

organic xenobiotics.  Transport mechanisms appear to be a primary difference between 

vascular and non-vascular systems, with the limited transport of transformation products 

a distinct advantage in vascular systems.  Consideration of marine macroalgae as a viable 

remediation platform requires the confirmation that TNT is transformed into less 

hazardous components.  Therefore these soluble metabolites and extractable products in 

the plant tissue need to be further characterized to determine potential impact upon 

release into a marine ecosystem. 
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Table 3.1.  Balance on 14C-activity in microplantlet and control reactor flasks after a 144 
h exposure period 

 

Table 3.1.  Balance on 14C-activity in microplantlet and control 
reactor flasks after a 144 h exposure period 

Phase Fraction 

14C-activity 
(% of aqueous/ 
biomass phase) 

14C-activity 
(% of total initial) 

TNT- microplantlets 
Aqueous liquid medium 87.3 ± 4.9 55.3 ± 2.8 

 suspended solids 
(filtered particles) 12.7 ± 2.0 8.1 ± 1.3 

  total aqueous 63.4 ± 1.7 

Biomass solvent extraction 81.4 ± 4.6 22.1 ± 1.2 

 hot water extraction 13.5 ± 2.1 3.7 ± 0.6 

 enzyme treatment 5.1 ± 0.5 1.4 ± 0.1 

  total biomass 27.2 ± 0.7 

Other vessel adsorption  4.5 ± 0.6 

 CO2 / VOC  < 0.5% 

  total activitya 95.4 ± 1.7 
  
TNT- control 
Aqueous liquid medium 95.3 ± 5.5 97.4 ± 4.9 

 suspended solids 
(filtered particles) 4.7 ± 1.5 4.8 ± 1.6 

  total aqueous 102.2 ± 6.1 

Other vessel adsorption  1.6 ± 0.6 

 CO2 / VOC  < 0.5% 

  total activitya 104.0 ± 6.7 
a total 14C-activity accounted for in aqueous, biomass, and other phases 
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Table 3.2.  14C-activity in HPLC fractions for aqueous samples from reactor flasks after a 
144 h period 
 

Table 3.2. 14C-activity in HPLC fractions for aqueous samples 
from reactor flasks after a 144 h period 

Sample fraction 
(retention time, min) 

TNT- microplantlets 
(% of total samplea) 

TNT- control 
(% of total samplea) 

(A): 1 – 4 min 67.2 ± 5.5 19.8 ± 3.7 

(B): 4 – 6.8 min 29.0 ± 1.4 8.6 ± 1.5 

(C): 6.8 – 10 min 3.7 ± 0.5 71.6 ± 4.8 
   
Total sample activity a 
(% final aqueous activity) 90.9 ± 6.4 99.2 ± 4.0 

   
a total 14C-activity accounted for in sample fractions A, B, and C 
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Figure 3.1.  Time course of (a) TNT removal from the liquid medium by microplantlets 
at an initial TNT concentration of 9 mg L-1 and the (b) corresponding 14C activity in the 
medium during the uptake and transformation of TNT.  Error bars ± 1.0 s.d.; n=3. 
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Figure 3.2.  HPLC chromatogram (bottom) taken from a sample of the liquid medium 
sample after the complete uptake and transformation (144 h) of TNT by P. hornemannii 
microplantlets at an initial concentration of 9 mg L-1.  Chromatogram of a control sample 
(top) after a 144 h period is represented for an initial concentration of 9 mg L-1.  Fractions 
were collected for 14C measurement (see Table 2) during retention times (A): 1.0 – 4.0 
min, (B): 4 – 6.8 min, and (C): 6.8 – 10.0 min. 
 



54 
 

 

Chapter 4 

Isolation and Characteriztion of Soluble Chromophoric Metabolites 
from the Transformation of 2,4,6-Trinitrotoluene by a Microplantlet 
Suspension Culture of Red Seaweed 
 

Octavio T. Cruz-Uribe, Gregory L. Rorrer 
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Introduction 

Marine macroalgae has recently been demonstrated to biotransform the nitroaromatic 

explosive 2,4,6-trinitrotoluene similarly to aquatic and terrestrial plants (Cruz-Uribe, et 

al. 2007).  While studies indicated the complete uptake of TNT from contaminated 

seawater by macroalgae in photobioreactors, only a few transformation products were 

isolated and identified (Cruz-Uribe and Rorrer, 2006).  In 14C-labeled TNT tracer studies, 

the majority of radioactivity after uptake by microplantlets was observed to remain in the 

aqueous phase as highly polar/ionic secondary metabolites and not concentrated within 

the plant tissue (see Chapter 3).  One significant trait of previous exploratory studies in 

TNT uptake by macroalgae tissue cultures was the immediate formation and then 

accumulation of a golden color in the liquid medium.  With previously identified TNT 

transformation products not accounting for this color change, isolation and 

characterization of the metabolites responsible for this color formation could identify 

additional mechanisms for the transformation of TNT by marine macroalgae.  

Furthermore, the formation of secondary metabolites with unique chromophores is a 

potential marker or indicator for the presence and biotransformation of TNT in a marine 

environment. 

 
TNT metabolites that have been previously reported to have a strong color association 

were identified as meisenheimer complexes that are product of aromatic ring reduction.  

The hydride meisenheimer TNT complex has been reported as red-brown in color, while 

dyhydride TNT complexes have exhibited a yellow color (Pak, et al. 2000, Vorbeck, et 

al. 1994, 1998, French, et al. 1998).  As of this study, the formation of meisenheimer 

complexes during the biotransformation of TNT has only been reported with bacterium 

and has not been observed with higher plants.  Identification of meisenheimer complexes 

in a plant would indicate an additional enzymatic pathway for TNT transformation by 

plants. 

 
While the meisenheimer compounds described in the previously mentioned studies have 

a specific color association, another class of compounds that produces strong 



56 
 

 

chromophores are azo compounds.  These compounds have a -N=N- bond, typically 

between aryl molecules and azo compounds, and represent the single largest class of 

synthetic dyes in industrial applications (Pandey, et al. 2007).  In aerobic transformations 

of TNT the formation of azo compounds from TNT reduction products has been 

previously documented (Esteve-Nunez, et al 2001).  However, only small traces of 

metabolites in the azoxy form of azo compounds have been reported in TNT 

transformation studies with higher plants (Pavlostathis, et al. 1998).  The identification of 

azo compounds from the transformation of TNT by macroalgae would therefore indicate 

a potentially unique transformation pathway available for marine plants.  

 
In this study, we report that both meisenheimer and azo compounds were responsible for 

the change in color observed in the liquid medium during the biotransformation of TNT 

by the marine red macroalga Portieria hornemannii.  The focus of this study was only on 

the characterization of chromophoric secondary TNT metabolites.  In turn, the goal of 

this study was to isolate these coloured compounds from the seawater medium after TNT 

transformation and then identify these compounds to determine putative transformation 

pathways. 

 
Materials and Methods 

Materials 

Solid reagent grade 2,4,6-trinitrotoluene, was purchased from Chem Service, Inc. (West 

Chester, PA).  Sterile TNT seawater stock solutions at a concentration of 50 mg L-1 were 

prepared as described by Cruz-Uribe and Rorrer (2006).  All other chemicals were 

analytical grade and purchased from Sigma-Aldrich (Milwaukee, WI). 

 
Microplantlet cultures 

Axenic microplantlet tissue cultures of the tropical marine red alga P.  hornemannii were 

established and maintained by techniques previously described by Barahona and Rorrer 

(2003).  Microplantlets were maintained in autoclaved natural seawater (Hatfield Marine 

Science Center, Newport, OR) containing an enriched seawater supplement (ESS) with a 
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final composition as listed by Barahona and Rorrer (2003).  Cultivation conditions were 

kept as described in Cruz-Uribe, et al. (2007). 

 
TNT uptake and transformation 

Batch uptake and transformation experiments of TNT by microplantlets were carried out 

in bubbler flasks as described in Cruz-Uribe and Rorrer (2006) to produce the soluble 

yellow metabolite.  Each bubbler flask was inoculated with sterile seawater (pH 8.3) 

enriched with a modified ESS nutrient stock and 23 day old culture to a final biomass 

density of 2.3 g FW L-1.  The nutrient stock was modified to remove all organic carbon 

species to prevent interference in isolation of the secondary metabolites and only 

contained nitrate and phosphate at the original recipe composition.  To initiate the 

experiment, a TNT seawater stock was added to each flask to obtain a final medium 

volume of 450 ml with an initial TNT concentration of 7.0 mg L-1.  Triplicate flasks with 

a common biomass inoculum and duplicate control flasks without biomass were run in 

parallel at the same TNT concentration.  Liquid medium samples of 1.0 ml aliquots were 

removed from the flasks at 24 h intervals to measure TNT concentration and verify TNT 

uptake by microplantlets.  At the end of the experimental run (120 h), the entire contents 

of each bubbler flask were bottle-top filtered (0.2 µm) into a sterile media bottle to 

remove biomass and prepare the liquid medium for solid phase extraction. 

 
Solid Phase Extraction 

Extraction of transformation products from the liquid medium was accomplished with 6 

ml disposable cartridge columns packed with 200 mg of OASIS® HLB (divinylbenzene-

co-N-vinylpyrrolidone copolymer) from Waters Corp. (Milford, MA).  The sorbent was 

conditioned with 7 ml of methanol and 3 ml of water at 1 ml min-1.  A 100 ml sample of 

the filtered liquid medium was loaded onto the cartridge at 5 ml min-1.  The desorption 

and elution of retained products was performed by adding 2 x 5 ml of methanol or with 5 

ml of dichloromethane followed by 5 ml of methanol.  Spent medium was acidified to pH 

2.0 with dilute H2SO4 and extracted by SPE again as described above to capture any 

strong ionic compounds not adsorbed in the first extraction.  All extracts were blown 
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down under a gentle stream of nitrogen, resuspended in 2 ml of 50:50 v/v 

acetonitrile:water, and stored at 4 °C. 

 
Analytical  methods 

Transformation products of TNT were separated and detected by ion-paring 

chromatography using a Dionex HPLC (Suunyvale, CA) with a reverse phase Waters 

Symmetry C18 3.9 x 150 mm, 100 Å, 5 µm analytical column (Milford, MA).  A gradient 

elution was performed at flow rate of 0.8 ml min-1.  Tetrabutylammonium dihydrogen 

phosphate (TBAP) was used as the ion-pairing reagent in a 5mM TBAP aqueous buffer 

(75:25 v/v water:acetonitrile) and in a 5mM TBAP organic buffer (75:25 v/v 

acetonitrile:water).  Initial mobile phase composition was comprised of 100% of the 

aqueous buffer and maintained for 1 min.  The organic buffer was then increased linearly 

to 14% over 12.2 min, 75% over 10.5 min, and then followed by a step change to 100% 

organic buffer which was maintained for 9.2 min.  The end of the separation was 

followed by a step-wise change to 100% aqueous buffer and the system was allowed to 

equilibrate for 5 min.  Products were detected by UV and visible detection at 240 nm and 

470 nm.  Fractions collected during ion-pairing chromatography for mass spectrum 

analysis were separated from the ion-pairing reagent and converted to a sodium form 

with a Dowex marathon MSC (Na+ form, particle size: 500 µm; Supelco, Milwaukee, 

WI) cation-exchange resin. 

  
Mass spectra of collected fractions were obtained from a Perkin Elmer Sciex API 365 

triple quadrupole mass spectrometer equipped with an electrospray interface (turbo ion 

spray) at the Mass Spectrometry Facility within the Environmental Health Sciences 

Center at Oregon State University.  The mass spectrometer was coupled to a Shimadzu 

prominence CBM-20 HPLC equipped with an Agilent Zorbax C18 (1 x 150 mm) 

analytical column running under the following conditions: simple gradient of 10% to 

90% organic phase over 15 min at 0.1 ml min-1 with 0.1% formic acid/water and 

acetonitrile, and a sample injection of 10 µl.  The turbo ion spray source was set to 350 

°C, ion spray needle voltage at -4.2 kV, declustering potential at -20 V, focus potential at 
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-180 V, and the MSMS mode used a 22 eV energy potential.  This system was run in the 

negative ion mode.  Purified nitrogen was used as the nebulizer gas.  Samples were 

initially separated by HPLC and mass signals screened in the full scan mode to search for 

precursor ions in the first quadrupole (Q1) at the m/z range of 50 to 500.  Precursor ions 

were selected in Q1, fragmented in the second quadrupole (Q2), and then product ion 

fragments were extracted in the third quadrupole (Q3) for detection. 

 
Results 

Transformation products of TNT were extracted from the liquid medium by solid phase 

extraction for analysis by HPLC and mass spectrometry to determine products 

responsible for the color change of the seawater medium.  The extraction process evolved 

to isolate and capture transformation products that were non-polar, polar, and ionic in 

nature.  The OASIS® HLB copolymer of divinylbenzene-co-N-vinylpyrrolidone 

provided a sorbent with both hydrophilic and lipophillic retention properties that was 

stable at the more basic pH (>8) range of seawater.  Final liquid medium samples were 

originally processed to capture all transformation products before an additional wash step 

was added to separate and classify non-polar compounds from polar and ionic 

compounds.  Products were then separated by IPC and relevant fractions collected for 

analysis by mass spectrometry. 

 
The liquid medium in the reactor flasks incoculated with microplantlets turned a strong 

golden color within 24 h of TNT addition which remained present throughout the entire 

uptake cycle and after all TNT has been removed from the liquid.  Complete removal of 

TNT by microplantlets from the liquid medium was observed after 96 h.  The uptake of 

TNT followed first-order kinetics with a rate constant of 0.024 L g FW-1 h-1 that was very 

similar to values previously reported for P. hornemannii microplantlets (Cruz-Uribe, et 

al. 2006).  The liquid medium became clear in color when loaded onto the SPE cartridge, 

with chromophoric compounds retained on the sorbent matrix.  Methanol was the only 

solvent utilized in the elution of products, including chromophoric products, in this initial 
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SPE process.  The methanol eluent was a rich golden color and had a maximum visible 

spectrum absorbance (λmax) at 440 nm. 

 
Sample chromatograms at detection wavelengths of 240 nm and 470 nm from the IPC 

separation of the methanol eluent (#1) are presented in Figure 1.  Peaks A (19.2 min) and 

B (19.6 min) were identified as aminodinitrotoluene (ADNT) isomers from reference 

standards.  Peak C (26.0 min) was identified as a primary component of the golden color 

observed in the liquid medium by the dominance of the peak at 470 nm and was further 

confirmed as the dominant peak by detection at 560 nm (results not shown).  The IPC 

analysis of follow-up SPE extractions on the acidified spent medium and of the extracted 

medium itself indicated approximately all transformation products had been captured in 

the initial SPE.  

 
To further isolate the polar or ionic products from the liquid medium, an additional wash 

step was added to the SPE process.  After SPE of the liquid medium, the SPE cartridge 

was first eluted with dichloromethane and then eluted with methanol.  Chromatograms 

from the IPC separation of the methanol eluent (#2), collected after the DCM wash are 

presented in Figure 2.  Peaks for ADNT isomers were strongly reduced and appeared to 

be overlapped by a grouping of peaks at 20.3 (D) and 20.8 min (E) that also produced a 

small peak at 470 nm.  However peak C was again the dominant peak at 470 nm, 

representing the primary chromophoric product.  When samples of the methanol eluent 

(#2) were reanalyzed by the same mobile phase and gradient elution but without the 

TBAP ion-pairing reagent, significant absorbance at 470 nm was only observed in the 

solvent void peak (1.3 min), while a peak at 26.0 min was not observed.   

 
To characterize peak C, a fraction was collected within a short interval of the elution time 

from 25.8-26.2 min (represented by the shaded area on Figure 2).  Chromatograms of the 

fraction collected for peak C at 240 and 470 nm after cation-exchange to remove the ion-

pairing reagent are presented in Figure 3.  The fraction collected for peak C was a light 

purple in color and had maximum visible spectrum absorbance at 477 nm with a shoulder 

maximum at 550 nm.  This shift in λmax was indicative of a change in the compounds 
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eluting during peak C to a more stable chemical composition or tautomer under the IPC 

separation conditions. 

  
A TIC (total ion count) chromatogram for the sample fraction of peak C run in Q1 full 

scan mode to identify precursor ions is presented in Figure 4.  The sample fraction 

collected for peak C separated into three major peaks (C1, C2, C3) and two minor peaks 

(C4, C5) during the HPLC step, and the molecular masses for these peaks are 

summarized in Table 1.  Molecular ions [M·]- were observed for all compounds, instead 

of a deprotonated form [M-H]-.  The sample fraction was injected again and rerun in 

MS/MS mode to fragment precursor molecular ions identified in the initial Q1 scan.  

Fragmented product ions from the separated peaks identified in the sample fraction are 

also included in Table 1. 

 
Peak C1 at retention time 10.3 min (Figure 4) had a molecular precursor ion signal at m/z 

228 [M·]- and dominant product ions at m/z 213, 183, 151, 77.  The corresponding 

precursor m/z was previously reported for the meisenheimer TNT complex (H-TNT-) by 

Pak, et al. (2000).  In addition, the λmax for the H-TNT was reported at 477 nm with a 

shoulder peak at 578 and the compound had a red-brown color (Vorbeck, et al. 1994).  

For peak C2 (10.9 min), the precursor ion observed at m/z 197 [M·]- and primary product 

ions at m/z 180, 150, and 120 were a strong match to the precursor ion and fragmentation 

pattern reported by Schmidt, et al. (2006) for 4-amino-2,6-dinitrotoluene (4ADNT).  The 

4ADNT product however, was regarded as an artifact from the fraction collection 

procedure.   

 
Of the three major peaks, peak C3 (13.5 min) had the strongest overall signal intensity 

with a corresponding precursor ion signal at m/z 392 [M·]-.  The large mass of this 

compound was indicative of a dimerization product and the m/z was representative of the 

reduced azo derivatives 4,4’,6,6’-tetranitro-2,2’-hyrdrazotoluene (TN-2,2’-HydrazoT) 

and 2,2’,6,6’-tetranitro-4,4’-hyrdrazotoluene (TN-4,4’-HydrazoT) reported by Hawari, et 

al. (1999).  Product ions have not been reported for these compounds, however a cursory 

MS/MS fragmentation series for a tetranitro-hydrazotoluene is presented from the mass 
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spectrum (Figure 5) acquired for peak C3.  For minor peaks C4 (12.5 min) and C5 (14.6 

min) precursor ions were observed at m/z 406 [M·]- and 390 [M·]-, respectively.  Although 

products ions were not determined for these compounds due to the low signal intensity, 

again the high molecular mass indicated dimerization products with m/z 406 

corresponding to tetranitro-azoxytoluene isomers (TN-AzoxyT) and m/z 390 to their 

reduction derivatives tetranitro-azotoluenes (TN-AzoT) (Maeda, et al. 2007, Hawari, et 

al. 1999, Pak, et al. 2000). 

 
Abiotic loss of TNT was observed in control flasks under illuminated conditions.  A 

linear decrease to approximately 50% of initial TNT was observed after 120 h, and the 

liquid medium changed to an orange-red color.  Methanol-only elution from SPE of 

liquid medium produced dominant peaks at 240 nm during IPC separation for 1,3,5-

trinitrobenzene identified by an authentic standard and the remaining TNT in the 

medium.  A multiple number of peaks were observed at 470 nm, however a peak was not 

seen at a 26.0 min retention time, and the absorbance intensity was low and scattered 

between the peaks.  In comparison to products separated by IPC for abiotic controls, 

products responsible for the golden color in reactor flasks with microplantlets were 

unique to the biotic conditions. 

 
Discussion 

The distinct change in the seawater medium to a golden color during the transformation 

of TNT by microplantlets was the result from the accumulation of azo derivatives and the 

meisenheimer complex.  Putative transformation pathways for TNT by microplantlets are 

presented in Figure 6.  A change in color of the liquid medium appeared to be a definitive 

indication of the transformation of TNT by seaweed cultures in this study and in previous 

exploratory studies of TNT transformation by red macroalge.  Solid phase extraction 

proved to be an efficient method in the isolation of non-polar, polar, and ionic 

transformation products.  Furthermore, the SPE process proved to be essential in 

removing high concentrations of salt present in the sample matrix that can interfere in the 

detection of organic compounds in seawater samples (Gimeno, et al. 2004). 
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In this study, multiple factors indicated the presence of the TNT meisenheimer complex 

in the liquid medium.  The precursor ion m/z observed for peak C1 was agreement with 

the m/z reported for H-TNT from studies with both bacteria and fungus (Pak, et al. 2000, 

Kim and Song, 2003).  A maximum absorbance peak in the visible spectrum at 477 nm 

was identical to that confirmed by Vorbeck, et al. (1994).  Although the shoulder peak in 

the study by Vorbeck, et al. was reported at 578 nm, the shoulder peak observed in this 

study at 552 nm was similar to a shift observed by Kim and Song (2003).  This shift has 

been observed to occur from the difference in the acetonitrile:water ratio of the ion 

pairing mobile phase (French, et al. 1998).  The elution of peak C (26.0 min) only in the 

presence of the TBAP ion-pairing reagent, further indicated that peak C represented very 

polar or negatively charged compounds as would be the case for a H-TNT complex.  In 

addition, the observance of H-TNT confirms a mechanism for the formation of 

dinitrotoluenes (DNTs) reported in previous studies with red macroalgae (Cruz-Uribe, et 

al. 2006), as H-TNT is an established precursor for the formation of DNTs (Esteve-

Nunez, et al. 2001).  

 
Although the H-TNT complex was isolated by IPC and the fraction collected had a purple 

color with a λmax of 477 nm, the original SPE eluent sample was golden in color with a 

dominant λmax of 440nm.  Appearance of a yellow metabolite with a λmax of 445 nm has 

been previously reported during aerobic bacterial metabolism of TNT and was identified 

as a dihydride meisenheimer complex (2H-TNT) (Vorbeck, et al. 1998).  However, the 

retention time observed for peak C was much longer than that observed for 2H-TNT 

tautomers reported at retention times of 6.4, 10.1, 13.4, and 17.7 min and more similar to 

the retention time of 23.6 min for H-TNT under similar HPLC elution conditions (Pak, et 

al. 2000).  Elution of a single dominant peak at 470 nm and the longer elution time 

suggested formation of the hydride complex primarily and that further ring reduction to 

dihydrides did not significantly occur.  The change in λmax instead could be due to a 

change in solution conditions.  A different resonance structure for TNT has been 

observed in alkaline solutions to form an anionic species that causes a shift in λmax 
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absorbance (Oh, et al. 2000).  Also, tautometic forms of meisenheimer complexes have 

been shown to be pH-dependent and cause a shift in λmax absorbance for different 

tautomers (Vorbeck, et al. 1998).  The change in solvent conditions from an ionic 

seawater matrix to an ion-pairing mobile phase could explain the shift in λmax observed. 

  
Enzymatic ring reduction by PETN reductase to form meisenheimer complexes from 

TNT has been observed with bacteria (Symons and Bruce, 2006), however has not been 

established in higher plants.  In tobacco genetically modified to express the bacterial 

PETN reductase, the formation of meisenheimer complexes was not documented (French, 

et al. 1999, Hannik, et al. 2001).  The formation of H-TNT however, has been previously 

observed in a marine environment with marine yeast (Jain, et al. 2004).  In contrast, 

meisenheimer products have not been reported as abiotic products under photocatalytic 

conditions.  Nevertheless, the ability of macroalgae to form the H-TNT complex indicates 

an additional pathway of TNT transformation present in marine macroalga other than the 

reduction of nitro-groups.   

  
Even though the H-TNT-complex was identified as a signature component of peak C, the 

dominating compound with the strongest TIC was peak C3, representing tetranitro-

hydrazotoluene (TN-HydazoT) isomers.  The high m/z of 392 was indicative of a bound 

or dimerized product.  Furthermore, the precursor compounds, TN-AzoxyT (m/z 406) 

and TN-AzoT (m/z 390), necessary for the formation of TN-HydrazoT (Hawari, et al. 

2000) were also identified as minor constituents of peak C.  The MS/MS fragmentation 

series presented in Figure 6 was based upon established fragment ion sequences 

developed by Schmidt, et al. (2006) for polar metabolites of nitroaromatic explosives.  

The primary fragment was indicative of a nitro group release, followed by the 

fragmentation of the dimmer bond represented by large drop in mass between fragments 

(~150 mass units). 

 
Nitroso and hydroxlamino reduction products condense to form azo compounds that are 

chromophoric in nature with varying colors in the visible spectrum (Hwang, et al. 2005).  

Azoxy compounds in trace amounts have been observed in previous TNT transformation 
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studies with aquatic plants and terrestrial tissue cultures (Pavlostathis, et al. 1998, 

Subramanian, et al. 2006).  However accumulation or identification of azo and more 

importantly hydrazo derivatives have not been reported with higher plants.  The 

formation and accumulation of these derivatives have been primarily documented in 

studies with the fungal degradation of TNT (Esteve-Nunez, et al. 2001, Hawari, et al. 

2000).  These studies indicated azoxy compounds were biotransformed to azo derivatives 

and then further reduced to hydrazo compounds.  Furthermore once azo compounds are 

produced, molecular rearrangements can also occur to form various tautomers with 

significant bond and electron shifts (Buncel, 2000). 

 
Although lignine peroxidase activity has been reported for TNT transformation in fungus, 

the formation of azo compounds was observed to be nonligninolytic (Hawari, et al. 

1999).  This suggests nitroreductases capable of forming nitroso and hydroxylamino 

compounds from TNT would be sufficient enough for condensation of azoxy compounds.  

In turn, it can be speculated that azoxy compounds are condensing at the same time as 

ADNT reduction products are forming.  The accumulation of hydrazo derivatives could 

also be a long term source of continual ADNT formation, as partial decomposition of 

hydrazo derivatives to amine products has been suggested by abiotic mechanisms 

(Hawari, et al. 1999).  Previous studies of TNT photolysis in aquatic environments have 

also reported azo derivatives and azoxy compounds (Mabey, et al. 1983), which are 

typically formed from condensation of reduction species.  Although it is difficult to 

determine a mechanism responsible for the formation of azo compounds since both biotic 

and abiotic mechanisms are possible, these compounds can be expected to contribute to 

the color formation observed in the liquid medium during TNT transformation. 

 
From this study we conclude the change in color observed in the liquid medium with 

microplantlets was due in part to formation of the meisenheimer complex and azo 

compounds.  The putative identification of these compounds indicates additional 

pathways for the transformation of TNT by marine macroalgae.  The formation of azo 

and hydrazo derivatives indicates either an additional enzymatic transformation step by 
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macroalgae or a non-enzymatic chemical reaction due to the conditions of a seawater 

environment.  The color formation observed and characterized in this study is a strong 

indicator of biological transformation of TNT by marine macroalgae and could be a 

potential marker for the identification of TNT contamination in the marine environment.  



67 
 

 

Reference 

Barahona, L.F. and Rorrer, G.L. 2003. Isolation of halogenated monoterpenes from 
bioreactor cultured microplantlets of the macrophytic red algae Ochtodes secundiramea 
and Portieria hornemannii. J Nat Prod 66:743-751. 
 
Buncel, E. 2000. 1999 R.U. Lemieux Award Lecture: Adventures with azo-, azoxy-, and 
hydrazoarenes: from the Wallach to the benzidine rearrangement. Molecular electronics. 
Can. J. Chem. 78: 1251–1271 
 
Cruz-Uribe, O. and Rorrer, G.L. 2006. Uptake and biotransformation of 2,4,6-
trinitrotoluene (TNT) by microplantlet suspension culture of the marine red macroalga 
Portieria hornemannii. Biotech. Bioeng. 93(3): 401-412 
  
Cruz-Uribe, O., Cheney, D.P., Rorrer, G.L. 2007. Comparison of TNT removal from 
seawater by three marine macroalgae. Chemosphere 67: 1469-1476 
 
Esteve-Nunez, A., Caballero, A., Ramos, J.L. 2001. Biological degradation of 2,4,6-
trinitrotoluene. Micrbiol. Mol. Biol. Rev. 65(3) 335-352 
 
French, C.E., Nicklin, S., Bruce, N.C. 1998. Aerobic degradation of 2,4,6-trinitrotoluene 
by Enterobacter cloacae PB2 and by pentaerythritol tetranitrate reductase. Appl. Environ. 
Microbiol. 64(8): 2864-2868 
 
French, C.E., Rosser, S.J., Davies, G.J., Nicklin, S., Bruce, N.C. 1997. Biodegradation of 
explosives by transgenic plants expressing pentaerythritol tetranitrate reductase. Nat. 
Biotechnol. 17: 491-494 
 
Gimeno, R.A., Marcé, R.M., Borrul, F. 2004. Determination of organic contaminants in 
coastal water. Trends Anal. Chem. 23(4): 341-350 
 
Hannink, N.K., Rosser, S.J., French, C.E., Basran, A., Murray, J., Nicklin, S., Bruce, 
N.C. 2001.  Phytodetoxification of TNT by transgenic plants expressing a bacterial 
nitroreductase. Nature Biotechnol. 19: 1168-1172 
 
Hawari, J., Halasz, A., Beaudet, S., Paquet, L., Ampleman, G., Thiboutot, S. 1999. 
Biotransformation of 2,4,6-trinitrotoluene with Phanerochaete chrysosporium in agitated 
cultures at pH 4.5. Appl. Environ. Microbiol. 65(7): 2977-2986 
 
Hawari, J., Beaudet, S., Halasz, A., Thiboutot, S., Ampleman, G. 2000. Microbial 
degradation of explosives: biotransformation versus mineralization. Appl. Microbiol. 
Biotechnol. 54: 605-618 
 



68 
 

 

Hwang, S., Ruff, T.J., Bouwer, E.J., Larson, S.L., Davis, J.L. 2005. Applicability of 
alkaline hydrolysis for remediation of TNT-contaminated water.  Water. Res. 39: 4503-
4511 
 
Jain, M.R., Zinjarde, S.S., Deobagkar, D.D., Deobagkar, D.N. 2004. 2,4,6-trinitrotoluene 
transformation by a tropical marine yeast, Yarrowia lipolytica NCIM 3589. Mar. Pollut. 
Bull. 49: 783-788 
 
Kim, H-Y. and Song, H-G. 2003. Transformation and mineralization of 2,4,6-
trinitrotoluene by the white rot fungus Irpex lacteus. Appl. Microbiol. Biotechnol. 61: 
150-156 
 
Mabey, W.R., Tse, D., Baraze, A., Mill, T. 1983. Photolysis of nitroaromatics in aquatic 
systems. I. 2,4,6-trinitrotoluene. Chemosphere 12(1): 3-16 
 
Maeda, T., Nagafuchi, N., Kubota, A., Kadokami, K., Ogawa, H. 2007. Identification of 
spontaneous conversion products of unstable 2,4,6-trinitrotoluene metabolites, 
hydroxylamino-dinitrotoluenes, by combination of thin-layer chromatography and laser 
time-of-flight mass spectrometry. J. Chromatographic Sci. 45: 345-349 
 
Oh, B-T., Sarath, G., Shea, P.J., Drijber, R.A., Comfort, S.D. 2000. Rapid 
spectrophotometric determination of 2,4,6-trinitrotoluene in a Pseudomonas enzyme 
assay. J. Microbiological Meth. 42: 149-158 
 
Pak, J.W., Knoke, K.L., Noguera, D.R., Fox, B.G., Chambliss, G.H. 2000. 
Transformation of 2,4,6-trinitrotoluene by purified xenobiotic reductase B from 
Pseudomonas fluorescens I-C. Appl. Environ. Microbiol. 66(11): 4742-4750 
 
Pandey, A., Singh, P., Iyengar, L. 2007. Bacterial decolorization and degradation of azo 
dyes. Int. Biodeterioration Biodegrad. 59: 73-84 
 
Pavlostathis, S.G., Comstock, K.K., Jacobson, M.E., Saunders, F.M. 1998. 
Transformation of 2,4,6-trinitrotoluene by the aquatic plant Myriophyllum Spicatum. 
Environ. Toxicol. Chem. 17(11): 2266-2273 
 
Schmidt, A-C., Herzschuh, R., Matysik, F-M., Engewald, W. 2006. Investigation of the 
ionization and fragmentation behaviour of different nitroaromatic compounds occurring 
as polar metabolites of explosives using electrospray ionization tandem mass 
spectrometry. Rapid Comm. Mass. Spectrometry 20: 2293-2302 
 
Subramanian, M., Oliver, D.J., Shanks, J.V. 2006. TNT phytotransformation pathway 
characteristics in Arabidopsis: Role of aromatic hydroxylamines. Biotechnol. Prog. 22: 
208-216 
 



69 
 

 

Symons, Z.C. and Bruce, N.C. 2006. Bacterial pathways for degradation of 
nitroaromatics. Nat. Prod. Rep. 23: 845-850 
 
Vorbeck, C., Lenke, H., Fischer, P., Knackmuss, H-J. 1994. Identification of a hydride-
meisenheimer complex as a metabolite of 2,4,6-trinitrotoluene by a Mycobacterium 
strain. J. Bacteriology 176(3): 932-934 
 
Vorbeck, C., Lenke, H., Fischer, P., Spain, J., Knackmuss, H-J. 1998. Initial reductive 
reactions in aerobic microbial metabolism of 2,4,6-trinitrotoluene. App. Environ. 
Microbiol. 64(1): 246-252 



70 
 

 

Table 4.1.  Precursor (Q1) and product (Q3) ions from LC-ESI-MS-MS analysis on 
compounds in the sample fraction collected for peak C.  See material and methods for 
details on the mass spectrometry conditions 
 

Table 4.1. Precursor (Q1) and product (Q3) ions from LC-ESI-MS-MS analysis of compounds in the sample 
fraction collected for peak C.  See material and methods for details on the mass spectrometry conditions 

Peak 
label 

Retention 
time (min) 

Chemical 
composition Putative compound Precursor ion 

(Q1)- m/z 
Product ion (Q3)- m/z 
(relative abundance) 

C1 10.3 C7H6O6N3
- TNT-Meisenheimer complex

H-TNT 228 a 
228 (28), 213 (72), 212 (39), 
183 (39),182 (33), 151b (100), 
150 (89), 76 (28) 

C2 10.9 C7H7O4N3 
4-Amino-2,6-dinitrotoluene

(4ADNT) 197a 

197 (51), 196 (20), 150 (39), 
149 (16), 139 (34), 138 (30), 
120 b (100), 119 (15), 109 (48), 
108 (25) 

C3 13.5 C14H12O8N6 
Tetranitro-hydrazotoluene 

isomer (TN-HydrazoT) 392 a 
392 (32), 345 b (100), 344 (41), 
196 (27), 195 (21), 151 (17), 
150 (12), 123 (14), 122 (6) 

C4 12.5 C14H10O9N6 
Tetranitro-azoxytoluene 

isomer (TN-AzoxyT) 406 a N.D. 

C5 14.6 C14H10O8N6 
Tetranitro-azotoluene isomer 

(TN-AzoT) 390 a N.D. 
a precursor ions were present in the molecular ion form [M·]- 
b product ion was the dominant Q3 fragment detected 
N.D.: not determined 
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Figure 4.1.  HPLC chromatogram for the IPC separation of methanol eluent #1 from SPE 
of seawater medium from reactor flasks with microplantlets after 120 h.  Initial TNT 
concentration of the medium was 7.0 mg L-1.  Absorbance at UV/Vis detection 
wavelengths of 240 (top) and 470 (bottom) nm are both presented.  Peaks A and B 
represent amino-dinitrotoluene isomer.  Peak C represents the dominant color peak. 
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Figure 4.2.  HPLC chromatogram for the IPC separation of methanol eluent #2 from SPE 
of seawater medium from reactor flasks with microplantlets after 120 h.  An initial wash 
of SPE cartridges with dichloromethane was performed before elution with methanol.  
Initial TNT concentration of the medium was 7.0 mg L-1.  Absorbance at UV/Vis 
detection wavelengths of 240 (top) and 470 (bottom) nm are both presented.  The fraction 
collected for peak C (26.0 min) is represented by the shaded area.  
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Figure 4.3.  HPLC chromatogram for the IPC separation of the sample fraction collected 
for peak C after cation-exchange to remove the ion-pairing reagent.  Absorbance at 
UV/Vis detection wavelengths of 240 (top) and 470 (bottom) nm are both presented.   
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Figure 4.4.  TIC chromatogram for the sample fraction of peak C after HPLC separation 
in series with the mass spectrometer run in full scan mode (Q1) to determine precursor 
ions.  The m/z for peaks were 228 (C1), 197 (C2), 392 (C3), 406 (C4), and 390 (C5). 
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Figure 4.5.  Fragmentation series determined from the product ion spectra obtained in the 
third quadrupole (Q3) for the tetranitro-hydrazotoluene compound (m/z 392) isolated in 
peak C3.  



76 
 

 

 

 
 
Figure 4.6.  Putative pathways for the transformation of TNT dissolved in seawater 
medium within reactor flasks inoculated with P. hornemannii microplantlets. 
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Chapter 5 

Effects of TNT on the Photosynthetic Apparatus of the Marine Red 
Macroalga Portieria hornemannii assessed by chlorophyll a fluorescence  
 

Octavio T. Cruz-Uribe, Jenna Wilson, Gregory L. Rorrer 
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Introduction 

Large-scale manufacture and distribution of nitroaromatic explosives during the last 

century has established 2,4,6-trinitrotoluene (TNT) as a well-known organic contaminant 

(Esteve- Nunez, et al. 2001, Rodgers and Bunce, 2001).  The potential of higher plants to 

take up and metabolize TNT has been well documented for the bioremediation of 

contaminated terrestrial and aquatic environments (Hannik, et al. 2002).  More recently, 

marine macroalgae have also demonstrated the ability to biotransform TNT similarly to 

terrestrial and aquatic plants (Cruz-Uribe, et al. 2007).  However, the toxic nature of TNT 

(Talmage, et al.1999) can directly affect the capability of an organism to remove and 

degrade TNT from its surroundings (Ramos, et al. 2005).  The specific mechanisms by 

which TNT affects plant physiology, in turn, become an important consideration in the 

overall picture for the remediation of TNT by plants. 

 
While the endpoint effects of TNT toxicity on plants have been well documented 

(Hannik, et al. 2002), only a limited number of studies have shown that TNT targets the 

photosynthetic process in plants.  The inhibition of photosynthesis from exposure to TNT 

has been demonstrated by a reduction in oxygen evolution rates in cyanobacterium, 

microalgae, and macroalgae (Garcia-Villada, et al. 2002, Bañares-España, et al. 2006, 

Cruz-Uribe, et al. 2006).  However, these studies utilized photosynthesis strictly as a 

general marker for organism viability to TNT exposure.    Although photosynthesis was 

established as a target of TNT from the response in oxygen evolution, more specific 

target sites and potential modes of action on the photosynthetic apparatus were not 

identified from these studies. 

 
Chlorophyll (chl) a fluorescence has been established as a rapid non-invasive tool to 

detect changes in the photosynthetic apparatus for plants exposed to organic pollutants 

(Brack, etal. 1998, Dewez, et al. 2002).  More specific methods utilizing the pulse 

amplitude modulation (PAM) principle to discriminate between photosynthetic processes 

(Rohacek and Bartak, 1999) are well documented, however to date only a few studies 

have applied this principle to examine the effects of TNT.  Although a direct response in 
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chl fluorescence to TNT has been confirmed in microalgae (Altamirano, et al. 2004), 

PAM fluorescence techniques have only recently been attempted to determine more 

specific effects of TNT on photosynthesis of a higher plant (Ali, et al. 2006).  

Nevertheless, aside from these studies, the use of chl fluorescence to determine the 

modes of action for TNT on the photosynthetic apparatus has not been reported. 

 
A stable plant culture system is essential to measure changes in the photosynthetic 

apparatus of higher plants during TNT exposure.  Previously developed microplantlet 

suspension cultures of marine red macroalgae have been shown to be particularly suited 

for metabolic studies (Rorrer and Cheney, 2004), including in the uptake and 

transformation of TNT (Cruz-Uribe and Rorrer, 2006).  In recent cases, chl fluorescence 

has also been successfully used to measure the response of photosynthetic activity in 

marine macroalgae exposed to herbicides (Seery, et al. 2006, Küster, et al. 2007).  In turn, 

a microplantlet tissue culture should provide a stable platform active to TNT metabolism 

to use in conjunction with chl fluorescence techniques.  

 
In this study, we report that TNT reversibly targets photosystem II reaction centers to 

inhibit photosynthesis in marine macroalgae.  Microplantlet cultures of the tropical red 

seaweed P.  hornemannii were successfully used in conjunction with PAM fluorescence 

methods to investigate the modes of action of TNT.  Overall this study had three 

objectives.  The first objective was to determine the response and recovery of 

microplantlet cultures to short-term TNT exposure and to validate fluorescence as a 

sensitive assay to TNT in a marine environment.  The second objective was to determine 

potential inhibition mechanisms of TNT on photosynthesis.  The last objective was to 

investigate the chl fluorescence response of microplantlet cultures during a cycle of TNT 

uptake and metabolism. 

 
Materials and Methods 

Materials 

Crystalline solid reagent grade 2,4,6-trinitrotoluene (TNT), with a minimum moisture 

content of 30%,  was purchased from Chem Service, Inc. (#F2486, West Chester, PA), 
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and dried at room temperature under vacuum in the dark for a minimum of 3 days.  TNT 

stock solutions were prepared by dissolving 50 mg of dried TNT crystals into 1 L of 

autoclaved natural seawater under continuous mixing at 30 ºC for a minimum of 48 

hours.  Stock solutions were then filtered though a sterile 0.22 μm bottle-top filter and 

stored at 22 ºC under dark conditions. 

 
Culture maintenance 

Microplantlet suspension cultures of the tropical marine red alga Portieria hornemannii 

were established by callus induction and shoot tissue regeneration techniques (Barahona 

and Rorrer, 2003).  Microplantlets were maintained in autoclaved natural seawater 

(Hatfield Marine Science Center, Newport, OR) containing enriched seawater 

supplement (ESS) nutrients (Kitade et al., 1996). The final composition of ESS nutrients 

in the base medium and subculture procedures followed to maintain microplantlet 

suspension cultures of P. hornemannii were described by Barahona and Rorrer (2003), 

with cultivation conditions kept as described in Cruz-Uribe and Rorrer (2006). 

 
Chlorophyll a fluorescence measurements 

Slow chl fluorescence induction of P. hornemannii microplantlets was measured by a 

pulse amplitude modulated fluorometer (PAM fluorescence system FL2LP, Qubit 

Systems, Ontario, Canada) modified to hold a 1.0 cm cuvette test cell chamber with 

techniques modified from Rohacek and Bartak (1999) and Campbell, et al. (1998).  The 

system incorporated a source of modulated (50 Hz) far red (peak emission 660 nm) low 

intensity (<0.2 µE m-2 sec-1) light and an adjustable actinic light source capable of 

saturated light pulses (>5000 µE m-2 sec-1).  Prior to fluorescence measurement, all 

microplantlet samples were placed in a 1.0 cm test cuvette (clear polystyrene, 4 mL 

volume) and stored in the dark for 10-15 min to achieve a dark-adapted state (DAS).  To 

measure fluorescence response, the dark adapted sample was illuminated with the far red 

light source for 1 min to determine the minimal fluorescence level (F0) and then pulsed 

(0.8 s) with a saturating flash of actinic light to measure the maximum fluorescence yield 

in the dark adapted state (FM). After 20 s the actinic light source was then activated at an 
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intensity of approximately 170 µE m-2 sec-1 to induce a light adapted steady-state 

fluorescence level (FS).  Periodic saturating light pulses were applied to the sample at 20 

s intervals until the maximal fluorescence yield for a light adapted state (F’M) was 

achieved at which point the actinic light source was removed and the minimal 

fluorescence level for a light adapted state (F’0) was determined.  From the fluorescence 

yield measurements, four chl fluorescence parameter as defined by Rohacek (2002) were 

determined.  The maximum quantum yield of Photosystem II (PSII) photochemistry (ΦPo) 

also know as the FV/FM ratio is the most frequently used parameter for indication of stress 

and damage to PSII reaction centers and is defined below in Equation (1). 

FV/FM = (FM - Fo)/FM     (1) 

For the LAS, energy dissipated through open reaction centers is represented by the 

photochemical quenching (qP) parameter and described by Equation (2).  While the 

dispersion of energy as heat is represented by the non-photochemical quenching (qN) 

parameter and is defined by Equation (3). 

qP = (F’M - FS)/(F’M - F’0)    (2) 

qN = 1- (F’M - F’0)/(FM - F0)   (3) 

Total quenching of chl fluorescence (qTQ), defined by Equation (4), incorporated all 

quenching mechanisms in LAS and measured the overall energy consumption from both 

photochemical and non-photochemical mechanisms. 

qTQ = (FM – FS)/FM    (4) 

 
TNT exposure, uptake, and recovery 

Two types of experiments were used to evaluate the fluorescence response of P. 

hornemannii microplantlets exposed to TNT.  The first type of experiment focused on the 

short-term chl fluorescence response of microplantlets from TNT exposure and their 

subsequent recovery after exposure.  In short-term response experiments, microplantlets 

were exposed to TNT to obtain a short time course response (<30 min), a concentration 

profile response from exposure to 1 – 20 mg TNT L-1, and the subsequent recovery 
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response from microplantlets after the short exposure period.  For short time course 

experiments, approximately 30 mg FW of 25 day old culture were inoculated into five 

cuvettes with fresh 200x ESS seawater medium, and the dark adaptation process started.  

During the dark adaptation period, aliquots of a TNT stock were pulsed into four of the 

cuvettes to a final volume of 4 mL and a loading concentration of 8 mg L-1.  The fifth 

cuvette was maintained without TNT as a baseline control.  At specific exposure times of 

2, 8, 20, and 30 min a single cuvette was taken to measure the Chl fluorescence as 

described above.  The experimental run was performed in triplicate and the results for 

each timepoint were normalized to the controls and reported as the average of the 

measurements.   

 
To establish the concentration profile response and subsequent recovery, an approximate 

30 mg FW of 25 day old culture were inoculated into three cuvettes with 200x ESS 

seawater medium, dark adapted and the fluorescence measured as described above to 

establish the initial baseline conditions without TNT exposure.  After the baseline 

condition was determined, an aliquot of TNT stock was added to the cuvette, and then the 

sample was maintained for 20 min in an illuminated incubator at 170 µE m-2 sec-1 and 22 

°C.  The sample was then dark adapted for 10 minutes to give a total of 30 min exposure 

to the specified TNT concentration and the Chl fluorescence was measured.  Once the 

fluorescence was measured the TNT medium was decanted from the cuvette and the 

sample was rinsed three times with fresh seawater medium.  Samples were then stored in 

the incubator for 20 min, dark adapted for 10 min, and the Chl fluorescence measured 

again.  This procedure was performed for concentrations of 1, 3, 8, and 20 mg L-1.  The 

recovery rinse process was performed on a control sample set without TNT inoculation 

for comparison.  The results for each concentration were normalized to the average initial 

baseline measurements and then reported as the average of the three independent sample 

measurements. 

 
The second type of experiment was carried out as batch TNT experiments and setup in 

bubbler flasks as described in Cruz-Uribe and Rorrer (2006) to determine the 



83 
 

 

fluorescence response of microplantlets during active TNT uptake.  Bubbler flask 

experiments were conducted at the following conditions:  450 mL of 200x ESS seawater 

medium, 180 µE m-2 sec-1 incident light intensity, a 242 mL min-1 aeration rate, 14 h 

light/10 h dark photoperiod, and temperature of 22 ºC.  Bubbler flasks were inoculated 

with 25 day old culture to a final 1.1 g FW L-1 biomass suspension density.  

Microplantlets were allowed to equilibrate to the system for 48 h before a pulse of TNT 

was added to each flask.  In separate experimental runs, microplantlets were challenged 

at initial aqueous concentrations of TNT at 3 mg TNT L-1 and 8 mg TNT L-1.  In each 

experimental run a total of five bubbler flasks were set up; three test flasks for TNT 

addition to microplantlets, a TNT-blank flask with only biomass culture, and a biomass 

blank with only dissolved TNT seawater medium.  A 4.0 mL sample of the liquid 

medium with 30 mg FW of tissue culture was removed from each flask at 24 - 48 h 

intervals for the duration of each experiment and the fluorescence response measured as 

described above.  Chl fluorescence measurements 24 h after biomass inoculation were 

considered the initial baseline conditions before TNT addition.   A 1.0 mL aliquot of 

liquid medium was taken from each sample for process and determination of TNT 

concentration by HPLC analysis as described before (Cruz-Uribe and Rorrer, 2006).  

Each experiment was maintained until the concentration of TNT had reached zero or a 

steady-state concentration for a minimum of 24 h.  The TNT concentration and 

fluorescence parameters were reported as an average of the triplicate test flasks for each 

experimental run, with fluorescence parameters normalized to the initial baseline values 

for each flask. 

 
Results 

TNT effects on fluorescence yield of P. hornemannii 

The fluorescence yield from samples of P. hornemannii microplantlets after a 30 minute 

exposure to TNT at 0, 3, and 20 mg L-1 is presented in Figure 1.  Exposure to TNT had a 

strong effect on fluorescence yield curves for microplantlets A pronounced drop in 

fluorescence yield was particularly evident in an increase in TNT concentration from 3 

and 20 mg L-1  for variable fluorescence, the difference between the maximum (FM) and 
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minimal (F0) fluorescence levels.  Light adapted samples also displayed a similar 

decrease in variable fluorescence after exposure to an actinic light source.  While both 

light and dark adapted samples demonstrated a decline in variable fluorescence, this 

response was not proportional, with the dark adapted samples exhibiting a sharper drop 

with an increase in TNT concentration. 

 
Rapid fluorescence response to TNT 

A time profile for the FV/FM ratio during a 30 min interval for microplantlets exposed to a 

TNT concentration of 8 mg L-1 is presented in Figure 2.  The FV/FM for each timepoint 

has been normalized as a percent of initial control values without exposure to TNT.  

Within two minutes of TNT addition only a small 5% decrease in FV/FM was observed 

and potentially indicated a transport period of TNT into the cell from diffusion or an 

active transport mechanism.  The maximum quantum yield, however, then proceeded to 

rapidly decrease over the next five minutes to 40% of initial values.  After 20 minutes of 

TNT exposure, the FV/FM ratio for microplantlets leveled off at approximately 30% of 

initial values and remained steady through 30 minutes of exposure.  The drop to a steady 

level within 20 minutes implied the extracellular and intracellular TNT concentrations 

had reached an equilibrium.  

 
TNT concentration profile: Short-term response and recovery 

Chlorophyll fluorescence parameters FV/FM and qTQ for microplantlets after exposure and 

recovery to TNT concentrations of 0, 1, 3, 8, and 20 mg L-1 are presented in Figure 3.  

Short-term fluorescence response for microplantlets exposed to a range of TNT 

concentrations was determined after a 30 min exposure period and then after a 30 min 

recovery period in TNT-free media.  All fluorescence parameters were reported as a 

percentage of the average of baseline sample measurements before TNT exposure.  As 

presented in Figure 3a, the FV/FM for dark adapted microplantlet samples declined the 

sharpest as the concentration of TNT was increased, with values reaching 33% and 25% 

of controls for concentrations of 8 and 20 mg L-1, respectively.  The reduction in FV/FM 

ratio was mainly due to the drop in variable fluorescence from a direct decrease in 
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maximal fluorescence (FM).  A decrease in qTQ was also observed for microplantlets 

samples with an increase in TNT concentration (Figure 3b).  Although the change was 

less than the decline observed in the FV/FM ratio, with qTQ only 53% and 30% of controls 

values from TNT exposure of 8 and 20 mg L-1, respectively. 

 
After microplantlets were resuspended in fresh media, a nearly complete recovery in 

fluorescence parameter values was observed.  As presented in Figure 3a, the FV/FM 

returned to 100% of control values for dark adapted samples exposed to 1 and 3 mg L-1, 

while samples exposed to the higher TNT concentrations values still returned to between 

84 and 88% of controls.  The qTQ values illustrated in Figure 3b also rebounded strongly, 

with light adapted samples exposed to 1, 3, and 8 mg L-1 all above 96% of control values.  

Additionally, light adapted samples treated at the TNT concentration of 20 mg L-1 

recovered to above 90% of control values. 

 
Photochemical (qP) and non-photochemical (qN) quenching of variable fluorescence are 

presented in Figure 4 for short-term exposure to TNT concentrations of 0, 1, 3, 8, and 20 

mg L-1.  These two components of total quenching were separated to further examine the 

modes of action of TNT on PSII chemistry.  The qN parameter for microplantlet samples 

exhibited a high sensitivity to TNT concentration with a large drop to 23% of controls at 

a 3 mg L-1 concentration and a drop to negative levels (≤0) for concentrations of 8 and 20 

mg L-1.  These negative values should be interpreted with caution and will be further 

addressed in the discussion.  In contrast, the qP parameter exhibited a lower sensitivity to 

an increase in TNT concentration, with qP values not significantly different from controls 

at the lower concentrations of 1 and 3 mg L-1.  At 20 mg L-1 a decrease to only 66% of 

controls values was observed in contrast to higher reductions seen in FV/FM and qN values 

at this higher TNT concentration. 

 
PSII inhibition and recovery during TNT uptake 

The FV/FM ratio for microplantlets during the uptake cycle of TNT at initial 

concentrations of 3 and 8 mg L-1 are presented in Figure 5.  Also included in Figure 5 are 

values for control experiments under the same process conditions without TNT.  Due to 
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the sensitivity of maximal fluorescence (FM) to TNT exposure, the FV/FM ratio was used 

to characterize PSII inhibition.  Values for both test and control samples were normalized 

to the initial baseline measurements 24 h before TNT exposure.   

 
An initial 57% decrease in the Fv/Fm ratio relative to baseline values occurred for 

microplantlets at the concentration of 3 mg L-1.  By the next day, the FV/FM ratio had 

increased to within 76% of initial values, and a 75% uptake of TNT in the liquid medium 

had occurred.  Four days after the TNT pulse addition (day 6), the FV/FM ratio increased 

to within 97% of initial values.  At this point, 100% of TNT in the liquid medium had 

been consumed.  At the higher concentration of 8 mg L-1, an initial drop of 65% was 

observed after the pulse addition of TNT.  Approximately 1 d after the TNT addition (day 

3), the FV/FM remained at a similarly diminished state as the previous day and only about 

30% uptake of TNT had occurred.  Once TNT was completely consumed from the liquid 

medium (day 7), the FV/FM ratio slightly increased to 46% of initial values.  By the sixth 

day after TNT addition (day 9), the FV/FM ratio had still only increased to 55% of initial 

values, even though TNT had been completely consumed 2 days previously.  

Microplantlets from control flasks run in parallel at both TNT concentrations showed 

only slight variations in FV/FM ratio for the entire duration of the experimental runs.  

 
Discussion 

The overall goal of this study was to determine the effects of TNT on photosynthesis 

using PAM fluorescence techniques and a microplantlet seaweed culture.  The results 

demonstrate that TNT rapidly inhibits photosynthetic activity by a reversible mechanism 

at PSII reaction centers.  Furthermore, fluorescence parameters indicate TNT disrupts 

non-photochemical quenching processes for the dissipation of heat in the chloroplast. 

 
Microplantlets proved to be a capable platform for this study by demonstrating a 

significant response in chl fluorescence yield for all TNT concentrations.  In previous 

work, Ali, et al. (2006) also reported a chl fluorescence response for the terrestrial plant 

L. sativa exposed to TNT.  However, in contrast to this study, a proportional decrease in 

fluorescence yield with TNT concentration was reported for light and dark adapted 
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samples.  This proportional response prevented the effective use of fluorescence 

parameters to discriminate the effects of TNT on specific photosynthetic processes. 

 
The inhibition of photosynthesis by TNT was a rapid and reversible mechanism.  

Response times seen in Figure 2 (<8 min) were comparable to the rapid fluorescence 

response (<3 min) observed for the microalgae D. chlorelloides exposed to TNT 

(Altamirano, et al. 2004).  Furthermore, within 20 min microplantlets reached a short-

term maximum inhibition, similar to other fluorescence assays with algae exposed to PSII 

herbicides (van der Heever, et al. 1998, Fai, et al. 2007, Küster and Altenburger, 2007).  

The subsequent recovery of fluorescence parameters for microplantlets within 30 min of 

resuspension in TNT-free media (Figure 3) indicated inhibition was a reversible process.  

The rapid and reversible nature of the mechanism for TNT appeared similar to that of 

PSII herbicides (Jones, 2005).  However, to date, the reversible nature of the inhibition 

mechanism for TNT has not been verified or discussed in previous studies. 

 
As shown in Figure 3 and 4, the most sensitive fluorescence parameters to TNT were the 

FV/FM ratio and the non-photochemical quenching (qN), whereas the parameter for light 

adapted photochemical quenching (qP) was the least affected by TNT.  This was contrary 

to traditional PSII inhibitors (triazines and phenylureas), in which a stronger response in 

light adapted photochemical quenching is observed than with the FV/FM ratio (Dorigo and 

Leboulanger, 2001, Fai, et al. 2007, Dewez, et al. 2002).  In addition, the decline in 

FV/FM from TNT was due to a drop in maximal fluorescence (Figure 1), whereas in 

studies with seagrass, PSII herbicides increased minimal fluorescence yields (Ralph, 

2000).  Furthermore, the response in qP (Figure 4) demonstrates that low concentrations 

of TNT did not directly inhibit the ability of microplantlets to maintain active oxidized 

PSII reaction centers.  These divergences could indicate a mode of action for TNT 

different than that of traditional PSII inhibitors, which typically close PSII reaction 

centers by preventing reoxidation of the QA electron acceptor quinone and in turn 

increases fluorescence emission (Hiraki, et al. 2003).   
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A similar strong suppression of FV/FM has been reported with bipyridyl herbicides in 

wheat (Ekmekci and Terzioglu, 2005) and in microalgae (Fai, et al. 2007).  These 

herbicides however, act as artificial electron acceptors at Photosystem I and indirectly 

damage reaction centers of PSII to reduce fluorescence emission.  Longer periods (24 h) 

have also been necessary to observe the effects of bipyridyl herbicides in algae (Saenz, et 

al. 1997, Fai, et al. 2007).  In contrast, TNT appears to directly affect photoreaction 

centers at PSII to prevent fluorescence emission.  This suggests that even though energy 

capture has occurred, reaction centers remain open and do not oxidize to donate an 

electron for transport. 

 
Strong sensitivity of the qN parameter indicated non-photochemical quenching processes 

were another primary target of TNT.  Negative values reported for qN represented an 

unquantifiable response.  Even though non-photochemical processes became 

quantitatively immeasurable due to the suppression in fluorescence yield, as was seen 

with the copper toxicity of the microalgae C. reinhardtii (Juneau, 2002), a limited energy 

dissipation process still remains.  Nevertheless, the resultant drop to an unquantifiable 

value was interpreted as a firm decrease in non-photochemical quenching.  In red algae 

more specifically, it has been shown that quenching was mainly dependent on a pH 

gradient (qE) type mechanism (Delphin, et al. 1996 and 1998).  A reduction in non-

photochemical quenching indicates TNT could have effects on the thylakoid pH gradient 

formation, however since red algae do not have an active xanthophylls cycle (Häder, et 

al. 2002), a direct comparison to higher plants and green algae is difficult.  Still, a 

treatment of a red microalga with a protonophoric uncoupler (Ritz, et al. 1999) to prevent 

the formation of a proton gradient exhibited a strong reduction in variable fluorescence, 

as seen with TNT.  These observations of a decrease in qN and the FV/FM ratio, also used 

as a secondary indicator of non-photochemical quenching efficiency (Maxwell and 

Johnson, 2000), suggest that TNT potentially disrupts the pH gradient across the 

thylakoid membrane in P. hornemannii. 
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Irreversible damage to the photosynthetic apparatus was observed for microplantlets 

during the uptake cycle of a higher TNT concentration.  Although a strong recovery from 

the inhibitory effects of TNT occurred during the uptake cycle of 3 mg L-1, microplantlets 

exposed to 8 mg L-1 were subject to irreversible damage before TNT could be completely 

taken up and transformed (see Figure 5).  Nevertheless TNT was completely taken up 

regardless of inhibition to photosynthesis.  In previous work, Macinnis-Ng, et al. (2003) 

showed a nearly complete recovery of fluorescence parameters for seagrass exposed to 

herbicides when a sink for contaminant removal was present.  However, when seagrass 

was exposed to an anti-fouling agent Iragarol 1051 at higher concentrations, the 

maximum and effective quantum yield were reduced even after the culture was removed 

to fresh media (Macinnis-Ng, et al. 2003).  Still in both of these cases, the plant material 

was not considered for detoxification purposes or as a removal sink for the organic 

contaminant.  The observations presented here suggest, that past a certain concentration 

threshold and exposure period, secondary toxic effects become dominant and cause 

additional damage to the photosynthetic system from which recovery is more difficult. 

 
In conclusion, the primary effect of TNT on red marine macroalgae was the inhibition of 

photosynthetic activity through a rapid reversible mechanism.  In addition TNT appears 

to strongly disrupt non-photochemical quenching mechanisms for the dissipation of 

energy.  Secondary effects that generated more permanent damage to the organism were 

the result of longer exposure times at higher concentrations of TNT.  As a result of this 

study, another factor for consideration in phytoremediation of sites contaminated with 

TNT and other nitroaromatic explosives has been identified. 
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Figure 5.1.  PAM fluorescence induction kinetics of P. hornemannii microplantlets 
treated with TNT dissolved in seawater at concentrations of (a) 0, (b) 3, and (c) 20 mg L-

1.  Panel (a) contains points of reference for measurements of F0, FM, F’M, FS, F’0.  For 
complete definitions of terms see Material and Methods. 
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Figure 5.2.  Time course for chl fluorescence parameter FV/FM of P. hornemannii 
microplantlets during a 30 minute equilibration period to a TNT pulse addition of 8 mg L-

1.  Error bars ± 1.0 s.d.; n=3. 
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Figure 5.3.  Chl fluorescence parameters FV/FM and qTQ for P. hornemannii 
microplantlets in response to a concentration profile of short-term treatments of TNT. 
The parameters are shown for concentrations of 1, 3, 8, and 20 mg TNT L-1.  In addition 
recovery responses are included for microplantlets washed and resuspended in fresh 
media.  Error bars ± 1.0 s.d.; n=3. 
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Figure 5.4.  Chl fluorescence parameters qN and qP for P. hornemannii microplantlets in 
response to a concentration profile of short-term treatments of TNT. The parameters are 
shown for concentrations of 1, 3, 8, and 20 mg TNT L-1.  Error bars ± 1.0 s.d.; n=3. 
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Figure 5.5.  Chl fluorescence parameter FV/FM for P. hornemannii microplantlets during 
the uptake and recovery from single pulse additions of (a) 3 mg TNT L-1 and (b)  8 mg 
TNT L-1.  Error bars ± 1.0 s.d.; n=3. 
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Real-time monitoring of Photosynthetic Oxygen Evolution of 
Microplantlet Cultures from the Red Marine Macroalga Portieria 
hornemannii during exposure to TNT 
 

Octavio T. Cruz-Uribe, Gregory L. Rorrer 



100 
 

 

Introduction 

Over the last century, the abundant production of nitroaromatic explosives has 

contaminated over a thousand sites in both terrestrial and aquatic environments (Rodgers 

and Bunce, 2001).  In turn, the potential for bioremediation as an alternative treatment of 

these sites has been well documented with a variety of plants and microbes (Esteve-

Nunez, et al. 2001, Hannik, et al. 2002).  However, in marine environments, although the 

toxicity and persistence of nitroaromatic explosives and their degradation products in 

marine sediment have been studied (Green, et al. 1999, Nipper, et al. 2001, Won, et al. 

1976), the capability of marine plants as instruments for phytoremediation has not been 

investigated until recently.  Axenic tissue culture of three species of marine macroalgae, 

commonly known as seaweed, have demonstrated the ability to completely reduce the 

nitroaromatic explosive 2,4,6-trinitrotoluene (TNT) to secondary metabolites (Cruz-

Uribe, et al. 2007) consistent with studies of TNT transformation by terrestrial and 

aquatic plants.  For further consideration of marine macroalgae as a feasible remediation 

agent, the phytotoxicity of TNT to macroalgae needs to be examined extensively, since 

the resistance to degradation of xenobiotic compounds such as nitroaromatic explosives 

can be linked to their intrinsic toxicity to the organism (Ramos, et al. 2005). 

 
Photosynthetic activity is a sensitive indicator of phytotoxicity.  This has been 

specifically demonstrated for TNT by the photosynthetic response and subsequent 

inhibition in garden lettuce (Ali, et al. 2006), two species of microalgae (Altamirano, et 

al. 2004, Garcia-Villada, et al. 2002), cyanobacterium (Bañares-Espana, et al. 2006), and 

macroalgae (Cruz-Uribe and Rorrer, 2006).  These studies however focused only on the 

snap-shot response in photosynthetic activity to a concentration profile after set exposure 

periods.  As photosynthetic activity is often regarded as a primary indicator of a plants 

performance (Carr and Björk, 2003), the photosynthetic oxygen evolution rate (OER) can 

provide a direct quantitative value for the current state of a plant in contrast to other 

toxicity assay methods based on growth, germination, or qualitative indicators (Gong, et 

al. 1999, Nepovim, et al. 2004, Pavlostathis, et al. 1998, Rocheleau, et al. 2006).  

Therefore, instead of snap-shot responses of photosynthetic activity, the continuous 
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measurement of photosynthesis could provide a real-time dynamic response profile of the 

effects of TNT on a plants photosynthetic capability. 

 
The principal methods for dissolved oxygen (D.O.) based photosynthesis measurement 

(Necchi, 2005; Granbom and Pedersen, 2001) are not established to continuously 

measure transient photosynthetic oxygen evolution rates.  Although a few studies have 

employed inline D.O. measurement (Mazzuca Sobczuk, et al. 2000, Eriksen, et al. 2007) 

to determine transient photosynthetic rates in cultivation systems, a continuous oxygen 

evolution profile for a plant exposed to TNT has not been reported.  Nevertheless, a 

continuous flow cultivation system would provide a robust platform to continuously 

measure oxygen evolution for organisms in the presence of TNT. 

 
The development of marine seaweed cultures has provided a unique aquaculture platform 

for research in marine remediation of contaminated waters (Rorrer and Cheney, 2004).  

The microplantlet tissue culture in particular, provides a robust culture system that is 

morphologically stable, highly metabolically active, and can be regenerated indefinitely 

under axenic conditions (Huang, et al. 1998).  In addition, the photosynthetic growth of 

microplantlet cultures has been well established in photobioreactor cultivation systems 

(Huang and Rorrer, 2002 and 2003).  More importantly, however, microplantlet cultures 

of seaweeds have also demonstrated to actively uptake and transform TNT in a 

photobioreactor system (Cruz-Uribe, et al. 2007). 

 
In this study, we report the use of microplantlets of the marine red macroalga Portieria 

hornemannii in a novel cultivation system to continuously measure the effects of TNT on 

photosynthesis.  The study had three major objectives that would provide information on 

the OER of microplantlets exposed to TNT.  The first objective was to develop a 

continuous flow photobioreactor system to measure the dynamic oxygen evolution rate of 

P. hornemannii microplantlets.  The second objective was to determine the response and 

recovery in OER of microplantlets to a single pulse addition of TNT.  The last objective 

was to determine the long-term OER response of microplantlets from a continuous 

perfusion addition of TNT. 
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Materials and Methods 

Materials 

Reagent grade 2,4,6-trinitrotoluene (TNT), as a yellow crystalline solid with a minimum 

moisture content of 30%, was purchased from Chem Service, Inc. (#F2486, West 

Chester, PA) and dried at room temperature under vacuum in the dark for a minimum of 

3 days.  TNT stock solutions were prepared by dissolving 50 mg of dried TNT crystals 

into 1 L of autoclaved natural seawater under continuous mixing at 30 ºC for a minimum 

of 48 hours.  Stock solutions were then filtered though a sterile 0.22 μm bottle-top filter 

and stored at 22 ºC under dark conditions.  The solubility of TNT in 100% seawater at 20 

ºC is 86 mg/L (Prak and O’Sullivan, 2006). 

 
Culture maintenance 

Microplantlet suspension cultures of the tropical marine red alga Portieria hornemannii 

were established by callus induction and shoot tissue regeneration techniques (Barahona 

and Rorrer, 2003).  Microplantlets were maintained in autoclaved natural seawater 

(Hatfield Marine Science Center, Newport, OR) containing enriched seawater 

supplement (ESS) nutrients (Kitade et al., 1996). The final composition of ESS nutrients 

in the base medium and subculture procedures followed to maintain microplantlet 

suspension cultures of P. hornemannii were described by Barahona and Rorrer (2003).  

Cultivation conditions were kept at the following:  450 mL of 200x ESS seawater 

medium, 0.5 g of fresh weight (FW) inoculation biomass density, 240 mL min-1 aeration 

rate, incident light of 150 μE m-2 sec-1, and a 14 h light/10 h dark photoperiod.  

Microplantlets were subcultured every 30 days, with complete medium exchange every 

15 days.  

 
Flow-recirculation bioreactor system 

The flow-recirculation bioreactor (FRB) system shown in Figure 1 was used for 

photosynthetic oxygen evolution rate (OER) studies of P. hornemannii microplantlets 

exposed to TNT dissolved in seawater medium.  The system consisted of a 2L glass 

reservoir vessel and a 320 mL glass reactor vessel, with the seawater medium circulated 
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from the reservoir to the reactor and back to the reservoir by a peristaltic pump.  Aeration 

was provided by humidified and sterile filtered air introduced through a 2µm stainless 

steel sparger element positioned at the base of the reservoir.  Temperature was 

maintained 21 ºC by a tube heat exchanger connected to circulating water bath.  The 

pulse addition of TNT was performed with a sterile syringe directly into the reservoir.  A 

low flow-rate peristaltic pump was utilized for continuous delivery of perfusion medium 

into the reservoir.  The reactor vessel was operated without a gas headspace, with liquid 

filling the entire vessel to insure all oxygen evolved from microplantlets during 

photosynthesis was transferred to the liquid phase.  Polymer mesh with a 0.052 in. 

opening width was installed over the outlet port to contain biomass within the reactor.  

Illumination stages of two parallel 13W fluorescent lights provided a uniform light 

intensity of 175 µE m-2 sec-1 to the biomass, verified with a LI-COR 190SA PAR 

quantum sensor and LI-COR 189 radiometer.  The photoperiod was maintained at 14 hr 

light/10 hr dark. 

 
A YSI model 5750 D.O. electrode was utilized for measurement of dissolved oxygen 

(D.O.) concentration of the liquid medium in the reactor.  The D.O. electrode was 

positioned at an angle 2 inches above the magnetic stir bar at the base of the reactor to 

supply sufficient flow across the D.O. membrane surface.  The electrode was connected 

to a YSI model 58 D.O. meter interfaced to a computer data acquisition system set to a 30 

s sample collection interval.  Response time of the D.O. electrode was 5.2 s.  All D.O. 

measurements by the electrode and meter automatically corrected for temperature 

changes. D.O. concentration was measured as a percent of saturated concentration, with 

the saturated dissolved oxygen concentration 0.2094 mmol O2 L-1 in seawater at 22 ºC. 

 
Specific oxygen evolution rate measurements 

The specific oxygen evolution rate of microplantlet cultures suspended within the reactor 

can be described by a steady-state process.  The material balance of dissolved oxygen in 

the well-mixed liquid suspension at a specific biomass is 
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where Po is the specific oxygen evolution rate (mmol O2 g DW-1 hr-1), vo is the circulation 

flow-rate (L min-1), XDW the dry cell weight biomass density (g DCW L-1), V the total 

system volume (L), Ca,o the D.O concentration in the inlet medium (mmol O2 L-1), and Ca 

is the D.O concentration in the reactor (mmol O2 L-1).  With the circulation flow-rate, 

inlet D.O. concentration, and biomass density, the specific oxygen evolution rate can be 

determined at any point from the D.O. concentration in the reactor volume from Equation 

(2).  To account for biomass growth in each measurement, OER was adjusted with an 

estimated biomass density determined from the specific growth rate, which is detailed in 

a later section.  To offset signal drift in the D.O. electrode and fluctuations in process 

conditions, the OER was reported as the gross or total OER, a summation of both 

photosynthetic and respiration activity, and is described as  

, ,
T

o o p avg rP P P= −     (3) 

with Po,p the specific oxygen evolution rate (mmol O2 g DW-1 hr-1) observed during the 

light phase of the photoperiod and Pavg,r the average oxygen evolution rate during the 

dark phase of the photoperiod.  The average oxygen evolution rate during the dark phase 

was utilized because dark respiration was typically constant throughout the period with 

only very small variations.  The subtraction of the OER during the dark phase, a negative 

value to represent the uptake of oxygen, from the specific OER measured during the light 

phase therefore represents the overall or total amount of oxygen evolution from 

microplantlets suspended in the reactor.  In turn the specific oxygen evolution rate 

equation (2) can be substituted into the total OER expression (3) and simplified into the 

following 
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where Ca,p is the D.O concentration in the reactor (mmol O2 L-1) and Ca,r is the average 

D.O concentration in the reactor (mmol O2 L-1) during the dark phase of the photoperiod.  

The total OER measurement becomes dependent only upon the D.O. concentration in the 

reactor and the biomass density as the circulation flow rate and the average dark phase 

D.O. concentration are constant.  The average dark phase D.O. concentration for each 

photoperiod was used specifically with its corresponding light phase D.O. measurements.  

 
Growth rate estimation 

The biomass production of the microplantlets in the reactor vessel is determined from the 

integration of exponential phase growth over a specific time period described by 

ln ( )f
f o

o

X
t t

X
μ

⎛ ⎞
= ⋅ −⎜ ⎟

⎝ ⎠
    (5) 

with the average specific growth rate over the photoperiod estimated from Xf the final 

biomass density (g DCW L-1) at time tf and Xo the initial biomass density (g DCW L-1) at 

time to. 

 
Single pulse TNT addition 

The effects on the OER of P. hornemannii microplantlets during the initial exposure and 

uptake of different TNT concentrations were determined from TNT pulse additions to the 

FRB system in three separate experiments.  To initiate each experiment, the system was 

inoculated with 2 L of 200x ESS seawater medium at an initial pH of 8.3.  All system 

components were steam sterilized (20 min, 121ºC) before inoculation to ensure initial 

sterile conditions.  The circulation flow rate was set to 55 mL min-1 and an initial baseline 

D.O. concentration was determined for the system without biomass.  For each 

experiment, the reactor was then inoculated with 25 day old microplantlets at a biomass 

suspension density of 0.5 g FW L-1 and the system was allowed to run for a minimum of 

36 hours to allow the microplantlets to acclimatize to the new cultivation conditions.  

After the equilibration period, a dissolved TNT stock was pulsed into the reservoir 5-7 h 

into the light phase of the photoperiod.  The response in OER for microplantlets to a 

single pulse of TNT was studied for initial TNT concentrations of 1, 4, and 21 mg L-1.   
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Each experiment was maintained until the liquid concentration of TNT had reached zero, 

a steady-state concentration for a minimum of 48 h, or the total OER was zero for longer 

than 72 h.  A 2 mL sample of the liquid medium was taken from the inline sample port at 

12-24 hr intervals.  From this sample, a 1.0 mL aliquot was taken and diluted with 

acetonitrile to 50:50 v/v.  The sample was stored in the dark at 4 ºC for a minimum of 24 

h to allow salts to precipitate and then filtered with a 0.22 µm syringe filter.  Each 

aqueous sample was analyzed by HPLC analysis as described by Cruz-Uribe and Rorrer 

(2006).  At the completion of each experiment, the biomass was filtered on a 20 µm 

polymer mesh and then washed with sterile natural seawater before collection.  Fresh cell 

weight and dry cell weight measurements of the tissue were then performed as described 

by Barahona and Rorrer (2003).  After the biomass was removed from the reactor, 

another D.O. measurement was taken to determine the baseline D.O. concentration in the 

system for the measurement of respiration. 

 
Continuous perfusion addition of TNT 

Microplantlet tissue cultures of P. hornemannii suspended in the FRB system were 

challenged with a continuous perfusion addition of TNT to evaluate the long-term effects 

on OER.  For each experiment, the FRB system was inoculated with 1.9-L of 200x ESS 

seawater medium at an initial pH of 8.3.  The circulation flow rate was set to 51 mL min-1 

and an initial baseline D.O. concentration was determined for the system without 

biomass.  For each experimental run, the reactor was inoculated with 24 day old 

microplantlets at a biomass suspension density of 0.5 g FW L-1 and the system was 

allowed to run for a minimum of 36 hours to allow for the microplantlets to acclimatize 

to the process conditions. 

 
For each experiment, the addition of TNT occurred in two phases; an initial pulse 

followed by perfusion addition.  At the low concentration, an initial pulse of 1.6 mg TNT 

was added to the reservoir and allowed to fully equilibrate for 30 min to obtain a uniform 

system concentration.  Once a uniform concentration had been reached, the perfusion 

addition of a 1 mg TNT L-1 stock was initiated at a 14.5 mL hr-1 flow rate for total 



107 
 

 

addition of 0.35 mg TNT day-1.  For the high concentration, an initial pulse of 9 mg TNT 

was delivered to the system, followed by the perfusion addition of 6.1 mg TNT L-1 stock 

at 16.8 mL hr-1 for a total addition of 2.5 mg TNT day-1.  The perfusion stock contained 

TNT dissolved in autoclaved 200x ESS seawater medium, with the bottle wrapped in 

aluminum foil to prevent exposure to light.  Perfusion TNT stock was replaced regularly 

with a freshly prepared TNT stock after 90% of the original stock had been transferred to 

the system.  The continuous perfusion of TNT was delivered to the system for a total of 

21 days.  Liquid medium samples were taken every 12 – 24 h and analyzed with the 

procedure described to in the uptake and OER recovery experiments.  To prevent an 

excessive buildup of biomass, the system was interrupted every five days to measure the 

fresh/dry cell biomass density as described before and, if necessary, harvest excess tissue 

culture.  If an excess amount of tissue culture was determined, the system was re-

inoculated at the original biomass density of 0.5 g FW L-1.  Measurement of the fresh and 

dry cell weight were used to estimate the growth rate.  During measurement of the 

biomass weight, the D.O. concentration was measured to determine a baseline D.O. 

concentration in the system. 

 
Results 

Dynamic dissolved oxygen profile 

A sample D.O. concentration profile during the 36 hr equilibration period before TNT 

addition is represented in Figure 2 for the FRB system inoculated with a biomass density 

of 0.53 gFW L-1 and a circulation rate of 55 mL min-1.  Within an hour of biomass 

inoculation, the D.O. concentration increased to a steady-state level of 0.218 mmol O2 L-1 

above the baseline value of 0.200 mmol O2 L-1.   The baseline D.O. value was measured 

without biomass present in the reactor vessel and represented the saturated D.O. 

concentration in the liquid at the process conditions of the system.  This increase in 

concentration above the baseline value indicated a positive net oxygen evolution from 

photosynthesis by the microplantlets under illumination conditions.  Upon initiation of 

the dark phase, the D.O. concentration rapidly decreased over a 10 min period before 

reaching a steady-state D.O. concentration of 0.196 mmol O2 L-1 after 30 min.  The 
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decrease in the D.O. concentration below the baseline value indicated a negative net 

oxygen evolution as microplantlets removed D.O. from the system by respiration 

processes.  The OER was reported as a total or gross value (Po
T), determined from the 

difference between D.O. concentrations observed in the light and dark phases of the 

photoperiod as described in Equation (4).   

 
A diurnal cycle in photosynthesis was also observed in the dissolved oxygen profiles for 

microplantlets.  At the start of the light phase, the D.O. concentration sharply increased 

over the initial 10 min, followed by a more gradual increase for the next 2 hr until a 

steady-state level was reached.  Dissolved oxygen concentrations typically peaked 4 

hours into the light cycle and then gradually decreased 1-2% over the remainder of the 

light phase cycle.  In the last 2 hours of the light phase, an additional drop in D.O. was 

observed, representing a decrease in OER by microplantlets of 5-10%.  The first hour of 

the light and dark phases were considered transitional periods in photosynthesis, during 

which microplantlets followed a diurnal rhythm to changes in the photoperiod cycle.    

The oxygen evolution trends described above were observed in all experimental runs for 

microplantlets cultivated in the FRB system. 

 
OER response following single pulse TNT addition 

In Figure 3, a sample D.O. concentration profile is presented for microplantlets following 

exposure to a TNT concentration of 4.0 mg L-1 from a pulse addition.  A rapid drop in the 

D.O. concentration was promptly observed within minutes, and an initial steady-state 

response was reached 30 minutes after TNT addition.  The most pronounced changes in 

D.O. concentration occurred during the light phase period when the TNT pulse was 

added.  In comparison, changes occurred more in the overall trend of D.O. concentration 

profiles for subsequent light periods as shown in Figure 3 (68 and 92 hrs).  All OER 

experiments with the FRB system were carried out under the process conditions 

described in Table I. 

 
Time profiles for the OER and liquid TNT concentration in the system during uptake of 

initial TNT concentrations of 1.1, 4.0, and 21 mg L-1 are presented in Figure 4.  To 
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capture both the initial dynamic change and overall trend in subsequent light periods, the 

OER was reported as an average over different time intervals following TNT addition.  

The initial OER response was reported as the average of 5 min intervals for the initial 30 

minutes (n=60) following TNT addition, followed by the average of 2 hr (n=240) periods 

for the remaining duration of the light phase period.  All other OER before and after TNT 

addition were reported from the daily average of a 12 hr (n = 1440) period during the 

light cycle. Respiration rates in conjunction with total OER values were taken as an 

average of an 8 hr (n=960) period during the subsequent dark phase cycles. 

 
At an initial TNT concentration of 1.1 mg L-1 (Figure 4b), microplantlets completely 

recovered from a short-term drop in OER.  Following the TNT pulse addition, the OER 

dropped 22% after 30 min and 27% by the end of the light phase cycle.  Within 18 hrs of 

TNT addition (Figure 4a), a 50% uptake of the initial TNT was observed, and the OER 

was back to levels before TNT inoculation.  The OER then continued steady during the 

uptake of remaining TNT from the liquid medium, with a complete uptake occurring after 

72 h.  Significant variations in the overall daily OER profile were not observed in light 

periods following TNT addition, as indicated by the error bars. 

 
For microplantlets exposed to a TNT concentration of 4.0 mg L-1 (Figure 4c), the OER 

only partially recovered from the initial decline in OER observed.  Although the OER 

dropped 71% within 30 min of the TNT pulse, the OER rebounded slightly in the ensuing 

4 hrs after the initial drop.  At the start of the next the light cycle (day 3), a 47% uptake of 

TNT was observed (Figure 4a) and the OER was 49% of the value before TNT addition.  

In addition, the daily OER trend exhibited a strong decrease of 40% in the second half of 

the light phase period as shown in Figure 3 (68 hr) and was reflected by an increase in 

error bar in Figure 4c.    This trend was observed for each following light cycle, however 

appeared to diminish with each subsequent day, indicated by the shrinkage in error bars, 

until the OER profile resembled before that of TNT addition.  Although, 100% uptake of 

TNT from the liquid medium was observed 5 d after the pulse addition, the OER still 

remained repressed at 30% less than that of OER values before TNT addition. 
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The complete inhibition of oxygen evolution for microplantlets was observed at an initial 

TNT concentration of 21 mg L-1 (Figure 4d).  After an initial 88% decrease in OER in the 

first 30 min, the OER continued to steadily decline for the remainder of the light cycle to 

a negative total OER, indicating a complete inhibition of photosynthesis and a spike in 

respiration.  At the start of the next light cycle (day 3), 59% of the TNT in the liquid had 

been removed (Figure 4a), and the total OER remained at a negative value.  However, 

after 4 hrs the OER slowly increased for the rest of the light cycle to slightly above zero.  

The OER then fluctuated slightly above and below the zero mark for the next 5 days.  

Overall, 98% of the initial TNT was removed from the liquid medium 8 d from TNT 

addition. 

 
OER response during the continuous addition of TNT 

Time profiles for the OER and TNT concentration in the liquid during low and high TNT 

perfusion additions are presented in Figure 6.  The low concentration addition included a 

TNT pulse for an initial concentration of 0.9 mg L-1 and the perfusion addition of 0.35 

mg TNT d-1.  The high concentration included a TNT pulse for an initial concentration of 

4.8 mg L-1 and the perfusion addition of 2.5 mg TNT d-1.  Experimental runs were carried 

out under conditions listed in Table I for the duration of 20 d.  The total OER was 

reported as described previously for single TNT pulse addition experiments. 

 
For microplantlets exposed to a low concentration addition (Figure 5b), the OER dropped 

and recovered similarly to the results described above for the 1.1 mg L-1 pulse 

experiment.  At the end of the light cycle following TNT addition, a total drop in OER of 

36% was observed.  The total OER then recovered to within 10% of values before TNT 

addition by the next light period (day 3), and 67% of TNT was taken up by microplantlets 

(Figure 5a).  Three days after the initial pulse (day 5), 100% of TNT had been removed 

from the liquid.  In the remaining 17 days, the OER proceeded to oscillate within a 15% 

range of the OER observed before TNT addition.  During this time, the TNT 

concentration remained below detectable levels.  A total of 8.6 mg TNT was added to the 

system from both the pulse and perfusion addition over the 20 d period. 
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The OER for microplantlets steadily decreased (Figure 5c) during the high concentration 

addition of TNT.  A 64% drop in OER was observed by the end of the light phase after 

the initial pulse of TNT.  At the start of the next light cycle (day 3), the TNT 

concentration had decreased by 45%, and the OER had slightly rebounded from the 

previous day.  Through the remainder of the light cycle, however, a trend in OER profile 

was observed (results not shown) similar to that described for the 4.0 mg L-1 pulse 

experiment with a sharp decrease in OER over the second half of the light phase.  This 

trend was observed for the next several light periods (days 4-8) while the OER steadily 

decreased at the start of each subsequent light cycle for the remaining 20 days of the 

experimental run.  The final OER was only 11% of that before the TNT pulse and 

perfusion addition.  The TNT concentration leveled off after day 12 to approximately 

0.72 mg L-1 and then proceeded to very slowly increase through the next 10 days to a 

final concentration of 0.92 mg TNT L-1.  A total of 59.3 mg TNT was added to the 

system from both the pulse and perfusion addition over the 20 day period. 

 
The effects of TNT on respiration and growth rates 

The respiration rates for microplantlets before and after exposure to initial TNT 

concentrations of 1.1, 4.0, and 21 mg L-1 are presented in Table II.  Respiration for 

microplantets after 5 days in a control experiment without TNT addition is also included 

in Table II.  For microplantlets exposed to a low and high concentration perfusion 

addition, respiration rates are presented in Table III.  These rates were calculated from the 

difference in D.O. concentration during the dark phase and baseline D.O. measurements 

taken without biomass.  In pulse addition experiments, the respiration rates remained 

relatively constant after the TNT addition, except at 21 mg L-1 where respiration was 

substantially repressed to a rate only 4% of that before TNT exposure.  For microplantlets 

exposed to a continuous TNT addition, a 44% drop in respiration at day 7 was only 

observed at the higher TNT concentration.  However, by day 22, the respiration at both 

low and high TNT perfusion addition had decreased to similar rates. 
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The values for specific growth rates of microplantlets exposed to a single pulse addition 

of TNT are reported in Table II, and rates for microplantlets exposed to a perfusion 

addition are presented in Table III.  Growth rates during the perfusion addition were 

determined at the end of 5 day periods.   In addition, the growth rate for microplantlets in 

a control experiment without TNT is included in Table II.  At low concentration for both 

pulse and perfusion additions, an approximate 50% spike in growth rate in comparison to 

the control value was observed.  In contrast, growth rates for microplantlets exposed to 

higher concentration pulse and perfusion additions were either strongly reduced or 

completely inhibited. 

 
Discussion 

The first objective of this study was to develop a cultivation system to continuously 

monitor the change in photosynthetic activity of P.hornemannii during exposure to TNT.  

The FRB system developed in this study continuously measured photosynthesis of 

microplantlet tissue cultures by using first principle material balances to directly convert 

D.O. concentrations in the sealed reactor vessel into OER.  More importantly D.O. 

concentrations were measured at 30 s intervals which provided OER faster then other 

established methods.  These methods derive the linear change of D.O. during an extended 

(>30 min) incubation period (Necchi and Zucchi, 2001, Huang, et al. 1998, Granbom, et 

al. 2001) and can only be performed as a batch process.  In contrast with traditional 

methods where changes in oxygen evolution during an incubation period would provide 

an unusable result, the ability to determine OER at the same rate of D.O. measurements 

provided an increased sensitivity to changes in OER from the effects of TNT. 

 
In comparison to other photobioreactor systems capable of inline D.O. measurement, the 

absence of a gas headspace in the reactor vessel design provided a unique advantage for 

the FRB system.  The oxygen evolved from photosynthesis directly transferred into the 

liquid phase and therefore only a dissolved oxygen probe was necessary to measure D.O. 

concentration.   For other photobioreactor systems, oxygen evolution was derived from 

gas phase concentrations traditionally measured by mass flow meters and inline gas 
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analyzers (Mazzuca Sobczuk, et al. 1999).  More recently, the online estimation of O2 

production in a photobioreactor was performed by titration of H2 gas to reduce O2 over a 

Pd catalyst (Eriksen, et al. 2007).  In both cases oxygen evolution measurements are 

limited on oxygen transfer rates between liquid and gas phases and required analysis of 

oxygen content in the gas phase. 

 
The next objective of this study was to determine the OER response and recovery of P. 

hornemannii microplantlets challenged to a pulse addition of TNT.  The recovery of OER 

within a 24 h period from a low dose TNT exposure (Figure 4b) indicated the primary 

inhibition mechanism on photosynthesis was a reversible process.  Reversal of inhibition 

could be either from the direct removal of TNT from photosystem target sites or the rapid 

revival of damaged photosystem proteins by cellular repair mechanisms (Häder, et al. 

2002).  It appears that once TNT has been transformed below 0.5 mg L-1, microplantlets 

were no longer sensitive to the effects of TNT and photosynthetic activity returned to its 

initial state.  As of this study, the reversible nature of photosynthetic inhibition by TNT 

has not been reported.  

 
The irreversible reduction in photosynthesis at higher TNT concentrations indicated 

secondary mechanisms that targeted the photosynthetic apparatus were also present.  This 

was most evident after day 5 for microplantlets (Figure 4c) exposed to TNT at 4 mg L-1.  

Once TNT had reached below a 0.5 mg L-1 level (Figure 4a), the photosynthetic activity 

exhibited signs of a slow recovery, albeit at a reduced overall rate.  This signified that 

some photosystems were permanently destroyed or damaged and that recovery was more 

dependent on new cell growth then just repair of the photosynthetic apparatus.  However, 

the uptake of TNT occurred in microplantlets even during the inhibition of photosynthetic 

activity (Figure 4d), even though a high concentration of TNT appeared to cause a 

significant amount of cell death indicated by the low respiration and growth rates 

observed (Table II).  The results would imply that the uptake of TNT is not dependent on 

the photosynthetic capability of the organism.   
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Another secondary effect of TNT was observed on the diurnal rhythm of photosynthetic 

activity.  Trends in the D.O. concentration during the photoperiod before TNT addition 

(Figure 2) resembled the circadian rhythm of photosynthesis observed in another tropical 

red macroalga (Granbom, et al. 2001).Although a decrease in OER is observed in the 

latter half of the light phase for microplantlets before TNT addition, rates in the latter half 

of the light period dropped more sharply for the initial 48 hrs after TNT addition to a 

concentration of 4.0 mg L-1 (Figure 3).  It has been speculated from observations for the 

red macro alga K. alvaerzii that an increase in quantum efficiency and decrease in non-

photochemical quenching occurs at the end of the diurnal period from changes in energy 

distribution between phycobilisomes and reaction centers (Schbert, et al. 2004).  In 

addition, the transcription of phycoerythrins, a phycobiliprotein, has been shown in two 

marine red macroalga to also be dependent on the circadian rhythm (Goulard, et al. 

2004).  The more pronounced drop in OER at the end of the light phase period from TNT 

could suggest a disruption in the function or production of energy capturing pigments of 

the photosynthetic apparatus for P. hornemannii. 

 
The last objective of this study was to determine the long-term OER response of 

microplantlets exposed to a continuous addition of TNT.  These results were the first 

reported use of OER to continually measure the viability of a plant steadily exposed to a 

nitroaromatic explosive.  Microplantlets exposed to a continuous low dosage of TNT did 

not demonstrate significant changes in OER during the entire 20 d period, even though 

TNT was continuously taken up and transformed.  Furthermore, a slight stimulation in 

growth rates (Table III) was observed during the low dosage addition of TNT, a 

phenomena also reported for higher plants exposed to low levels of TNT contaminated 

soil for 14 d (Gong, et al. 1999).  At the higher perfusion addition, a significant impact on 

photosynthetic activity was observed for microplantlets.  In addition to the effects on the 

diurnal rhythm of photosynthesis as described before, the continued decrease in OER and 

apparent growth rates indicated microplantlets had passed a toxicity threshold at this 

dosage level.  Although the repressed OER and growth implied highly stressed 

microplantlets, a continued steady uptake of TNT was still observed similar to reports of 
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TNT uptake with cyanobacterium (Pavlostathis and Jackson, 2002) and with aquatic 

plants (Medina, et al. 2002) in continuous flow systems.   

 
In conclusion, the development of the FRB system provided a robust platform to 

continuously measure OER of marine seaweed during exposure to TNT.  In contrast to 

other methods, the real-time response of photosynthesis under stress from a nitroaromatic 

explosive was measured.  This study furthermore provides evidence of the toxic nature of 

TNT to plants as a direct rapid inhibitor of the photosynthetic apparatus.  Furthermore, 

understanding the physiological effects of TNT to plants contributes baseline information 

for the development and application of phytoremediation activities.  
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TNT Concentration Profile Model: Flow Recirculation Bioreactor System 
 
A series of coupled differential equations representing the material balance of TNT 

within the FRB system were utilized to model the concentration profile in both the 

reactor and reservoir vessel during the pulse and perfusion addition of TNT.  The model 

considered an initial unsteady-state, TNT uptake by the microplantlets, biomass growth, 

and TNT growth inhibition.  Both vessels were considered to operate under well-mixed 

conditions and TNT uptake was considered to be a first-order process.  Furthermore the 

overall FRB volume and all volumetric flow rates were assumed to be constant in the 

development in this model.  The TNT concentration in the reservoir vessel (system #1) is 

described by the following first principle material balance 

1
1 2 1 1f f s s s

dCV v C v C v C v C
dt

⋅ = ⋅ − ⋅ + ⋅ − ⋅   (1) 

which is simplified into the following 

1
2 1 1

1 1

( ) ( )f s
s

v vdC C C C C
dt V V

= ⋅ − + ⋅ −    (2) 

where C1 is the concentration of TNT in the reservoir vessel (mg L-1), C2 the TNT 

concentration in the reactor (mg L-1), Cs the TNT concentration of the perfusion stock 

(mg L-1), vf is the circulation flow-rate (L h-1), vs  is the perfusion addition flow-rate (L 

min-1), and V1 the reservoir volume (L).  During a pulse addition of TNT to the FRB 

system, the Cs and vs terms are disregarded.  For the reactor vessel (system #2) the TNT 

concentration profile is also represented by a first principle material balance and is 

described by  

2
2 1 2 1 2 2f f

dCV v C v C k X C V
dt

⋅ = ⋅ − ⋅ − ⋅ ⋅ ⋅   (3) 

which is simplified into the following 

2
1 2 1 2

2

( )fvdC C C k X C
dt V

= ⋅ − − ⋅ ⋅    (4) 
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with k1 the apparent TNT uptake rate constant (L g FW-1 h-1), X the biomass density in 

the reactor vessel (g FW L-1), and V2 the reactor volume (L).  The material balance on the 

biomass production of the microplantlet suspension in the reactor vessel during an 

exponential phase of growth can be described by 

1
dX X
dt

β μ= ⋅ ⋅      (5) 

where µ1 is the specific growth rate averaged over the photoperiod (h-1) and β is the TNT 

inhibition constant .  In the presence of TNT, the inhibition constant was utilized to adjust 

the specific growth rate of microplantlets to reflect the inhibition of photosynthetic 

activity by TNT.  The inhibition constant was dependent on the initial TNT concentration 

and was determined as follows 

/oC Ce ββ −=       (6) 

where Co is the initial TNT concentration in the reactor vessel (mg L-1) and Cβ is the TNT 

saturation inhibition constant with a defined value of 5.31 mg L-1 determined from the 

results of short-term OER response studies to a TNT concentration profile. 

 
The series of equations described above represent the TNT concentration in the reservoir 

vessel (Eq. 2), the TNT concentration in the reactor vessel (Eq. 4), and photosynthetic 

growth of biomass in the reactor vessel (Eq 5.).  Since these first-order differential 

equations represented a coupled system, , a real-time simulation package was employed 

known as VSS (Virtual System Simulator ver.2.2) to obtain numerical solutions over a 

set time period for the TNT concentrations and biomass density.  The program was 

developed and compiled by the Bioresource Systems Engineering department at Oregon 

State University in April, 1995.  This dynamic simulation is determined using the 

classical fourth order Runge-Kutta method, also known as fixed RK4.  Initial conditions 

and values for process variables were chosen to simulate the experimental conditions 

described in Chapter 6 for perfusion addition experiments and are listed in Table 6.4.  

The removal of biomass was factored in as a step change within the model solution to 

reflect the experimental procedure described in the material and methods of Chapter 6.  
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The TNT concentration within the reservoir system was predicted by the simulation 

package at 1 h intervals for a total of 22 days and is presented in Figure 6.6 for both low 

and high perfusion TNT additions. 

 



123 
 

 

Table 6.1.  Process conditions for flow-recirculation bioreactor 
 

Table 6.1.  Process conditions for flow-recirculation bioreactor 

Process parameter Experimental process conditions 

Total system volumea (L) 1.98 ± 0.08 

Reaction vessel volume (mL) 320 
Initial plantlet densitya (gFW L-1) 0.52 ± 0.02 

Recirculation flow ratea (mL min-1) 55 ± 4 

Incident light intensitya (µE m-2 sec-1) 176 ± 4 
Aeration rate (mL min-1) 1246 

Photoperiod (h ON:h OFF LD) 14:10 
Initial pHa 8.3 ± 0.1 

Temperature (ºC) 22 
a ± 1.0 S.D.  
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Table 6.2.  Respiration and growth rates for microplantlets exposed to a single pulse 
addition of TNT 
 

Table 6.2.  Respiration and growth rates for microplantlets exposed 
to a single pulse addition of TNT 

TNT addition 
(mg L-1) 

Time 
 (d) 

Respiration rate b, 
-Qo (mmol O2 g DW-1 hr-1) 

Specific growth 
rate, µ’ (d-1) 

Control 5 0.055 0.058 
1.1 0 0.042  

 5 0.052 0.090a 
4.0 0 0.051  

 8 0.042 0.059a 
21.0 0 0.051  

 8 0.002 -0.001a 
a includes 2 day growth period before TNT addition 
b < 2% error for respiration rate values 
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Table 6.3.  Respiration and growth rates for microplantlets exposed to a single and 
continuous perfusion addition of TNT 
 

Table 6.3.  Respiration and growth rates for microplantlets exposed 
to a single pulse and continuous perfusion addition of TNT. 

TNT addition 
Pulse 

(mg L-1) 
Perfusion 
(mg d-1) 

Time 
 (d) 

Respiration rate b, 
-Qo (mmol O2 g DW-1 hr-1) 

Specific growth 
rate, µ’ (d-1) 

0.9 0.35 0 0.049  
 7 0.048 0.062a 
 12 N.D.  0.091 
 17 0.029 0.083 
 22 0.031 0.081 

4.8 2.5 0 0.045  
 7 0.025 0.021a 
 12 N.D. 0.007 
 17 0.031 -0.006 
 22 0.035 0.002 

a includes 2 day growth period before TNT addition 
b < 2% error for respiration rate values 
N.D.: not determined 
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Table 6.4.  TNT concentration profile model process parameters and initial conditions 

Table 6.4  TNT concentration profile model process parameters and initial 
conditions 

Parameters Type Units Perfusion addition 
0.9 mg/L + 0.35 mg/day 

Perfusion addition 
4.8 mg/L + 2.5 mg/day 

C1 I.C. mg L-1 0.9 4.8 
V1 P.P. L 1.59 1.59 
νs P.P L h-1 0.0145 0.0168 
Cs P.P mg L-1 1.0 6.1 
νf P.P L h-1 3.12 3.21 
C2 I.C. mg L-1 0.0 0.0 
V2 P.P L 0.320 0.320 
X I.C. g FW L -1 3.26 3.20 
k1 P.P. L g FW-1 h-1 0.035 0.035 
µ1 P.P h-1 0.0027 0.0027 
Cβ P.P. mg L-1 5.31 5.31 

I.C.: Initial Condition 
P.P: Process Parameter 
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Figure 6.1.  Flow-recirculation bioreactor system with medium perfusion and inline 
dissolved oxygen probe. 
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Figure 6.2.  D.O. concentration profile in the reactor vessel of the FRB for P. 
hornemannii microplantlets during a 14 hr ON:10 hr OFF photoperiod before the addition 
of TNT. 
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Figure 6.3.  D.O. concentration profile for two full photoperiods following a single TNT 
pulse addition to P. hornemannii microplantlets for an initial concentration of 4.0 mg L-1. 
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Figure 6.4.  Time course of specific oxygen evolution rate (as total photosynthesis) and 
liquid TNT concentration during the uptake by P. hornemannii microplantlets of a single 
TNT pulse addition.  TNT concentration profiles (a) for initial concentrations of 1.1, 4.0, 
and 21 mg L-1, (b) OER profile for microplantlets at 1.1mg L-1, (c) OER at 4.0 mg L-1, 
and (d) OER at 21 mg L-1.  Shaded area represents the time range in which TNT pulses 
were added.  Closed and open markers represent OER before and after the addition of 
TNT, respectively. 
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Figure 6.5.  Time course of the specific oxygen evolution rate (as total photosynthesis) 
and liquid TNT concentration during exposure of P. hornemannii microplantlets to a 
continuous perfusion addition of TNT for 20 days.  TNT concentration profiles (a) during 
the low (0.9 mg L-1 with 0.35 mg d-1) and high (4.8 mg L-1 with 2.5 mg d-1) concentration 
pulse and perfusion additions.  OER profiles are presented for both the low (b) and high 
(c) concentration additions.  Shaded area represents the time range in which TNT 
addition was initiated.  Closed and open markers represent OER before and after the 
addition of TNT, respectively. 
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Figure 6.6.  Predicted TNT concentration profiles for the liquid mediun in the reservoir 
vessel during low (0.9 mg L-1 with 0.35 mg d-1) and high (4.8 mg L-1 with 2.5 mg d-1) 
concentration pulse and perfusion additions.  TNT concentration was determined at 1 h 
intervals for a total of 22 d at the process parameters and initial conditions listed in Table 
6.4. 
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Comprehenisve Conclusion 

The capability of marine seaweed as a bioremediation platform was extensively evaluated 

in this research study.  Microplantlet suspension cultures of the marine red macroalga P. 

hornemannii proved to be a robust vehicle to study the metabolic and physiological 

response to the nitroaromatic explosive TNT.  The four objectives of this study were 

addressed by utilizing a series of interdisciplinary research activities in marine plant 

physiology, plant and tissue culture, biological engineering, chemical engineering, and 

analytical chemistry.  Plant and tissue culture techniques were employed to grow and 

maintain microplantlets of P. hornemannii as the model plant for study.  Physiology of 

the organism was monitored for changes in physical and metabolic characteristics to 

determine the response from exposure to TNT.  Bench-scale reactor systems for 

microplantlet cultivation and exposure to contaminants were designed to provide the 

basic culture requirements, including nutrients, inorganic carbon, temperature, and 

illumination.  These reactor systems were developed for experimental repeatability and to 

expose microplantlets to wide range of TNT concentrations.  Material balances and 

reaction kinetics were employed to determine both rate constants and photosynthetic 

activity.  The substrate uptake rates and the identification of transformation products 

were determined by a wide range of analytical methods.    

 
The results of this study demonstrated that the non-vascular macrophytic marine red alga 

P. hornemannii removes and transforms TNT by pathways similar to those observed in 

vascular terrestrial and aquatic plants.  The rapid inhibition of photosynthesis indirectly 

confirmed that TNT was taken up into the plant tissue for transformation.  Although 

ADNT reduction products were identified as major transformation products, 

microplantlets also transformed a significant amount of the TNT into polar and highly 

soluble metabolites that were released back into the liquid.  These polar products were 

responsible for a change in color of liquid medium from clear to golden observed in all 

experimental studies with microplantlets.  The TNT meisenheimer complex and hydrazo 

dimerization products were identified as the chromophoric compounds.  Neither of these 



134 
 

 

compounds had been previously reported as transformation products in higher plant 

systems.  A mass balance on 14C-labeled TNT revealed products in the plant tissue were 

predominantly extractable, and only a small fraction existed as bound residues.  The 

results suggested the rapid transport of TNT and metabolites between the plant tissue and 

the aqueous phase prevented a significant amount of conjugation and sequestration of 

transformation products.  This was a strong indication that physiological differences 

between vascular and non-vascular higher plants influence the detoxification process of 

organic xenobiotics.  

 
Photosynthesis was the primary marker evaluated to determine the toxic effects of TNT 

on microplantlets.  Both chlorophyll a fluorescence measured by PAM fluorometry and 

oxygen evolution rates determined from D.O. were utilized to measure photosynthetic 

activity.  The result of fluorescence measurements determined that TNT inhibits 

photosynthetic activity through a rapid reversible mechanism at PSII reaction centers.  

Furthermore, TNT appears to strongly disrupt non-photochemical quenching mechanisms 

for the dissipation of energy in chloroplasts.  Secondary effects were observed that 

permanently damaged the photosynthetic apparatus at higher concentrations of TNT.  

Real-time OER measurements in the flow recirculation bioreactor further confirmed the 

photosynthetic inhibitory nature of TNT to macroalgae.  However, long term exposure 

studies indicated the ability of microplantlets to continuously take up TNT even while 

photosynthetic activity was inhibited.  This study demonstrated the ability of a plant to 

metabolize a toxic contaminant into less harmful metabolites before toxic effects of the 

contaminant could damage the plant itself. 

 
In conclusion, with a significant amount of information already established for 

bioremediation of terrestrial and wetland sites with higher plants, this research study 

provided similar proof for the application of marine seaweed in remediation of marine 

environments.  One possible application for such a platform would be field deployment 

microplantlet systems that can be maintained at specific sites of contamination.  Long 

term exposure and regeneration studies in this research demonstrated the feasibility for 
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marine seaweeds to tolerate substrate exposure to TNT, which is necessary for a 

microplantlet system to maintain its remediation capacity during continuous exposure to 

contaminants.  Beyond the capability for remediation activities, this research study also 

confirmed enzymatic pathways for macroalga that were previously unreported.  In 

addition, the mode of action reported for TNT on photosynthesis is applicable to all plant 

systems in terrestrial, aquatic, and marine.  Last of all, obsersvations with macroalga 

indicated metabolism of foreign compounds by a higher plant is highly dependent on 

available transport mechanisms, be it a vascular or non-vascualr system.  In the end, this 

study provided fundamental information on marine seaweeds as both metabolic and 

detoxification platforms.   
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Appendix A:  Experimental Procedures 
 
Preparation of 200x ESS nutrient stock log/procedure sheet 
Updated: 5/24/04 
 

1. Remove 15 mL vitamin stock from freezer and allow to thaw in refrigerator .  If 

vitamin stock is not available, prepare according to steps 2-7, otherwise skip to 

step 7. 

2. Measure out the following vitamins, record the exact masses in lab notebook, and 

place into a clean 250 mL beaker: 

 0.0010 g B12 – stored in freezer-Lot no.:______Exp Date:____ Actual Amount:__________ 
 0.0010 g Biotin – stored in freezer Lot no.:_____ Exp Date:____ Actual Amount:_________ 
 0.1000 g Thiamine HCl – stored in freezer Lot no.:____Exp Date:___ Actual Amount:______ 
 0.1000 g Nicotinic acid–stored in cupboard Lot no.:____ Exp Date:__ Actual Amount:______ 
 1.0000 g meso-Insitol – stored in cupboard Lot no.:____Exp Date:__Actual Amount:_______ 
 0.1000 g Thymine – stored in cupboard Lot no.:_______Exp Date:___ Actual Amount:_____ 
 0.1000 g Ca pantothenate–stored in refrigerator Lot no.:_____Exp Date:__ Actual Amount:__ 
 0.0100 g p-Aminobenzoic acid–stored in refrigerator Lot no.:_ Exp Date:_ Actual Amount:__ 

 

3. Record lot number, date received, and if available the expiration date of the 

vitamins. 

4. Measure 100 mL of DI H2O with a clean graduated cylinder. 

5. Pour DI H2O into the 250 mL beaker containing the vitamins. 

6. Stir until all the vitamins are dissolved, it is recommended to use a Teflon coated 

stir bar in conjunction with a stir plate. 

7. Use immediately and partition remaining amount into 15 mL plastic vials for 

storage in freezer.  Label each vial with date and initials.  Dispose of any 

remaining stock. 

8. Measure out the following items, record the exact masses in lab notebook, and 

place into a clean 1 L flask: 

 9.0000 g Sodium Nitrate Lot no.:_______ Exp Date:______ Actual Amount:__________ 
 1.2681 g Potassium Phosphate di-basic Lot no.:_____ Exp Date:__ Actual Amount:______ 
 0.6000 g EDTA Ferric Soudium Salt Lot no.:_______ Exp Date:____ Actual Amount:_____ 
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 15.000 g Sodium Hepes Lot no.:_______ Exp Date:__ Actual Amount:__________ 
 0.0015 g Potassium iodide Lot no.:_______ Exp Date:______ Actual Amount:__________ 

 

9. Record lot number, date received, and if available the expiration date of the 

previous chemicals. 

10. Measure 723 mL of DI H2O with a clean graduated cylinder. 

11. Pour DI H2O into 1 L flask. 

12. Add pre-made or pipette 15 mL of the Vitamin stock into the 1 L flask. 

13. Pipette 6 mL of the already prepared P2 metal stock (stored in refrigerator) , if 

stock is unavailable, prepare the following minerals in 1 L of DI H2O, label, and 

store in refrigerator: 

 10.9 mg/L Zinc Chloride Lot no.:_______ Exp Date:______ Actual Amount:__________ 
 144 mg/L Manganese Chloride Tetrahydrate Lot no.:____ Exp Date:___ Actual Amount:____ 
 4 mg/L Cobalt Chloride Hexahydrate Lot no.:___ Exp Date:__ Actual Amount:__________ 
 49 mg/L Ferric Chloride Hexahydrate Lot no.:_____ Exp Date:__ Actual Amount:________ 
 0.9 g/L EDTA Disodium Dihydrate Lot no.:_______ Exp Date:____ Actual Amount:______ 
 1.14 g/L Boric Acid Lot no.:_______ Exp Date:______ Actual Amount:__________ 

 

14. Stir until everything is dissolved, it is recommended to use a Teflon coated stir 

bar in conjunction with a stir plate. 

15. Sterile filter (min. 0.22μm) the contents of the 1 L flask into a sterile 1 L bottle. 

16. Label with date/initials and store in the refrigerator. 



150 
 

 

TNT medium preparation procedure 
Updated: 3/24/03 
 
Note:  This protocol describes the sterile preparation of 1 liter of TNT medium at any 

given concentration between 1-100mg/L. 

 
1. Autoclave the following: 

a. 1L glass bottle with screw-on top 
b. 1L of filtered natural seawater in Erlenmeyer flask 
c. 500ml graduated cylinder 
d. Teflon Stir-bar 
 

2. Measure 1L of autoclaved seawater in laminar hood using graduated cylinder.  

Pour into 1L glass bottle. 

3. Place Teflon stir bar in 1L glass bottle. 

4. Measure desired TNT on Mettler scale.  Example: If desired concentration is 10 

mg/L of TNT/Seawater, measure out 10 mg of TNT. Note:  Only use crystalline 

TNT that has been dried in desiccator for at least three days. 

5. Add TNT to contents of 1L glass bottle in laminar hood. 

6. Seal bottle and place on stir/heating plate. 

7. Adjust mixing plate setting until the contents of the bottle are in vortex. 

8. Adjust heat setting until between 30-55 ºC. 

9. Wrap bottle in aluminum foil.  Allow no part of the bottle to be exposed to any 

direct light. 

10. Allow contents to mix for at least 24hrs, longer duration might be required for 

TNT to completely dissolve. 

11. Once all TNT has dissolved, store medium in location not exposed to light. 

12. Immediately before use in experiments, add required nutrients for appropriate 

culture type in laminar hood. 
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TNT medium solid phase extraction (SPE) procedure 
Updated: 6/3/03  
 
Equipment: 

• Ring stand w/ tri-clamp 
• 50 ml polyethylene syringe 
• 500ml Graduated cylinder 
• 1/8” Tygon® tubing 
• Sample Vials 20ml-Glass 
• Waters Sep-Pak® 6cc (500mg) Vac Porapax® RDX Cartridge 

 resin material: divinylbenzene/vinylpyrrolidone copolymer 
 High purity polyethylene syringe barrel 

 
Procedure: 
Cartridge conditioning: 

1. Place cartridge into tri-clamp and suspend above glass vial. 

2. Add 15ml of HPLC grade acetonitrile (CH3CN) in 5ml increments allowing each 

aliquot to run through under gravity alone. 

3. Before the cartridge has run dry add 30ml of HPLC grade water (purified and 

deionized) to the cartridge in continuous increments. 

4. Attach syringe via Tygon® tubing to cartridge tip and give a very slight pull 

before quickly removing to prevent any solution entering syringe.  This will 

initiate flow through the cartridge. 

5. Do not allow the cartridge to dry out any point and the flow rate should never 

exceed 10 ml/min (won’t happen under gravity alone). 

 
Sample Loading: 

1. Prepare a 450ml sample (no greater than 500ml) of aqueous medium to be 

analyzed in graduated cylinder. 

2. Attach 50ml syringe via Tygon® tubing to cartridge tip. 

3. Fill cartridge with sample. 

4. Pull sample through using the syringe and re-filling the cartridge continuously. 

5. The flow rate should never exceed 10 ml/min. 
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6. Once a syringe has been filled, detach from tubing, making sure to lift tubing 

above cartridge tip to prevent spillage, and empty syringe contents into an empty 

graduated cylinder. 

7. Reattach syringe and repeat steps 4-6 until the entire sample has been loaded. 

8. Pull all fluid through the cartridge until completely empty. 

9. If desired repeat process with a fresh cartridge to verify extraction efficiency. 

 
Sample Elution: 

1. Place clean sample vial directly below cartridge. 

2. Load 5ml of HPLC grade acetonitrile (CH3CN). 

3. Attach syringe via Tygon® tubing to cartridge tip and give a very slight pull 

before quickly removing to prevent any solution entering syringe.  This will 

initiate flow through the cartridge. 

4. Allow the acetonitrile to drip through under gravity collecting in sample vial. 

 
Sample Preparation: 

1. Place sample in reacti-vial under N2 blowdown. 

2. Allow solvent to evaporate until two distinct liquid phases form. 

3. Carefully remove the top darker phase. 

4. Add HPLC grade acetonitrile (CH3CN) in 200 μl aliquots until color has 

completely dissolved. 

5. Inject into HPLC following the appropriate analysis procedures to verify desired 

components are present. 

6. Repeat steps 3-5 with bottom phase to verify present components.  
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Biomass freeze-dry extraction (FDE) procedure 
Updated: 10/20/03 
 
Equipment: 

• Paper towels 
• Forceps 
• (3) Glass sample vials w/ caps 
• Liquid nitrogen 
• Mortar w/ pestle 
• (2) 5ml syringe 
• (2) 0.2µm PFTE or GHP (CH3CN compatible) syringe filter 

 
 
Procedure: 

1. If biomass has already been weighed and stored in freezer skip to step 4. 

2. Pull out biomass with clean forceps and dry on a paper towel.  Repeat with 

another dry towel. 

3. Weigh out approximately 0.50g FW of biomass. 

4. Label, weigh, and record mass of a glass vial with cap. 

5. Place tissue into mortar. 

6. Pour into liquid nitrogen into mortar and then grind tissue with pestle until all 

liquid nitrogen evaporates. 

7. Place ground tissue into vial, weigh, and record mass. 

8. Add 5ml of HPLC grade acetonitrile (CH3CN) per gram of FW. 

9. Record extraction date and start time. 

10. Vortex vial for two (2) minutes. 

11. Let stand in fume hood for a minimum of 24 hours (ultrasonicate sample for 1 h 

additionally if necessary). 

12. Record finish date and time. 

13. Decant liquid contents into 5ml syringe fitted with a 0.2μm PTFE or GHP syringe 

filter. 

14. Filter contents into a sample vial. 

15. Add fresh HPLC grade acetonitrile to already extracted biomass @ 5ml per gram 

of FW. 
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16. Record 2nd extraction date and start time. 

17. Vortex vial for two (2) minutes. 

18. Let stand for a minimum of 24 hrs. 

19. Record finish date and time. 

20. Pour entire contents into 5ml syringe fitted with a 0.2μm PTFE or GHP syringe 

filter. 

21. Filter contents into sample vial with initial extract liquid. 

22. Inject into HPLC for analysis or blowdown under N2 for further processing.  
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Setup, start-up, and operational procedure for Waters HPLC 
Updated: 6/21/04 
 

1. Mobile Phase Preparation 

a. Combine desired mobile phase solvents in 1L bottle (45mm mouth width). 

b. All solvents must be of spectrophotometry/chromatography quality and 

water must be deionized and/or distilled to meet a minimum of 16Ω 

resistivity. 

c. Label bottle w/ volume:volume (v:v) solvent ratios. 

d. Seal bottle and mix contents. 

2. Mobile Phase Replacement 

a. Unscrew cap of the current mobile phase bottle, remove intake and sparge 

lines w/ cap from current used bottle and place in 1L bottle w/ DW water. 

b. Dump any remaining solvent into solvent waste before placing in hood to 

allow for solvent evaporation. 

c. Insert inlet and sparge lines into newly prepared mobile phase bottle. 

d. Screw cap securely down into place. 

3. Degassing 

a. Open helium gas cylinder for HPLC supply. 

b. Verify regulator has outlet pressure of 50 kPa. 

c. Place the 3-way HPLC selection valve to supply the Waters HPLC system. 

d. Open relief valve on the top of the mobile phase bottle cap. 

e. Slightly open the inline gas supply valve to the mobile phase bottles. 

f. Place the 3-way mobile phase selector to the mobile phase desired for 

operation. 

g. Adjust inline gas supply valve to desired sparge rate. 

h. Allow to sparge for a minimum of 30 minutes. 

i. Tap bottom of bottle to counter to remove bubbles attached to submerged 

tubing or solvent filters. 

j. After completed sparging duration turn off gas supply at cylinder. 

k. Place 3-way HPLC selector valve in neutral position. 
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l. Close inline gas supply valve. 

m. Place 3-way mobile phase selector in neutral position. 

n. Close relief valve. 

4. Pump Priming 

a. Open relief valve on top of the mobile phase bottle cap. 

b. Attach syringe w/ inert tubing to priming port on pump. 

c. Open priming port. 

d. Draw a minimum of 50ml of mobile phase through priming port via 

syringe to clear line of residual bubbles. 

e. Inspect inlet line and repeat priming steps as necessary to remove any 

remaining bubbles. 

f. Close priming port, remove syringe, and dispose of mobile phase in 

solvent waste container. 

5. HPLC Startup 

a. Verify the reference manifold is fully open in the counter-clockwise 

position. 

b. Verify the relief valve on the cap of the mobile phase bottle is open. 

c. Turn Waters 501 HPLC pump power switch to ON position. 

d. Set pump flow rate meter to 0.1 mL. 

e. Allow for pump to equilibrate. 

f. Adjust pump flow rate in increments of 0.1 mL to desired flow rate, 

allowing for the pump to equilibrate after each incremental adjustment. 

g. After desired flow rate has been obtained, allow for a minimum of 20 mL 

of mobile phase volume to pass through reference cell and to accumulate 

in the reference cell waste container. 

h. Turn reference manifold valve to the fully open clockwise position. 

i. Allow for the pump back pressure to fully equilibrate. 

j. Allow for a minimum of 30 mL of mobile phase volume to pass through 

the detection cell and to accumulate in the solvent waste container. 

k. Turn Waters 484 absorbance detector power switch to the ON position. 
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l. Turn on power to computer data relay box. 

m. Turn on power to the Eldex CH-100 temperature controller.  Adjust as 

necessary. 

6. Computer Startup 

a. Turn power on to computer and monitor. 

b. Turn power on to the adjacent printer 

c. Exit the Windows Shell program to the DOS prompt. 

d. Type in CD/PEAK2 

e. Type in PEAK2 

f. Peaksimple II software package will startup. 

g. Load control configuration file (.CON). 

h. Verify configuration path, details, components, and postrun operation. 

7. Detector and Computer Calibration 

a. Verify HPLC Pump has equilibrated. 

b. Press the ENTER button located on the Waters 484 absorbance detector. 

c. Allow the detector to complete the calibration cycle. 

d. After completion of the calibration cycle, allow the system to run for at 

least 30 minutes. 

e. Verify that the system absorbance value has equilibrated and is no longer 

changing. 

f. Press the AUTO ZERO button on detector keypad and immediately follow 

with clicking on the ‘Z’ button on the Peaksimple II screen for Channel 2. 

g. Verify the absorbance and millivolt readings are set at zero. 

8. Sample Injection 

a. Draw with a blunt tip HPLC syringe needle, 20 μL of a filtered sample. 

b. Place the sample injection port into the LOAD position. 

c. Insert syringe needle into the port until resistance is met. 

d. Inject sample into sample port. 

e. Turn the sample port back to the INJECT position. 

f. Remove HPLC syringe needle from port. 
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g. Quickly press the space bar on the computer keyboard to initiate the 

Peaksimple II data acquisition program. 

h. Clean the syringe needle with DW water a minimum of five times. 

i. Record the run in the HPLC analysis log. 

9. HPLC Shutdown 

a. Verify all data has been saved in Peaksimple II program. 

b. Click on the Quit function in toolbox and exit the program. 

c. Turn off the computer, monitor, and printer of the program. 

d. Turn Waters 484 absorbance detector power switch to the OFF position. 

e. Turn off power to computer data relay box. 

f. Turn off power to the Eldex CH-100 temperature controller.  Adjust as 

necessary. 

g. In incremental steps of 0.1 mL adjust the Waters HPLC pump flow rate 

down to 0.2 mL, allowing for each step to equilibrate. 

h. Once a flow rate of 0.2 mL has been achieved, adjust flow rate to zero. 

i. Allow for back pressure to fall below 100 psi and turn the reference 

manifold to the fully clockwise position. 

j. Turn the pump power switch to the OFF position. 

k. Close the relief valve on the mobile phase bottle cap. 

l. Dump all solvent waste into the Solvent waste storage container. 
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TNT calibration procedure 
Updated: 10/13/03 
 
This procedure details the steps to create an external standard of TNT for use with HPLC. 
 

1. Add 10 mg of pure TNT (2,4,6-Trinitrotoluene) to 100 ml of HLC grade 

acetonitrile (CH3CN). 

a. If TNT is purchased with a min. wt% water, desiccate for a minimum of 3 
days (72hrs). 

b. If possible use a 125 ml amber tinted bottle. 
 

2. Vortex solution for at least two (2) minutes, allow the solution to stand for ten 

minutes.  This makes a 100mg/L TNT:CH3CN solution. 

3.  Pipette (precision preferred) 1 ml of 100 mg/L solution into sample vial. 

4. Start HPLC according to desired procedure. 

5. Inject 3-4 100 mg/L solution samples of 20 μl each into HPLC and collect 

analysis printouts for each injection. 

6. Pipette 1 ml of 100 mg/L solution into sample vial.  Add 1 ml of pure HPLC 

grade CH3CN.  This makes a 50 mg/L TNT:CH3CN solution. 

7. Inject 3-4 50 mg/L solution samples of 20 μl each into HPLC and collect analysis 

printouts for each injection. 

8. Pipette 1 ml of 100 mg/L solution into sample vial.  Add 3 ml of pure HPLC 

grade CH3CN.  This makes a 25 mg/L TNT:CH3CN solution. 

9. Inject 3-4 25 mg/L solution samples of 20 μl each into HPLC and collect analysis 

printouts for each injection. 

10. Pipette 1 ml of 100 mg/L solution into sample vial.  Add 9 ml of pure HPLC 

grade CH3CN.  This makes a 10 mg/L TNT:CH3CN solution. 

11. Inject 3-4 10 mg/L solution samples of 20 μl each into HPLC and collect analysis 

printouts for each injection. 

12. Pipette 1 ml of 10 mg/L solution into sample vial.  Add 1 ml of pure HPLC grade 

CH3CN.  This makes a 5 mg/L TNT:CH3CN solution. 
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13. Inject 3-4 10 mg/L solution samples of 20 μl each into HPLC and collect analysis 

printouts for each injection. 

14. Pipette 0.5 ml of 10 mg/L solution into sample vial.  Add 4.5 ml of pure HPLC 

grade CH3CN.  This makes a 1 mg/L TNT:CH3CN solution. 

15. Inject 3-4 1 mg/L solution samples of 20 μl each into HPLC and collect analysis 

printouts for each injection. 

16. Create a spreadsheet and transfer the values for concentration, sample size, 

retention time, and area.  Calculate the actual TNT amount from concentration 

and sample size using the spreadsheet functions. 

17. Create a plot of area (y-axis) vs. actual TNT amounts (x-axis).  Fit a trend line to 

the data and display equation.  Change type of line fit until the R2 value is >0.99.  

 
NOTE:  Initial TNT solutions concentrations or dilutions can be varied to make tighter 

calibration curves for lower concentration calibrations, e.g. start at 10mg/L (instead of 

100mg/L) before dilutions or increase dilution amounts. 
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OASIS HLB solid phase extraction (SPE) procedure 
Updated: 8/3/07  
 
Equipment: 

• Syringe pump 
• Ring stand w/ tri-clamp 
• Tube adapter 
• 30 ml glass beaker 
• 60 ml polyethylene syringe 
• 500ml Graduated cylinder 
• 1/8” Tygon® tubing 
• 5 mL reaction vials (cone shaped tip) 
• Waters OASIS 6cc (200mg) HLB Cartridge 

 resin material: divinylbenzene/vinylpyrrolidone copolymer 
 High purity polyethylene syringe barrel 

 
Procedure: 

Cartridge conditioning: 

1. Place an air filled 60 ml syringe into the syringe pump and attach the tygon 

tubing to the end with a luer to tube adapter. 

2. Place cartridge into tri-clamp and suspend above glass beaker. 

3. Add 7ml of HPLC grade methanol (CH3OH) to cartridge reservoir 

4. Attach tygon tubing to the cartridge with a small to large tube adapter.  Verify the 

tube adapter is tightly fit into the cartridge reservoir to prevent leakage. 

5. Set syringe pump to 1 ml/min and start pump to push through the methanol 

6. After methanol has been passed through, add 3 ml of DI water and pass through 

cartridge at 1 ml/min. 

Sample Loading: 

1. Prepare a 200ml sample (no greater than 500ml) of aqueous medium to be 

analyzed in graduated cylinder. 

2. Fill syringe with 50 mL of sample and load into the syringe pump 

3. Attach 50ml syringe tip via Tygon® tubing to the tube adapter at the cartridge 

reservoir opening. Verify the tube adapter is tightly fit into the cartridge reservoir 

to prevent leakage. 

4. Set syringe pump to 5 ml/min and start pump to push through the sample. 
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5. Once syringe has emptied stop the syringe pump and refill syringe with another 

50 ml of sample. 

6. Push remaining sample stock through the cartridge at 5 ml/min  

7. Refill and repeat until the entire sample has been loaded. 

8. Pull all fluid through the cartridge until completely empty. 

Sample Elution: 

1. Place clean reaction vial directly below cartridge. 

2. Load 5ml of HPLC grade solvent (Dichloromethane or Methanol) into the 

cartridge reservoir. 

3. Attach tygon tubing to the cartridge with a small to large tube adapter.  Verify the 

tube adapter is tightly fit into the cartridge reservoir to prevent leakage. 

4. Set syringe pump to 1 ml/min and start pump to push through the solvent. 

5. Collect all the solvent in the reaction vial and save for further processing. 

6. Place another clean reaction vial directly below the cartridge. 

7. Load 5ml of HPLC grade methanol into cartridge reservoir. 

8. Attach tygon tubing to the cartridge with a small to large tube adapter.  Verify the 

tube adapter is tightly fit into the cartridge reservoir to prevent leakage. 

9. Set syringe pump to 1 ml/min and start pump to push through the methanol. 

10. Collect all the solvent in the reaction vial and save for further processing. 
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Ion-Pairing HPLC conditions 
Updated: 7/17/07 
 
System Configuration 
 
TNT yellow metabolite analysis 

 
Purpose:  Unknown TNT metabolite analysis 
Column:  Waters Symmetry C18 5 µm reverse phase 
Column Dimensions: 3.9mm x 150mm 
Guard Column:  None 
Temperature: 22 - 23ºC 
Pump: Dionex DX-300 quaternary gradient pump 
Mobile Phase:  (channel 1) aqueous:  

75% 5mM tetrabutylammonium phosphate H2O + 
25% 5mM tetrabutylammoimum phosphate CH3CN 
 
(channel 2) organic:  
75% 5mM tetrabutylammonium phosphate CH3CN 
25% 5mM tetrabutylammoimum phosphate H2O 
 

Gradient Program:   
0 – 1 min: hold = 100% Channel 1 (aq) 
1 – 13.2 min: linear gradient = 86% Channel 1 (aq) / 14% Channel 2 (org) 
13.2 – 23.7 min: linear gradient = 22% Channel 1 (aq) / 78% Channel 2 (org) 
23.7 – 23.8 min: step change = 100% Channel 2 (org) 
23.8 – 33.00 min: hold = 100% Channel 2 (org) 
33 – 33.1 min: step change =  100% Channel 1 (aq) 
33.1 – 38.1 min: system re-equilibration = 100% Channel 1 (aq) 

 
Flow Rate:  0.8 mL/min 
Back Pressure: 700 - 1400 psi 
Detector:  Dionex VDM-2 variable wave length detector 
Detector Settings: 
 Wave Length: 240 and 470 nm 
 Sensitivity: 1.0 AUFS 
Sample Loop: 100 micro liters 
 
Data Analysis:  Peak simple, 1 Hz sampling rate 
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14C-TNT radioisotope tracer experimental procedures 
Updated: 5/23/07 
 
Overview: 

The use of 14C-TNT radioisotope for tracer analysis must be performed in a laboratory 

with an approved RUA (radioactive use authorization) from the university Radiation 

Safety committee.   

 
Functions performed in Gleeson 302: 
 

 Glassware steam sterilization 
 Medium and culture preparation 
 Sterile medium and culture inoculation of Portable Bubbler System (PBS) 

 
Functions performed in Radiation Center B132 (Alena Paulenova’s lab): 
 

 14C-TNT super stock preparation 
 14C-TNT seawater medium preparation and inoculation 
 14C-TNT uptake and tracer analysis experimental run 

 
Preparation of TNT seawater medium and culture inoculation of the bubbler flasks were 

performed in Gleeson 302, then transported to radiation center B152, and then installed 

into the PBS.  The following outline describes the overall experimental procedure with 

each specific procedure detailed in later sections. 

 
1. TNT medium preparation and inoculation 

a. Prepare TNT seawater medium 

b. Inoculate bubbler test and control flasks with culture and medium 

c. Transport bubbler test and control flasks to the radiation center 

2. 14C-TNT stock preparation and inoculation 

a. Prepare 14C-TNT seawater stock 

b. Inoculate PBS flasks with 14C-TNT seawater stock 

c. Install test and control flasks into PBS 

3. 14C-TNT tracer experimental run procedure 

a. Begin experimental run and sample aqueous phase of the PBS flasks 
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b. Prepare aqueous phase samples for Liquid Scintillation Counting (LSC) 

c. Shutdown experimental run 

4. 14C-TNT sample preparation and sample analysis 

a. Perform three types of biomass extraction: 

i. Methanol, Hot Water, Commercial Enzyme 

b. Extract VOC resin and prepare for LSC 

c. Prepare biomass extraction samples for LSC 

d. Prepare methanol rinse and KOH solution for LSC 

e. Perform HPLC analysis of aqueous phase to determine TNT concentration 

profile 

f. Measure 14C activity with LS counter 

 

TNT medium preparation and inoculation (steps 1.a-1.c) 
 

1. Prepare 50 mg L-1 TNT medium according to the ‘TNT medium preparation 

3/24/03’ procedure. 

2. Filter TNT medium with a 0.2 micron PES bottle top filter into sterile 1 L 

media bottle. 

3. Prepare 200x ESS seawater medium (nutrient stock + natural seawater) at a 

concentration of 1:100 v/v. 

4. Filter seawater medium with a 0.2 micron PES bottle top filter into sterile 1 L 

media bottles. 

5. Remove small aliquot (<20mL) from media bottle and measure pH. 

6. Add 160mL of 200x ESS seawater medium under sterile conditions to each 

PBS bubbler flask (300 mL Erlenmeyer). 

7. Inoculate each test flask with P. hornemannii culture of an age between 21-28 

days from last subculture at an approximate density of 3 gFW L-1. 

8. Place each flask and TNT medium bottle into transportation container (plastic 

tray), verifying each flask and bottle is secured properly and will not tip over.  

Cover container as to prevent exposure to any sunlight. 
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9. Immediately transport PBS bubbler flasks to the radiation center. 

 
14C-TNT stock preparation and inoculation (steps 2.a-2.c) 

1. Add 495 µL of 14C-TNT super stock (50:50 EtOH:H2O, ~27 µCi/mL, 6.4 

µCi/mmol activity) to 250 mL of 50 mg L-1 TNT medium in sterile 500 mL 

media bottle. 

2. Seal bottle and mix well by shaking bottle for one minute. 

3.  Add 40 mL of the 14C-TNT seawater medium to each flask with a redline 

graduated cylinder.  Mix each flask by swirling each flask for 30 s. 

4. Install bubbler flasks into the PBS setup. 

5. Add 200 mL of 1.0 M KOH solution into the CO2 trap. 

6. Install ORBO 44 tube into inline gas outlet holder. 

 
14C-TNT tracer experimental run procedure (steps 3.a-3.c) 

1. Before light and aeration is turned on, sample aqueous phase of each flask as 

follows: 

a. Open rubber stopper from bubbler flask and lift 1-2 inches from the 

mouth of the flask. 

b. With a 5 mL pre-sterilized plastic pipette remove a 2.1 mL aqueous 

phase sample. 

c. Dispense sample into a small 10 mL disposable plastic cup. 

d. With a 1 mL pipettor (polypropylene tips) 14C-TNT tracer 

experimental run procedure remove a 1 mL aliquot from the cup and 

dispense into a 7 mL plastic scintillation vial. 

e.  Dispense another 1 mL aliquot into a 4 mL glass vial with a Teflon 

line screw cap. 

f. Add 5mL of Ulitma Gold LLT scintillation cocktail to the 7 mL plastic 

scintillation vial.  Place in storage for LS counting. 

g. Add 1mL of acetonitrile to 4mL glass vial.  Place in storage for HPLC 

analysis. 
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2. Reseal all bubbler flasks. 

3. Turn on air pump. 

4. Adjust flow meters to a setting of 35-40. 

5. Turn on fluorescent lights and adjust flask positions to within 3.5 inches. 

6. Set current time on light timer and photoperiod to 14:10 hrs ON:OFF. 

7. Sample the aqueous phase as described above according to a pre-determined 

sample schedule for a minimum of five days. 

8. At the completion of the experimental run shut off the air pump and the 

fluorescent lights. 

9. Process each flask as follows: 

a. Pour contents of entire flask into a 250 mL 0.2 micron cellulose nitrate 

bottle top filter setup (includes collection vessel). 

b. Attach vacuum line to the bottle top filter and start vacuum pump. 

c. Filter entire contents into collection vessel. 

d. Remove biomass from filter with disposable plastic spatula and place 

within folded paper towel. 

e. Dry biomass, place in tared weigh container, and measure the biomass 

fresh weight.  Put aside biomass for later extraction. 

f. Cut out filter from the bottle top plastic housing with a scalpel blade 

and place filter into a 20 mL glass scintillation vial. 

g. Add 20 mL of methanol to the bubbler flask and cap with a rubber 

stopper. 

h. Agitate flask to rinse inside of flask with methanol solution. 

i. Drain methanol solution into a 20 mL glass scintillation vial. 

10. Remove 20 mL sample from KOH CO2 traps and place into 20 mL 

scintillation vials. 

11. Open VOC glass tube traps and place contents of resin and fiberglass into 20 

mL glass scintillation vial. 
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14C-TNT sample preparation and sample analysis (steps 4.a-4.e) 

1. Perform 3-stage biomass extraction for each test flask as follows: 

a. Add biomass sample to cryo-cup with a small amount of liquid 

nitrogen. 

b. Crush frozen biomass sample with plastic mortar into coarse powder. 

c. Transfer crushed biomass powder to a glass test tube, add 5mL of 

MeOH, vortex for 20 sec, and seal test tube with rubber stopper. 

d. Place test tube in thermomixer @ 350 rpm at 23 °C for 24 h (1st 

extraction). 

e. Remove organic phase from test tube with a glass Pasteur pipette and 

place into 20 mL glass scintillation vial. 

f. Add another 5 mL MeOH to test tube, vortex for 20 sec, and return to 

the thermomixer @ 350 rpm at 23 °C for 24 h (2nd extraction). 

g. Remove organic phase from test tube with a glass Pasteur pipette and 

place into 20 mL glass scintillation vial. 

h. Add another 5 mL MeOH to test tube, vortex for 20 sec, and return to 

the thermomixer @ 350 rpm at 23 °C for 24 h (3rd extraction). 

i. Remove organic phase from test tube with a glass Pasteur pipette and 

place into 20 mL glass scintillation vial. 

j. Place test tube without rubber stopper in the thermomixer @ 80 °C at 

350 rpm for 10 minutes to evaporate residual methanol. 

k. Add 15 mL DI H2O to test tube and place in thermomixer @ 98 °C at 

350 rpm for 60 minutes (1st extraction).  Vent each tube every ten 

minutes by removing rubber stopper. 

l. Removed aqueous phase with a Pasteur pipette and transfer to 20 mL 

glass scintillation vial. 

m. Add another 15 mL DI H2O to test tube and place in thermomixer @ 

98 °C at 350 rpm for 60 minutes (2nd extraction).  Vent each tube 

every ten minutes by removing rubber stopper. 
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n. Removed aqueous phase with a Pasteur pipette and transfer to 20 mL 

glass scintillation vial. 

o. Place test tube back in thermomixer without rubber stopper @ 80 °C at 

350 rpm until all residual water is evaporated. 

p. Add 15 mL 0.1N acetate buffer (pH 4.4) to test tube. 

q. Add 100 µL Viscozyme and 60 µL AMG enzyme mixtures to test 

tube. 

r. Place test tube in thermomixer @ 400 rpm at 50 °C for 48 h. 

s. Transfer contents of test tube to a 15 mL centrifuge tube and 

centrifuged at 2400 rpm for 10 minutes on Beckman model TJ-6 

centrifuge. 

t. Decanted supernatant to 20 mL glass scintillation vial. 

2. Biomass methanol extract bleaching: 

a. Add 1 mL of methnol extract to a 20 mL scintillation vial. 

b. Add 50 µL of 5% Sodium Hypochlorite solution 

c. Agitate vial to mix solution and complete bleaching of extract. 

3. Extract VOC resin samples as follows: 

a. Add 5 mL MeOH to glass scintillation vial and cap. 

b. Vortex contents for 30 s and allow to extract for 48 h at ambient 

temperature in dark conditions. 

c. Sample MeOH directly with pipettor and place into 20 mL glass 

scintillation vial for LSC. 

4. Combine all samples at the following volumes and scintillation cocktail as 

described in the following table.  Once samples and cocktails are added mix 

well and place into scintillation holder.  Label all scintillation vial caps with 

corresponding identification number. 
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Sample type Sample volume 
(mL) Cocktail type Cocktail volume 

(mL) 
Aqueous medium 1 Ultima Gold LLT 5 

Bleached MeOH extract 1 Ultima Gold 15 
Hot water extract 1 Ultima Gold 15 
MeOH flask rinse 1 Ultima Gold 15 

VOC MeOH extract 1 Ultima Gold 15 
KOH solution 1 Ultima Gold 15 

Cellulose Nitrate filter (1) filter Filter Count 20 
 
  

5. Prepare aqueous samples for HPLC analysis and analyze under the listed 

conditions as follows: 

a. Syringe filter all samples with a 17mm 0.45 µm nylon syringe filter 

into an amber vial with a blue mark on the cap. 

b. HPLC conditions: 

i. Pump brand/model: Perkin Elmer binary LC pump 250 

ii. Detector brand/model: Perkin Elmer UV/Vis detector LC 295 

iii. Interface brand/model: Perkin Elmer Nelson 900 series 

iv. Injection volume: 20 µL 

v. Mobile Phase: 70/30 CH3CN:H2O 

vi. Flowrate: 1.0 mL min-1 isocratic 

vii. Wavelength: 230 nm 

viii. Range: 0.001 

ix. Column:  C18 Luna (2) 5µm  4.6 x 250 mm 

6. Measure 14C-activity under the following conditions: 

a. Insert scintillation vials in 7 ml or 20 ml vial LSC sample holder racks 

b. Place LSC sample rack in Beckman LS6500 scintillation counter 

c. Set counting time at 3 min for aqueous samples and 5 min for all other 

samples 

d. Collect results printout from attached scintillation counter printer 
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Flow recirculation bioreactor (FRB) setup and operation procedure 
Updated: 10/17/06  
 
Setup 
 

1. Close reservoir outlet valve (see valve position schematic) 

2. Inoculate approximately 2 liters of 200xESS (1:100 v/v) seawater medium 

into reservoir vessel using air displacement system. 

3. Set reservoir stir plate to a setting between 7 and 8. 

4. Turn on recirculation water bath. 

5. Set gas flow meter to 20 and sparge medium for 1 hour. 

6. Fill reactor vessel half-full in laminar flow hood and seal reactor vessel with 

stainless steel head plate 

7. Insert YSI DO probe into reactor side port. 

8. Attach inlet and outlet tubing 

9. Open reservoir outlet valve and fill reactor completely 

10. Set reactor stir plate to setting 3. 

11. Place pump tubing into pump head and close 

12. Set all three-way valves to flow to and from reactor vessel 

13. Turn pump on and adjust to setting 3. 

14. Turn lights on, set time on timer, and set timer to a 14:10 hrs ON:OFF 

schedule (10PM-8AM) 

15. Measure pump flow rate using a graduated cylinder and stopwatch at the 

reservoir inlet valve 

16. Pull sample from inline sample port and measure pH. 

 
Startup: Biomass inoculation 
 

1. Allow system to equilibrate for at least 1 hour. 

2. Adjust DO meter reading to 100% using calibration knob. 

3. Record Baseline DO measurement for at least 30 minutes using a 5 sec sample 

interval with LabPro data collection software. 
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4. Turn off pump and close all three valves to prevent flow of liquid 

5. Remove reactor vessel from setup and inoculate reactor with biomass 

6. Reconnect all tubing, set all valves back to the reactor and then restart pump. 

7. Open perfusion port. 

8. Start data collection of DO with LabPro software. 

9. Allow system to run for a minimum of 24 hours without substrate to let 

culture equilibrate to system. 

 
Operation:  Substrate inoculation 
 

1. Close perfusion port. 

2. Inject with a needle tipped syringe the initial pulse of substrate dissolved in 

seawater medium thru top port on reservoir vessel or pulse medium using the 

air displacement system 

3. Record time of pulse and time point displayed in LabPro. 

4. Allow system to equilibrate for 30 minutes. 

5. Pull a 1 mL aqueous sample from the inline sample port. 

6. Reopen perfusion port. 

7. Start perfusion pump to TNT stock at desired rate.  Record start time. 

 
Continuous Operation 
 

1. Every morning stop LabPro data collection and save data to file. 

2. Adjust the time duration for data collection if necessary. 

3. Restart LabPro data collection by appending to last data set. 

4. Shake reactor to dislodge biomass buildup around DO probe, twice a day. 

5. Once a day pull a 1 mL sample from inline sample port. 

6. Every five days stop pump and remove biomass to weigh and harvest.  Return 

only the initial starting amount of biomass to the reactor.  Dry extra biomass 

in oven and measure dry cell weight.   

7. During biomass harvest restart pump without biomass and take baseline 

measurement. 
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8. Every five days stop pump, clean pump rotors and cylinders, and also replace 

pump tube. 

9. Refill perfusion TNT stock as necessary. 

 
Shutdown 
 

1. Pull sample for pH measurement from inline sample port. 

2. Measure pump flow rate using a graduated cylinder and stopwatch. 

3. Save all pH sample and pump measurement medium. 

4. Stop pump and close all valves. 

5. Remove biomass and weigh.  Dry biomass in oven and measure dry cell 

weight. 

6. Pool together entire medium from reactor and reservoir and measure total 

system volume. 
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Chlorophyll fluorescence PAM (Qubit system) procedure 
Updated: 6/26/07 
 
Overview: 
 
Step procedure for the data collection of chlorophyll fluorescence response for a biomass 

sample with the Qubit Systems FL2LP Chl fluorescence package. 

 
Setup Procedure: 
 

1. Turn on data acquisition computer. 

2. Plug in LabPro A/D interface, verify initialization sequence by beep and flashing 

of colored LEDs on interface panel. 

3.  Turn on DC power supply to actinic light source. 

4. Plug in the pulse modulated fluorometer module. 

5. Insert both red LED light sources into the test cell chamber. 

6. Insert the fluorescence detector into the test cell chamber. 

7. Insert blank cuvette into test cell chamber and adjust both the red LED light 

sources and the detector to within approximately 1 mm of the cuvette surface. 

8. Start the Logger Pro software by double clicking the icon. 

9. Open the FL2LP chlorophyll folder and open the Fluores.xmbl file. 

10. Verify the fluorescence detector and light detector are recognized, if not click 

appropriate boxes, and then click ‘OK’ on sensor confirmation window. 

11. Save and rename file to a different test file name; change pathway directory as 

necessary. 

12. Insert blank cuvette filled with 3.5 mL of desired medium. 

13. Adjust the baseline voltage signal of fluorescence detector to 0.05 ± 0.02 V with 

the zero potentiometer on the back of the fluorometer module. 

14. Click ‘Data collection’ icon and set the experimental run duration. 

15. Click right mouse button on the graph and select graph properties; adjust graph 

scale to appropriate scale. 
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16. Turn on actinic light source switch and adjust actinic light source knob to desired 

intensity, then turn off actinic light via switch (leave knob at desired placement). 

17. Proceed with experimental run.  

 
Experimental Procedure: 
 

1. Setup the fluorescence package as described above. 

2. Add weighed biomass sample to 4 mL plastic cuvette (four-sided clear). 

3. Add desired medium (minimum of 3 mL) to sample cuvette. 

4. Place sample cuvette under dark conditions into an incubator with the desired 

temperature. 

5. Allow sample to dark adapt for a specified duration (3-25 min, do not allow to 

dark adapt for longer). 

6. Turn off any direct ceiling lights in the lab room. 

7. Place sample into test cell chamber. 

8. Turn gain of the fluorometer for a baseline response of between (0.5-1.0V), adjust 

as necessary for each additional sample. 

9. Click the ‘Start’ icon to initiate data collection. 

10. Allow system to run in dark with LED light source only for a minimum of 1 

minute to determine the minimal fluorescence (Fo). 

11. Press light pulse button on light source module to saturate sample with light to 

determine maximal fluorescence for dark adapted (Fm). 

12. Allow for 30 seconds to elapse and then turn on the actinic light source swith. 

13. Allow system to reach a steady state fluorescence level (Fs) (1-10 minutes). 

14. Turn on auto-flash knob or use manual flask pulse button to apply multiple 

saturating pulses to determine the maximal fluorescence for light adapted (F’m). 

15. Allow 20 seconds to elapse and then turn off actinic light source and collect data 

for as long as necessary. 

16. To terminate run click ‘Stop icon’. 

17. Allow system to auto-save. 

18. Save file to desired pathway. 


