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Abstract

The exposure ofhlamydomonas reinhardtio environmental stress, such as that caused by the explosive 2,4,6-trinitrotoluene (TNT) can
alter its gene expression. Expression analysis was conducted using a microarray composedotil@dyflomona&STs to characterize
the broad range of responses of gene expression exposed to this common ordnance compound. TNT treatment conditions were determinec
by growth analysis o€hlamydomonai 0-5p.g/mL TNT. One and fug/mL were used for microarray analysis sinced/mL of TNT did
not decrease the cell count after 7 days of treatment, whengg®_ of TNT was the maximum TNT concentration that allowed growth,
respectively. Transcriptional profiling revealed that approximately 158 responsive genes were differentially expressed representing several
functional categories. Genes responsible for photosynthesis, energy metabolism and oxidative stress were upregulated in the presence of TNT
while the expression of cell wall related genes were downregulated. Several unidentified genes were also affected. The microarray results
were validated using real-time RT-PCR for a subset of genes. Information from the microarray analysis can be used to engineer algae-based
sensors to signal TNT exposure in addition to potential explosives cleanup applications.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction mans. Aside from unexpected and unintended explosions of
landmines filled with TNT that can cause injury to humans,
Trinitrotoluene (TNT) has been extensively used as an ex- the ingestion of this compound can result in the formation of
plosive since 19021]. Its use in military bases and in the carcinogenic derivative®]. As a result, research in the field
production, purification and loading of ammunition has re- of detection and remediation has been driven by the need to
sulted in large amounts of wastes being generated. As a reclean up contaminated environments on a global scale.
sult of its improper disposal, TNT has entered the environ-  The extent of the toxicity of TNT varies among organ-
ment and contaminated both soil and groundwater systemsisms and consequently certain organisms should be useful
TNT and its degradative products are known to be toxic in biomonitoring and bioremediation. Current detection sys-
to many organisms such as algde?], bacteria[3], plants tems monitoring surface and sub-surface contamination rely
[4-6] and invertebratef7,8]. In addition, a major concern  on active environmental sampling using chemical and bioan-
about the effect of TNT is its ability to potentially harm hu- alytical analysis of contaminated samples to assess the level
of pollution, which are costly10]. Traditional methods of
controlling TNT pollution include costly incineration pro-

* Corresponding author. Tek:1 865 974 6487; fax:-1 865 946 1089.  cesse$ll]. An attractive alternative technology involves the
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sors and phytoremediation systems. Phytosensors are plantstrictions may be evaded by the use of molecular techniques
and algae that produce a phenotypic response to specific enthat may reveal the functions of certain genes, which may
vironmental stimuli while phytoremediation is characterized be transferred to other plants to enhance the remediation
by the use of plants for in situ treatment of contaminated process. In addition, promoters that are induced by the con-
areas polluted by a variety of hazardous substafiz43]. taminant may be revealed. These promoters may be fused
The potential use of these organisms for the phytore- with marker genes such as one encoding green fluorescent
mediation of TNT contaminated sites has lead to the protein that can be used as biological sensors that detect the
study of TNT uptake and the metabolic mechanism of pollutant (phytosensors).
TNT transformation in plants. Once the explosive com- In order to better understand gene regulation patterns in
pound has been taken up and metabolized by the plant,response to TNT, we have us€tilamydomonas reinhardtii
both oxidation and reduction products are generated.(Chlamydomongs a unicellular green alga as a model
Overall, studies have reported aerobic reduction prod- organism. With the completion of th€hlamydomonas
ucts of TNT with the major product being monoami- genome project and the recent availability of microarray
nated TNT metabolites (4-amino-2,6-dinitrotoluene and chips, several genes that are involved in the response to
2-amino-4,6-dinitrotoluene)[14]. Type | nitroreductase  TNT may be identifiedChlamydomonakas several advan-
enzymes have also been proposed to catalyze the reductages as a model organism for stress response. Growth is
tion of TNT [15]. Goheen et al[16] isolated a ferrodoxin  rapid with cells attaining logarithmic growth phase in 2-3
NADP* that was responsible for the conversion of TNT to days. They are also sensitive and respond to small changes
4-hydroxylamino-2,6-dinitrotoluene. Thioredoxin reductase in the environment by regulating transcription by the ac-
in Arabidopsis thalianawvas shown to catalyze the redox tivation or repression of gend25]. Genes identified in
cycling of TNT via a single electron reductida7]. Oxi- Chlamydomonasnay also be transformable into common
dation processes in the metabolism of TNT in plants have green algae ubiquitous to the environmgz].
also been observed, which are similar to those transforming In order to specifically investigate the transcriptional pro-
agricultural xenobiotics such as herbicides and pesticides.file of Chlamydomona# response to TNT, an expression
These reactions are often catalyzed by cytochrome P450microarray analysis was conducted. This technique allows
[18]. Bhadra et al[19] investigated TNT oxidative path- monitoring of changes in levels of transcripts of almost all
ways inMyriophyllum aquaticunfparrot feather) and found  genes in a specific organigi7,28] The differential expres-
six metabolites were isolated after exposure to TNT. These sion of Chlamydomonagenes after a 24 h treatment with 1
metabolites included 2,4-dinitro-6-hydroxy-benzyl alcohol, and 3wg/mL of TNT revealed genes that were regulated in
2-amino-4,6-dinitrobenzoic acid, I®-acetoxyamino-4,6- response to low concentrations of TNT. Further, in order to
dinitrobenzaldehyde and two binuclear metabolites. Oxida- validate the microarray results, real-time RT-PCR was per-
tive pathways are currently not well investigated and the formed. The possible involvement of these genes in response
formation of the products is yet to be elucidated. to TNT is discussed.
In order to further investigate the fate of TNT in plants,
changes in gene expression can be informative. Ekman et al.
[20] have described the gene expression patteAratbidop- 2. Materials and methods
sis seedling roots in response to TNT using serial analy-
sis of gene expression (SAGE). TNT responsive genes may2.1. Chlamydomonas strain and culture conditions
be useful in developing transgenic plants that respond to
explosives for phytosensing or phytoremediation. Likewise, C. reinhardtii (Utex 89, the Culture Collection of Algae
genetic engineering of plants possessing the capabilities ofat the University of Texas at Austin) were maintained on
other bioremediating organisms such as bacteria and yeasTris-acetate-phosphate (TAP) agar mel@@] at 24°C un-
may constitute an efficient tool for removing contaminants der continuous light (6emol/(m? st)). Growth curves of
in soil [21]. For example, Hannink et §R2] have developed = Chlamydomonagrere obtained for a low range of TNT con-
transgenic tobacco that remediates explosive contaminantentrations (0—p.g/mL TNT) to determine the appropriate
such as TNT. The tobacco plants expressed nitroreductaséfNT exposure treatment for the microarray experiments.
enzyme from the bacteri&gnterobacter cloacaeln addi- A stock solution of 10Gwg/mL was prepared by dissolv-
tion, plants expressing bacterial pentaerythritol tetranitrate ing crystalline TNT (Chemical Services, West Chester, PA)
also possessed the ability to degrade TNT more effectively in TAP media. To obtain the desired TNT in growth me-
than wildtype[23]. dia, a serial dilution of the TNT stock solution and TAP
The use of plants and algae as a cleanup technology forgrowth media was conducted. Ti&hlamydomonagocu-
contaminated soils and water is both low-tech and cost ef- lum was concentrated to 40 10’ cells and harvested by
fective. The limitation of using certain plant species to re- centrifugation (5000« g for 5min) and inoculated in the
mediate pollutants is their relatively low biomass compared 50 mL of the various TAP/TNT growth media. Cells were
to other crops. Furthermore, some plants acclimatize poorly counted at daily intervals for 1 week using a hemacytome-
to particular climates and soil conditiofis2,24] These re- ter. Growth curve analysis was conducted in triplicate and
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statistical analysis (ANOVA) was used to compare the treat- slide. Once the lifter slip was removed, the slide rack was
ments. plunged up and down for approximately 2min and then

For RNA extraction, 100 mL of sample culture was inoc- transferred to ¥ SSC for 2min and finally to 0.05 SSC
ulated in 500 mL of TAP media and allowed to attain loga- for 30s. All washing steps were carried out at’@2 Slides
rithmic growth (10 cells/mL) by growing under continuous ~ were tapped dry before they were scanned.
light as on a rotary shaker (140 rpm). Approximately’ 10 Hybridized microarrays were scanned for Cy3 and
cells were harvested by centrifugation (500@ for 5 min) Cy5-labeled probes with the GenePix microarray scanner
and inoculated in 50 mL of the desired culture medium and (Axon Instruments, Union City, CA). Separate images were
grown for 24 h before RNA isolation. The three culture me- acquired for each fluor at a resolution of @t per pixel.
dia used for RNA isolation were supplemented with 0, 1 and To normalize the two channels with respect to signal in-
3pg/mL of TNT. tensity the photomultiplier was adjusted such that the pixel

ratio was as close to 1.0 as possible.
2.2. RNA extraction and preparation of fluorescent probes
2.4. Data analysis

For each sample (treated and control) k510’ cells
were harvested and treated with 1mL of Tri-Reagent For data analysis, spot intensities from scanned slides
(Molecular Research Center, Cincinnati, OH). Cells were were quantified using Scanalyze software (Version 2.32;
disrupted by three freeze—thaw reactions in liquid nitrogen M. Eisen, Standford University http://www.genome-
and 37C waterbath. The total RNA was extracted with ww4.stanford.edu/MicroArray/SMD/restech.n)ml  Mi-
chloroform and precipitated with isopropanol. RNA pellets croarray grids were predefined and manually adjusted to
were washed with 75% ethanol, air dried and resuspendedensure optimal spot recognition. Data spots with abnormal
in 50wl RNase-free HO. shapes or high local background were discarded manu-

Fluorescently labeled Cy3 and Cy5 cDNA probes were ally. To ensure that only data from spots of high quality
generated from 1Qg total RNA using direct labeling with  were used in the analysis, quality control measurements
reverse transcription that incorporates aminoallyl nucleotide produced by the Scanalyze software were used. Inten-
analogs that label cDNAs with fluorescent dyes. Each exper-sity values below 1.5 times their local background were
iment (control versus treated sample) was replicated threedeemed non-significant and excluded from the data analy-
times and cultures were completely independent. Experi- sis. Each microarray image was uploaded on the University
mental design included a dye swap per experiment. The la-of Tennessee Microarray Database (c.f. Stanford Microar-
beling was performed using the CyScribe post-labeling kit ray Database; SMD) atttp://www.genome.ws.utk.edu
(Amersham Biosciences, Birmingham, UK) and the label- The criteria used for selection of the upregulated genes
ing procedure according to the manufacturer. Labeled cDNA were based on: (a) normalized channel intensities greater
was purified through PCR purification columns (Qiagen, Va- than 150 with greater than a 1.7-fold increase in mRNA
lencia, CA) and eluted with 100l of RNAse-free HO. abundance, and (b) a regression correlation of >0.5. To
Corresponding Cy3 and Cy5 samples were combined andselect for down-regulated genes, normalized channel in-
lyophilized. Pellets were resuspended inpdMDIG Easy tensities of >150 with<0.6-fold decrease in mRNA and
Hyb hybridization buffer (Roche, Indianapolis, IN), dena- a regression correlation of >0.5 was used. Average ra-
tured at 65 C for 2 min and allowed to cool at room temper- tios and standard deviations were calculated for the three
ature for 2 min before probe hybridization to the microarray replicates. ForChlamydomonasxpressed sequenced tag

slide. (EST) identification, the BLASTN program was used to
generate the entire list of known or putative gene functions
2.3. Hybridization reaction and microarray analysis (http:/lwww.biology.duke.edu/chlamgenomey.

The Chlamydomonasmicroarray slides (chip 1.1v, 2.5. Real-time RT-PCR
Carnegie Institute, CA) contain 3079 unique ESTSs, each
represented four times. The probe solution was applied Validation of selected genes was performed using
to microarray slides under a 22mm 50 mm lifter slip real-time RT-PCR. Total RNA was extracted as described
(Erie Scientific Company, Portsmouth NH) and placed in earlier. Two samples were extracted for each treatment.
a humidified hybridization chamber (Corning Microarray RNA was quantified spectrophotometrically, and its quality
Technology, Corning, NY). Ten microliters of water was was checked by electrophoresis using agarose gels stained
placed inside each chamber before sealing. Hybridization with ethidium bromide. Total RNA (4g) was reverse
was performed in a 50C waterbath for approximately 16 h.  transcribed in the presence of random primers using the Su-
After hybridization, the slides were removed and placed in a perScript First-Strand Synthesis System for RT-PCR (Life
slide rack submerged in washing solutior(3SC, 0.03% Technologies, INVITROGEN, Carlsbad, CA).
(w/v) SDS), with the array face of the slide tilted down so Real-time quantitative RT-PCR, based on TagMan
that the lifter slip would drop off without scratching the methodology was performed using the Smart-Cycler I
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Table 1

List of primers and probes used for real-time RT-PCR

Gene (accession n8.) Forward and reverse primer$-3 Probe 5-3

Rubisco TGGAGAGGAGTGAACAGTGG TTATCCCCTGACAGGAATATACATGGT
TCGGTCGTCTTACGCAGTT

Nitrate reductase (BM002822) GCGTGCTGCCATACACAG CCCCTTATGATTATGTATCGCATTGCATCA
CGTTAGCCCGTTTTGGTG

Unknown protein (BE725473) ACGTGCCCCCATCAGTAA AAGAATTCTTCACAGCTGCCGCGCTATT
TGGTCCATGCGTGCTAGA

Thioredoxin (BE453412) GGCCGGGCTCCTACTTAT TTAAGGGCTTACAAAACTGCCACCCATACG
GCCGCATTGTTTCGTTTC

Unknown protein 1 (BE726502) AGACTACCGCCCAACTGAAG CCACTGCAAAACTTGTGACGAGACCACTAT
GTCGGGTGCTGTTGTAGGTT

Putative lycopengd-cyclase (BM003222) CCAGCCAAACCCAAACAC CACAAGCCCACATGCAAGTCGAGAG
GAAGGCGTTTAGGCGTCA

a Sequences available to GenBank.

System (Cepheid, Sunnyvale, CA). PCR was performed microarray experiments. The growth responseCbfamy-
in a total volume of 2%.L containing Ix TagMan buffer; domonasvas determined by conducting a time-based growth
3.5mmol/L MgCh; 200pmol/L each of deoxyadenosine study on a range of TNT concentrationsig. 1). When
triphosphate, deoxycytidine triphosphate, and deoxyguano-compared to the control (@g/mL TNT) culture, there was
sine triphosphate; 4Q0mol/L deoxyuracil triphosphate; no significant differenceR > 0.05, Student—-Newman—Keuls
300 nmol/L each primer; 300 nmol/L probe; 0.5U of Am- multiple comparison test) in cell concentration gid/mL
pErase uracilN-glycosilase; 1.25U AmpliTag Gold (Ap-  TNT on the final day of cell counts$ € 168 h). The cell con-
plied Biosystems, Foster City, CA); andp2 of cDNA centration in Qug/mL TNT was 730+ 22 (x10* cells/mL;
equivalent to 100 ng total RNA. all Chlamydomonsicell concentrations) and cell concentra-
Primers and probes were chosen using the Primer 3tion at 1ug/mL TNT was 73% 17 cells/mL. Data indicated
program[30] to have melting temperatures of 58—60 and that 3ug/mL TNT was the maximum concentration of TNT
70°C, respectively. The amplified product size was about supportingChlamydomonagrowth. The cell concentrations
100bp. Probes were labeled it @ith TET and in 3 of Chlamydomonagirowing in 4 and ug/mL TNT were
with TAMRA. To normalize the amount of total RNA considerably lower than those exposed to lower concentra-
present in each reaction, the housekeeping gene RUBISCQions, whereChlamydomonasell counts after 168 h reached
was co-amplified. The RUBISCO probe was labeled with 28 + 3 cells/mL, while control cultures had final cell counts
FAM instead of TET. Primers and probes are listed in of 730+ 22 cells/mL.
Table 1 The TNT concentrations used for the microarray exper-
All amplification reactions consisted of one cycle of an iments were 1 and 8g/mL TNT. At 1pg/mL the growth
initial incubation of 50°C for 2 min followed by a hot start  response in terms of cell counts was not apparent since there
of 95°C for 10 min and 45 cycles of denaturation at°@5 was no significant difference in cell counts from the control
for 15 s and annealing and extension at68or 1 min. Gene cultures. Thus, in order to determine the response of TNT
expression changes were quantified by calculating the aver-at the transcription leveChlamydomonasells were treated
age values of three runs each of two independent sampleswith 1 ug/mL TNT. The 3ug/mL TNT concentration was
PCR efficiencies for each amplicon were calculated using used because it was the maximum TNT tolerance thresh-
serial dilutions from a reference sample, which was a mix of old concentration for apparently healtit§hlamydomonas
equal amounts of cDNA from 1g/mL TNT and 3wg/mL growth.
TNT treated samples. Specific mRNA transcript levels were
expressed relative to the reference sample using calculations.2. Microarray analysis
described by Pfaffi31].
The Carnegie Institute microarray contains 3079 unique
ESTs representing approximately 30% of the genome. A

3. Results global representation of the changes in expression of all the
expressed sequence tags (ESTs) on the microarray is illus-
3.1. Chlamydomonas TNT treatment conditions trated inFig. 2 For the majority of the transcripts, expres-

sion appeared unchanged with TNT treatmétig(2). Us-
TNT growth response studies were conducted in order to ing the selection criteria outlined fBection 2 and account-
determine the&Chlamydomonatreatment conditions for the  ing for the ESTs that correspond to similar genes in the
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Fig. 1. The growth response of wild-tyggéhlamydomonaso TNT. Cell concentrations were measured every 24 h. Differing letters indicate significant
difference P < 0.05) at 160 h. Vertical bars represent standard deviations.

BLASTN search, 158 ESTs were differentially expressed genes were downregulated. There was an overlap of very
in response to TNT. Of these, expression of 38 ESTs werefew genes at exposure to 1 angu@mL TNT. The expres-

upregulated and 43 ESTs were downregulated jad/inL
TNT. At 3png/mL TNT, 35 genes were upregulated and 42

147 -
1271

107

3 pug/ml TNT
exposure

| <

11 14

Untreated control

Fig. 2. Scatter plot of signal intensities for all ESTs on the microarray
for the 3ug/mL TNT experiment. A similar pattern was observed for the
1pg/mL TNT microarray experiment. Normalized log-channel intensities
for each clone on the microarray are plotted with signals from the control
and the TNT-treated on the and y-axis, respectively. Most values fall
near the linex = y indicating that most of the genes are unaffected by
the treatment conditions. Values that fall outside the genetaly line

are the differentially expressed genes; values abovey line indicate

sion data based on EST description and BLAST homologies
for 1 wg/mL TNT-responsive ESTs are describedables 2
and 3 Differentially expressed genes inug/mL TNT are
represented iTables 4 and 5

3.3. Functional classification of upregulated genes

Genes involved in several processes are differentially
expressed in the presence of TNT. One of these func-
tional processes is photosynthesis and energy metabolism:
Photosystem 1, Photosystem I, plastocyanin, cytochrome
bsf, and the light-harvesting complex genes are upregu-
lated after 24 h of TNT treatmenidbles 2 and ¥ These
complexes constitute the photosynthetic electron transport
chain, which primarily generates NADPH and ATP, required
for the reduction of carbon and other chloroplast activities
[32].

In addition to the upregulation of photosynthetic genes,
many ribosomal proteins were upregulated by TNT. Ribo-
somal proteins are involved in protein synthesis. Both small
and large subunit ribosomal proteins that are found in the
chloroplast and cytosol were identified. There was approx-
imately 2-fold increase in the expression of 50S and 30S
chloroplast ribosomal genes inug/mL TNT (Table 2. At
3rg/mL TNT the expression level of the large 50S subunit
was 1.89+ 0.12-fold induction, while the small 30S sub-

upregulated genes and those below are downregulated. The genes wdlINit expression was approximately 2.340.15-fold higher

focused on are listed ifables 2—-6

(Table 4.
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Table 2

Genes upregulated by a treatment withgimL TNT

Accession no. oChlamydomonas  Gene descriptidh Putative functional category Fold ratib S.D.

EST cloné

89409D12 Unknown Unclassified 2.68 0.86

BE726502 Unknown Unclassified 2.660.2

BI722534 Succinoglycan biosynthesis Exopolysaccharide used as 2.62+ 1.63

like-protein reserve material

BE12221 Phosphatase like protein Involved in dephosphorylation of 251+ 0.55
protein

BU648787 Unknown Unclassified 2.58 1.67

BE453626 Unknown Unclassified 2.290.17

BE452532 Photosystem | polypeptide precursor  Photosynthetic electron transport 2.26 + 0.06
chain

BU654212 Putative ubiquitin specific protease Involved in the removal of 2.26+ 0.0

abnormal protein using the Ub/26S
proteasome pathway

BQ816253 Unknown Unclassified 2.20 0.09
AV642759 Putative chaperone protein Involved in protection against heat 2.19+ 0.37
induced protein aggregates
BE452532 Polypeptide 35 precursor Unclassified 2£10.25
BE453562 Unknown Unclassified 2.1 0.51
BG848114 Unknown Unclassified 2.1 0.22
BE725903 30S ribosomal protein Chloroplast located protein 20¥.24
BE352272 Unknown Unclassified 2.06 0.29
BE724272 Chloroplast 50S ribosomal protein Chloroplast located protein £2.015
BE725909 Light-harvesting complex of Involved in gathering light energy 197+ 0.14
Photosystem | during photosynthesis
BF862205 50S ribosomal like protein Chloroplast located protein 9522
BF860102 Expressed protein Unclassified 1493®.18
BU654085 Agglutinin Hydroxyproline-rich glycoprotein found in cell 1.93+ 0.14
wall of C. reinhardtii
BE122147 27S ribosomal protein Cystolic located protein 196.08
BM003222 Putative lycopeng-cyclase Carotenoid production associated with
photosynthesis and antioxidant agent
BU651578 NADH malate dehydrogenase Regulatory enzyme involved in an 1.92+ 0.17
energy-dependant assimilation of carbon dioxide.
BE351986 Unknown Unclassified 1.92 0.19
BE122147 Putative zinc finger protein Transcription factor 1490.12
BF864612 Cytochromeglh Electron transfer and proton-translocating enzyme 190.11
BE453268 Plastocyanin Photosynthetic electron transport; small copper 1.87 + 0.11

binding protein that accepts electrons from
cytrochrome bf.

BI727105 Disulphide isomerase like protein Assists in protein folding by formation of 1.86+ 0.12
disulphide bridge
BE237654 258S ribosomal like protein Cystolic located protein 180.01
BF860102 60S ribosomal like proteins Cystolic located protein #8311
BE212030 Putative component of Transport of proteins in vesicles to compartments1.81 + 0.05
vesicle-mediated transport in the cells; putative transport protein containing
proteins which fuse to membrane.
BE024336 40S ribosomal like protein Involved in protein synthesis #8103
BE237659 Putative chloroplast 50S ribosomal Chloroplast located protein 1.800.03
protein
BE726790 Putative acyl carrier protein Small acidic proteins that carry acyl chains during0 + 0.08
lipid synthesis
BE352263 Unknown Unclassified 1.4 0.06
BM518983 60S ribosomal protein L12 Cystolic translation protein 17602
BE761412 Cytochromegf-associated Electron transfer and proton-translocating enzyme 176.05

phospoprotein precursor

@ Sequences available to GenBank orChlamydomonas EST clones {) available to Chlamydomonas EST database.
(http://www.biology.duke.edu/chlarngenome/cgp.htrnl
b Gene description annotated with BLASTN homology search.
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Table 3
Down-regulated genes atpy/mL TNT
Accession no. oChlamydomonas Gene descriptidh Putative functional category Fold ratib S.D.
EST cloné
BI529617 Unknown Unclassified 0.28 0.12
BG848114 Unknown Unclassified 0.3 0.10
894058C1t Unknown Unclassified 0.3% 0.13
BE212109 Expressed protein Protein similar td@bidopsis 0.31+ 0.09
thaliana protein
BE129394 Unknown Unclassified 0.38 0.15
BU646281 Unknown Unclassified 0.38 0.12
Olivier/Clp** Unknown Unclassified 0.3% 0.10
BM519195 Unknown Unclassified 0.34 0.14
BE129407 Unknown Unclassified 0.34 0.14
BE122216 Unknown Unclassified 0.34 0.15
BE352103 Unknown Unclassified 0.350.16
894030A0* Unknown Unclassified 0.35% 0.16
894044A0* Hypothetical protein Unclassified 0.36 0.11
BE23786 Unknown Unclassified 0.3% 0.02
BE452608 Unknown Unclassified 0.380.14
BE724681 Porphorin | precursor Chlorophyll structural component 8:3R12
BE12210 Unknown Unclassified 0.30 0.15
BE227716 Unknown Unclassified 0.4D 0.09
BE726019 Unknown Unclassified 0.4D 0.06
Stern:C12* Unknown Unclassified 0.4% 0.09
894004H1 Unknown Unclassified 0.44 0.15
BE337577 Putative Unclassified; component of cell 0.44+ 0.03
membrane protein membrane
BE726560 Putative protein Third enzyme in the porphyrin 0.46 + 0.05
biosynthetic pathway
963082D0 Unknown Unclassified 0.46- 0.07
BF860436 Hypothetical protein Unclassified 0.460.06
BM518930 Unknown Unclassified 0.4% 0.08
BI725674 Multicopper ferroxidase Involved in iron uptake 047.07
B1999281 Unknown Unclassified 0.48 0.05
BMO003014 p60 katanin Protein that binds to microtubules 0.51+ 0.07

and severs then in an
ATP-dependant manner

B1722399 Gametolysin 0.52 0.09
BE453108 Putative selenoprotein Protein family that contain selenium .65
BE351855 Unknown Unclassified 0.55 0.04
BE725812 Unknown Unclassified 0.55 0.02
BM518939 Unknown Unclassified 0.5k 0.03
BF865887 Unknown Unclassified 0.55 0.02
B1723489 Putativel-carotene desaturase Involved in carotene biosynthetic 0.55+ 0.04
precursor pathway
BE725245 Expressed protein Similar toAsabidopsis thaliana 0.55+ 0.03
protein
BE724263 Unknown Unclassified 0.57 0.02
BE726116 Unknown Unclassified 0.57 0.03
BM518836 Putative indole-3-glycerol Metabolic enzyme in the production 0.58 + 0.01
phosphates synthase of indol-3- glycerol phosphate
BE725843 Putative sterol-methyltransferase Involved in the sterol biosynthetic ~ 0.59 + 0.01
pathway
BE453183 Unknown Unclassified 0.59 0.01

a Sequences available to GenBank orChlamydomonas EST clones %) available to Chlamydomonas EST database.
(http://www.biology.duke.edu/chlamgenome/cgp.html (**) Indicates EST clones made available to microarray chip 1.1v; sequences not available to
Chlamydomona&ST database at time of study.

b Gene description annotated with BLASTN homology search.

Another major category of differentially regulated peroxiredoxin-like proteins, DegP protease-like protein,
genes encode for cell defense proteins, which include thioredoxin and glutathiong-transferase (GST). The genes
anti-oxidative stress proteins and heat shock proteins.encoding the peroxiredoxin-like protein, DegP protease-like
The majority of these transcripts were upregulated in protein and thioredoxin were upregulated at least 2-fold
3wrg/mL TNT. The anti-oxidative stress proteins include in treated cells. Peroxiredoxins form a group of peroxi-
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Table 4
Genes that are upregulated with a treatment wigtg8nL TNT
Accession no. oChlamydomonas Gene descriptidh Putative functional category Fold ratid S.D.
EST cloné
BE725473 Unknown Unclassified 6.09 3.84
BU 648787 Hypothetical protein Unclassified protein; similar to an 3.05+ 0.67
expressed protein iArabidopsis
thaliana
2.69+0.87
AV643891 Heat shock protein Cell defense 2520.48
BI728129 Sulfate transport system permease Sulfate transport into cells 2.20.48
protein
Peroxiredoxin like protein Antioxidative enzyme catalyze the 2.26+ 0.12
reduction
AV642759 Putative chaperone protein Involved in protection against heat 2.22+4+ 0.52
induced protein aggregates
BE453199 Plastid ribosomal like protein Chloroplast located 210.12
BF864539 Light-harvesting complex protein Involved in gathering light energy 2.16+ 0.22
precursor during photosynthesis
BE121746 30S ribosomal like protein Chloroplast located protein 21115
BE237902 Unknown Unclassified 2.1 0.21
BM002900 Unknown Unclassified 2.18 0.24
BF862306 DegP protease like protein Involved in thermal and oxidative 2.10+ 0.36
tolerance; degrades misfolded and
aggregated proteins in the periplasm
Stern: A03* Unknown Unclassified 2.05 0.2
BF864539 Light-harvesting complex I Intercept light energy in photosynthesis 2.640.21
precursor protein
BE453412 Thioredoxin A disulphide-reducing redox protein 2.03+ 0.26
involved in antioxidant functions.
BE337707 Unknown Unclassified 2.0 0.20
BF863557 Unknown Unclassified 1.990.11
Olivier/ClpC2* Unknown Unclassified 1.98 0.21
BI726314 Sulfotransferase Involved in sulfur metabolism 1H949.05
BM003222 Putative lycopeng-cyclase Carotenoid production associated 1.93+ 0.16
with photosynthesis and antioxidant
agent
BE024621 Unknown Unclassified 1.92 0.35
BE212144 Unknown Unclassified 1.92 0.19
BM002822 Nitrate reductase Primary enzyme that catalyzes 1.90+ 0.16
reduction of nitrate to nitrite
BE724272 Chloroplast 50 S ribosomal like Chloroplast located ribosomal 1.89+ 0.12
protein protein involved in translation
BE129393 Glutathion&-transferase like protein Primary enzyme in oxygen 1.89+ 0.12
detoxification (oxidative stress)
BI529617 Putative purple acid phosphatase Primary enzyme of cell walls and 1.89+ 0.09
involves the mobilization of
phospohorus from organic
compounds in soil
BE352248 16S ribosomal like protein Chloroplast located protein 18613
BE024560 Putative phenlyalanine t-RNA synthetase Protein synthesis +13B51
BM519278 Expressed protein Unclassified 1:83.06
BE453407 50S ribosomal protein Chloroplast located 180.13
BE056399 Unknown Unclassified 1.800.12
BF862787 QM family protein Involved in cell growth and differentiation 1-800.06
BE024692 Unknown Unclassified 1.4 0.07
@ Sequences available to GenBank oiChlamydomonas EST clones Y) available to Chlamydomonas EST database.

(http://www.biology.duke.edu/chlamgenome/cgp.htmil (**) Indicates EST clones made available to microarray chip 1.1v; sequences not available to

Chlamydomona&ST database at time of study.
b Gene description annotated with BLASTN homology search.
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Table 5
Down-regulated genes atp)/mL TNT
Accession no. oChlamydomonas Gene descriptich Putative functional category Fold ratib S.D.
EST cloné
BE453282 Unknown Unclassified 0.350.10
BF863625 Putative porphorin precursor Chlorophyll structural component .84
BF761376 Unknown Unclassified 0.35 0.04
BF863773 Unknown Unclassified 0.3%7 0.05
Stern: B10* Unknown Unclassified 0.3#% 0.06
BE724871 Unknown Unclassified 0.380.13
BE452945 D-B-Hydroxybutyrate dehydrogenase Enzyme found in the mitochondria  0.41+ 0.09
membrane
BF863761 a-Tubulin like protein Microtubule protein 0.4% 0.09
BM519086 Unknown Unclassified 0.44 0.11
BE227503 Putativex-2-chain 0.45+ 0.07
BE352141 Unknown Unclassified 0.45 0.07
BF863819 Putative sulfated surface glycoprotein Surface protein H.0607
BE024783 Unknown Unclassified 0.48 0.04
BF860856 Unknown Unclassified 0.480.1
BE725330 Putative hydroxyproline rich glycoprotein Component of cell wall proteins 0.0812
BE238331 ATP synthase Energy evolving enzyme 0t48.04
BE725207 Unknown Unclassified 0.49 0.05
BE453150 Expressed protein Similar Asabidopsis thaliana 0.49 £+ 0.07
expressed protein
BE352179 Unknown Unclassified 0.40 0.07
BE725344 Putative transketolase Enzyme that catalyzes the transfer 0.49+ 0.09

of two carbon fragment from a
ketose to a aldose

BE238314 Unknown Unclassified 0.49 0.07
BE725502 Unknown Unclassified 0.5 0.04
BE237914 Translation elongation factor like protein Involved in translation 8:3m09
963104B1 ATP dependant protease Energy related enzyme ©.5006
BE726129 Inorganic pyrophosphatase precursor Vacuolar proton translocating protein + 0.6%
BF860319 Unknown Unclassified 0.5 0.05
BF863295 Putative vegetative cell wall protein Component of the cell wall &5105
BE725158 Putative ATP synthase alpha chain Energy evolving protein 4€.6D6
BF860406 Hypothetical protein Similar to protein in Desulfovibrio 0.51+ 0.06
desulfuricans
BF861408 Unknown Unclassified 0.52 0.08
BE725556 Unknown Unclassified 0.52 0.03
BE724687 Unknown Unclassified 0.52 0.04
BE122081 Unknown protein Protein similar Arabidopsis thaliana  0.53 £ 0.02
BF860682 Unknown Unclassified 0.56 0.02
BE351718 Unknown Unclassified 0.56 0.05
B1999544 Putative ABC transporter subunit Involved in the active movement in  0.57 + 0.02

a wide variety of substrates across
cell membranes.

BM518842 14-3-3 Protein (G-box binding factor) Signal transduction @50.01

BM518842 Unknown Unclassified 0.5% 0.01

BE725268 S-Adenosylmethionine Enzyme involved in the polyamine 0.58 + 0.02
decarboxylase proenzyme synthetic pathway

BE726480 BBC1-like protein Involved in activation of transcription 0:68.02

BF859990 Unknown Unclassified 0.59 0.02

a8 Sequences available to GenBank oiChlamydomonas EST clones 1) available to Chlamydomonas EST database.
(http://www.biology.duke.edu/chlamgenome/cgp.html (**) Indicates EST clones made available to microarray chip 1.1v; sequences not available to
Chlamydomona&ST database at time of study.

b Gene description annotated with BLASTN homology search.

dases found in bacter[&83], yeast{34], animals and higher in the synthesis of carotenoid compounds. Often these
plants[35]. At the lower concentration of TNT very few compounds are associated with photosynthesis and many
known cell defense genes were overexpressed. Both TNTalso act as antioxidant ageni36]. In addition, putative
treatment conditions resulted in the upregulation of a pu- chaperone proteins were expressed=2.2.37-fold greater
tative lycopeneB-cyclase. Lycopen@-cyclase is involved  at 1pg/mL TNT. In general, many of the proteins were
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unknown and may be involved in cell defense regula- Table 6
tion. Validation of array-based expression profile by real-time RT-PCR

One interesting gene that was upregulated pg/8nL Gene name Relative expression
TNT was that encoding nitrate reductase with a *9
0.16-fold increase. Nitrate reductase is the primary enzyme

Microarray Real-time RT-PCR

that catalyzes the reduction of nitrate to nitri&¥]. Other ~ Thioredoxin 203£026 181+ 029
tabolic genes that were upregulated were the sulfotrans- Vi reductase 1.9¢ 016 231+ 0.40

me 9 preg Unknown protein (BE 725473)  6.08 3.84  19.94+ 0.66

ferase gene and the sulfate transport system gene. Thespytative lycopend-cyclase 1.93+ 0.16 1.00+ 0.64

genes are involved in sulfur assimilation@mlamydomonas (3ng TNT)

[38]_ Putative lycopengd-cyclase 1.93+ 0.08 6.85+ 0.05

The final category of upregulated genes comprise those (1#g TNT)
whose protein functions are not yet known. Some of these Unknown protein (1.g TNT) 2.664 0.2 —6:33+ 052
genes include hypothetical proteins and expressed proteins a Positive value indicates upregulation and negative values indicate
that are similar to those found in other organisms. Approxi- downregulation. The values are expressed as me#hD. Each value
mately, 26 and 40% of responsive genes had unknown funC_represents a mean of two independent samples run in triplicate.
tions in 1 and 3.g/mL TNT, respectively. For both TNT
treatment concentrations, the highest upregulation was ob-lyzed (Table §. However, real-time PCR results for the gene
served for a gene whose functional category was unclassi-€ncoding unknown protein (BE725473) showed a very high
fied. Among the upregulated genes at@mL TNT treat- expression level (almost 20-fold induction) and the lycopene
ment was an unknown gene that has a-6.8.84-fold ratio ~ B-Cyclase gene showed a 6-fold induction ing/mL TNT.
increase. In addition, the highest increase in fold ratio after The only gene that did not correspond to the microarray re-

1 pg/mL TNT was for an unknown protein gene, which had sult was the unknown protein (BE726502), which showed
a 2.68+ 0.86-fold ratio increase. a 6-fold downregulation with real-time PCR in contrast to

1.93-fold upregulation with respect to the microarray data.
3.4. Functional classification of the down-regulated genes

This study, which was intended to ultimately develop phy- 4. Discussion
tosensors and phytoremediation application, focused less on
the expression of genes that were downregulated by TNT, The focus of this study was the identification of upregu-
however it was determined that a few genes had reducedlated Chlamydomonagenes in the presence of microgram
MRNA levels. In contrast to the upregulated genes, the func- per milliliter amounts of TNT. The data suggest that TNT
tion of the majority of the down-regulated genes were un- affects the regulation of genes involved in photosynthesis
known. At 1pg/mL TNT, approximately 74% of the un-  and therefore, may affect the redox stat€mamydomonas
known function genes, and atu®/mL TNT, 50% of the It has been reported that in green algae and higher plants
unknown function genes were downregulated. transcription39], mRNA stability[40], translatior{41] and

Among the down-regulated genes, many genes associ-protein phosphorylatiof#2] are regulated by the redox state
ated with cell wall components a€hlamydomonasvere of the photosynthetic electron transport chain. In addition,
downregulated at Rg/mL TNT. Hydroxyproline-rich pro- other reports suggest that the thioredoxin gptg], some
teins constitute a major structural component ofG@imgamy- nitrogen-related gendd4] and heat shock gen§45] were
domonascell wall. Another set of genes that were down- under the control of the photosynthetic electron transport.
regulated was the ATP related genes. ATP is involved in the In this study, genes encoding thioredoxin, nitrate reductase
expenditure of energy that drives various cellular processesand putative heat shock proteins were upregulated upon ex-

in the cell[32]. posure to TNT, indicating that TNT can affect the electron
transport chain. Studies conducted by Nocter and He\&r
3.5. Real-time RT-PCR have characterized the antioxidant defense network in plants

where they suggest that disturbances of the photosynthetic
A total of five genes from the list of upregulated genes in electron transport chain can result in oxidative stress.

both in 1 and 3.g/mL TNT treated samples were selected  Oxidative stress can occur as a result of a number of abi-
for confirmation based on hybridization intensities and dif- otic and biotic stresses. These stress environments include
ferent functional categories. Genes coding for nitrate reduc- drought stress, osmotic stress, ionic stress, the presence of
tase, thioredoxin and an unknown protein were upregulatedpollutants, and intense light7]. During aerobic metabolism
in 3ng TNT (Table § and an that for an unknown protein  under stress, reactive oxygen species (ROS) are produced as
was upregulated in Lg/mL TNT, whereas while a lycopene a result of partial reduction of oxygen. ROS were originally
gene was found to be upregulated in both 1 andy8nL considered to be detrimental to cells, but recently it has been
TNT according to microarray results. The microarray and shown that it is involved in redox regulation by adjusting
real-time PCR were consistent for four of the five genes ana- cellular activitieg48]. It is clear that the generation of ROS
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during oxidative burst is one of the first cellular responses to strong binding affinity for metal iong8]. In this study, the
potential pathogens and elicitor molecu]é8]. These ROS  repression of cell wall genes indicates that TNT resistance
induce the expression of defense-related genes such as thosmay not be cell wall related but may interfere with cell wall
encoding glutathionestransferasg50], peroxidases such  maintenance. TNT may affect the expression of hydroxypro-

as ascorbate peroxidase and superoxide dism{dageln line rich proteins, hence the genes are downregulated.
this study, the GST- and peroxidase enzyme-encoding genes Several of the genes discussed here were not analyzed
were both upregulated in thep®)/mL TNT treatment. Glu- because their functions have not yet been described. Many

tathione acts as a redox sensor and is involved in the multiplehypothetical genes are indeed transcribed and some of them
regulatory systems coordinating the expression of defenseresponded strongly to TNT treatment suggesting that they
gened51]. The GST gene was also shown to be upregulated have a significant role, yet to be unraveled in further studies.
in Arabidopsis thalianavhen exposed to TNT20]. Arisi Real-time RT-PCR was used to confirm the microarray
et al.[52] and Zhu et al[53] suggested that the increasing data because of its high sensitivity. The real-time PCR re-
glutathione biosynthetic capacity could enhance resistancesults validated the microarray results and were consistent
to oxidative stress. Transgenic plants that overexpress glu-for four of the five genes analyzed. However, the real-time
tathione gene were found to grow better under salinity and PCR showed a 20-fold induction of the unknown protein
chilling stresg54]. BE725473 that was upregulated ing/mL TNT compared

The upregulation of ribosomal proteins in the presence to the microarray experiment where it was up-regulated
of TNT is apparent by the identification of several puta- 6-fold. The only gene that did not correspond to the mi-
tive and confirmed ribosomal proteins. Ribosomes regulate croarray result was the unknown protein (BE726502), which
the protein synthesis in the cytosol and in plastids. Studies showed a 6-fold downregulation with real-time RT-PCR in
conducted by Mendez-Alvarez et §7] suggest that cer- contrast to 1.93-fold upregulation with respect to the mi-
tain ribosomal proteins may be involved in oxidative stress. croarray data. Differences in expression levels in microarray
Cloning and engineering tigéhlamydomona80S ribosomal results as compared to real-time PCR results has been re-
protein cDNA into oxidative stress sensiti@accharomyces  ported by Rajeevan et §b9] and Yoshida et a[60]. This
cerevisiaeresulted in restoration of the oxidative stress re- may be the result of sample-to-sample variation or underes-
sistance capacity db. cerevisiaeThis oxidative resistance timation of expression levels by microarray analysis.
capacity was induced by the synthesis of carotenoids. The When considering the relative expression of the 3079
increased carotenoid production may be the result of the genes represented on the array, it is important to realize that
overproduction of th€hlamydomona60S ribosome which  the expression profile by itself does not define critical genes
regulates the translation of proteins. Carotenoids are a grouprequired for stress response. In some instances changes in
of polyene pigments produced by photosynthetic organism mRNA may not correlate with changes in protein or en-
and some types of fungi and bacteftb]. A majority of zyme activity level[61]. Genes measured at low amounts
carotenoids are synthesized from lycopefeCarotene is of expression may have measurements that are less reli-
synthesized directly from lycopene and catalyzed by ly- able[62] and therefore microarray analysis may not iden-
copeneB-cyclase. A gene encoding lycopeecyclase was  tify these genes, albeit their potential use in TNT response.
upregulated irChlamydomonaafter the treatment of TNT, = Expression profiles however, do provide a useful starting
indicating that this protein may play a role in oxidative stress point for a more in depth analysis of stress response in a
resistance. ROS produced during oxidative stress have beemarticular organism. For example candidate gene lists can
demonstrated to act as a novel class of second messengelise created to assign putative functions to genes in response
mediating high carotenoid synthesis during chromoplast dif- to a particular stress. In this study, TNT responsive genes
ferentiation in peppef56]. were identified. Candidate genes can be further analyzed for

The upregulation of nitrate reductase ai@mL TNT their response in the resistance to TNT. These genes can be
indicates that this enzyme may be associated with TNT cloned and overexpressed into other organisms to assess tol-
metabolism. Hannink et aJ22] engineered plants that ex- erance to TNT. In addition, promoters that are induced in
press the nitrate reductase enzyme fienterobacter cloa- the presence of TNT may be fused to reporter genes such as
caeand described the phytodetoxification of TNT. Nitrate GFP to serve as inducible biomonitoring systems. The un-
reductase utilizes NADPH as a source of reducing equiv- known protein, which shows a 20-fold upregulation seems
alents to catalyze a two-electron reduction of TNT to hy- to be a promising candidate for further analysis of promot-
droxyaminodinitrotoluene, which is subsequently reduced to ers. In addition, its further characterization might illuminate
aminodinitrotoluene derivatives. its function. Although microarray technology provides in-

Among the down-regulated genes cell wall related genes sight into all the genes that are expressed in response to
were repressed. It is interesting to note that in some researchvarious developmental and environmental factors, our study
studies hydroxy-proline rich glycoproteins aid in the resis- had to be constrained to arrays that had only 3079 ESTs.
tance to metal ion§57]. The cell walls of algae have the There are now arrays available with more ESTs and further
capacity to bind metal ions in negatively charged sites. The studies with these arrays would probably reveal additional
anion carboxylate groups of pectin and glycoprotein have a genes of interest. Our study would serve as a platform for



1120 N. Patel et al./Plant Science 167 (2004) 1109-1122

all further investigation of TNT inducible genes @ rein- [6] M.E. Lucero, W. Mueller, J. Hubstenberger, G.C. Phillips, M.A.
hardtii. O’Cornnell, Tolerance of nitrogenous explosives and metabolism of
TNT by cell suspensions dbatura innoxa In Vitro Cell Dev. Biol.
-Plant 35 (1999) 480-486.
[7] P.Y. Robidoux, J. Hawari, G. Bardai, L. Paquet, G. Ampleman, S.
5. Perspectives Thiboutot, G.I. Sunahara, TNT, RDX and HMX decrease earthworm
(Eisenia andréi life-cycle response in spiked natural forest soil,

: : Arch. Environ. Contam. Toxicol. 43 (2002) 379-388.
Wher TNT-inducible algal phytosensor woul
ereas, a ducible algal phytosenso ould be [8] S.G. Dodard, A.Y. Renoux, J. Powlowski, G.I. Sunahara, Lethal

SF“t‘fib'e for St_andOff dete_Ctlon’ _and _algal-based thtoreme' and subchronic effects of 2,4,6-trinitrotoluene (TNT) Bnchytraeus
diation attractive for use in engineering a self-contained de- albidusin spiked artificial soil, Ecotoxicol. Environ. Saf. 54 (2003)
contamination of aquatic ecosystems, eukaryotic cells and  131-13s.
tissues are not the most sensitive or effective platforms. [9] T. Friche, Ecotoxicological evaluation of in situ bioremediation of
; ; soils contaminated by the explosive 2,4,6-trinitrotoluene (TNT), En-
S_hnver-Lake et al[6_3] have developed a contlnuous_flow Sron Polut 121 (2883) 103'3113. (TNT)
biosensor de_V'Ce_usmg_ |mmun0_logy-based technologles that[10] A. Halasz, C. Groom, E. Zhou, L. Paquet, C. Beaulieu, S. Deschamps,
employs antibodies raised against the explosives TNT and A corriveau, S. Thiboutot, G. Ample, C. Dubois, J. Hawari, De-
RDX that is effective at ppb to ppt levels. In addition, sev- tection of explosives and their degradation products in soil environ-
eral bacterial species inherently possess pathways that de- _ments, J. Chromatogr. A 963 (2002) 411-418. o
grade explosivef22,23,64,65] Nonetheless, characterizing [11] P.M. Bradley, F.H. Chapelle, Factors affecting microbial

lant d alaal ¢ bioti . . 2,4,6-trinitrotoluene mineralization in contaminated soil, Environ.
plant ana algal responses 10 Xenopbiolucs using genomics Sci. Technol. 29 (1995) 802-806.

should complement the prokaryotic systems that are proba-[12] c.s. cobbett, R.B. Meagher, Arabidopsis and the genetic poten-
bly more adapted, as a whole, to xenobiotics than are plants. tial for the phytoremediation of toxic elemental and organic pol-
Engineered plants and algae could be more suitable than lutants, in: C.R. Somerville, E.M. Meyerowitz (Eds.), The Ara-
hand-held biosensors or microbes in many circumstances. bidopsis Book, American Society of Plant Biologists, Rockville,

. . . MD, 2002, http://www.aspb.org/downloads/arabidopsis/cobbett,pdf/
Nonetheless, the problem of contamination of explosives, doi/10.1199/tab.0032.

unexploded ordnance, and mines is great and the world needg; 3] s.p. Bizily, T. Kim, M.K. Kandasamy, R.B. Meagher, Subcellular
advanced chemistry, biochemistry, biology and physics re- targeting of methylmercury lyase enhances its specific activity for
search to have a chance at providing solutions for monitor- organic mercury detoxification in plants, Plant Physiol. 131 (2003)

ing and cleaning up the mess that mankind has created for 463471 .
itself and the planet [14] J.G. Burken, J.V. Shanks, P.L.Thompson, Phytoremediation and plant

metabolism of explosives and nitroaromatic compounds, in: J.C.
Spain, J.B. Hughes, H. Knackmuss, (Eds.), Biodegradation of Ni-
troaromatic Compounds and Explosives, CRC Press, Boca Raton,
[15] V.F. Medina, S.C. McCutcheon, Phytoremediation: modeling removal
. . . of TNT and its breakdown products, Remediation 6 (1996) 31-45.
We would like to thank Colton Smith from the UT mi- 6] s.c. Goheen, J.A. Campbell, S.K. Roach, Y. Shi, M.M. Shah, Degra-
croarray database center for help in data analysis. We are  dation products after digestion of TNT using ferrodoxin NADP
appreciative for the suggestions made by Dr. Jonathan Gres-  reductase, in: N.K. Hannick, S.J. Rooser, N.C. Bruce (Eds.), Phy-
sel and one anonymous reviewer. The US Army provided toremediation of Explosives, Institute of Biotechnology, University

. . . . of Cambridge, UK, 1999, pp. 28-29.
financial support that made this work possible. [17] V. Miskiniene, J. Sarlauskas, J.P. Jacquot, N. Cenas, Nitroreductase

reactions ofArabidopsis thalianathioredoxin reductase, Biochim.
Biophys. Acta -Bioenerg. 1366 (1998) 275-283.
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