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Abstract

The varioud_eishmania species are flagellated protozoans, responsible for a wide spectrum of human diseases. The sequénce of the
major genome is nearing completion and a large proportion of the identified genes have yet to be ascribed functions. DNA microarrays
containing PCR-amplified DNA from a random amplified genomic library.ofmajor Friedlin (LmjF) [Mol. Biochem. Parasitol. 113
(2001) 337] were hybridized with fluorescent probes made fromajor Friedlin RNA from five time-points during differentiation from
procyclics to metacyclics. The data were normalized for background and probe intensity and the relative abundance of RNA for each spot
was calculated. Almost 15% (1387/9282) of the DNAs showed statistically signifieant].01) changes in expression (1.1-5-fold) during
the transition, with 1.16% (108) showing up-regulation at two or more time-points and 0.14% (13) showing down-regulation. Northern
blot analyses of selected genes confirmed these results. These studies confirmed the stage-specific expression of several known genes,
well as identifying a number of novel genes that are up-regulated in either procyclics or metacyclics.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Leishmania major; Gene expression; Procyclic; Metacyclic; DNA microarray

1. Introduction the sandfly host, where it undergoes rapid divisj@h.
During metacyclogenesis, the lipophosphoglycan on the
Leishmania, a trypanosomatid parasite, causes a wide surface of the promastigotes is modified and the parasites
spectrum of infections, ranging from self-curing ulcers to migrate from the alimentary canal of the sandfly host to the
often-fatal visceral diseases. It alternates between sand-froboscis where they form non-dividing, infective meta-
fly and mammalian hosts and has three distinct devel- cyclics forms[3]. These are transmitted to the mammalian
opmental stagesLeishmania exist as motile flagellated, host, when the sandfly takes a blood meal. Once in the
non-infectious, procyclic promastigotes in the midgut of human hosts, metacyclics enter resident skin macrophages.
Within the acidic environment of phagolysosomes, these
are transformed into non-flagellated, round, amastigdies
Abbreviations: cDNA, complementary DNA; CPN-10, chaperonin 10; The amastigotes undergo rapid division by binary fission;
DNA, deoxyribonucleic acid; dATP, deoxyadenosine tri phosphate; dCTP, the macrophage lyses, and amastigotes are subsequently
deoxycytidine triphosphate; dGTP, deoxyguanosine triphosphate; dTTP, released to infect other macrophages. Metacyclogenesis
deoxythymidine triphosphate; dUTP, deoxyuridine triphosphate; EST, e can be mimicked in axenic culture. Cultured promastig-
pressed sequence tags; GSS, genome sequence survey; kb, kilo bas%'teS during an early-log phase (2-5 days after sub-culture)

mMRNA, messenger RNA; ug, microgram; mM, millimolatt, microliter; . . .
ORF, open reading frame: PCR, polymerase chain reaction: pmoles, pico@€ non-infective, but as the culture approaches stationary

moles; RNA, ribonucleic acid; RT-PCR, reverse transcription PCRo- phase (9-11 days), the promastigotes rapidly gain viru-
efficient of correlation; SSC, sodium saline citrate; SDS, sodium dodecyl lence and are capable of infecting mouse peritoneal cells in
sulphate; 2xYT, yeast tryptone vitro [2]

* Corresponding author. Tek:1-206-284-8846; fax+1-206-284-0313. . . .
E-mail address: peter.myler@sbri.org (P.J. Myler). The changes in the biochemistry and morphology of

2 Present address: Department of Pathology, Dartmouth-Hitchcock Med- L€lshmaniafrom one lifecycle stage to another is most "kel}’
ical Center, NH 03756, USA. the result of programmed changes in the gene expression,
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as a response to the changes in the external environmen8 x SSC were spotted in duplicate on each slide as negative
of the parasite[5]. The Leishmania genome-sequencing controls.
project is progressing rapidly, with the goal of having the
complete genome sequenced within the next year. However,» o | eishmania strain and growth condition
of the thousands of new genes that have been identified,
only a small proportion have ascribed functidé$. Thus, Promastigotes df. major MHOM/IL/80/Friedlin (LmjF)
there is a need to carry out functional studies to expand thewere cultured at 27C in RPMI 1640 supplemented with
knowledge and understanding of, and finally, control this 10% heat inactivated fetal bovine serum (Life Technolo-
obligate endoparasite of mammals. gies) and 5% each of sodium pyruvate, minimal essential
The goal of the present study was to use DNA microar- amino acid solution, MEM non-essential amino acids so-
rays to analyze the global changes in gene expression asution and 0.2% glucose. The parasites were sub-cultured
procyclic promastigotes differentiate in vitro into meta- routinely every fourth day. For differentiation into meta-
cyclic promastigotes. The results of this study confirmed cyclics, a fresh sub-culture was grown for 11 days and
the changes in mRNA abundance for several known genes,cells harvested at days 2, 5, 7, 9 and 11. A growth curve
as well as identifying several hundred additional genes was plotted to ascertain when the cells entered stationary
whose expression changes during metacyclogenesis. Thiphase (between day 7 and day 9). The expression of the
study establishes the utility of genome-wide RNA expres- metacyclic-specific genmetal [7] was determined at each
sion profiling inLeishmania and identifies numerous genes time-point by RT-PCR and found to be highest in day 9
with potential roles in metacyclogenesis. (data not shown). Examination of second and ninth day cul-
tures using peanut agglutinin (PNAg] indicated that they
contained mostly procyclic and metacyclic promastigotes,
2. Materials and methods respectively.

2.1. Array construction 23 RNA isolation

The Leishmania microarrays were constructed by array- Cells were collected by centrifugation at 4000 rpm, ho-

ing 10,464 DNA fragments obtained by PCR-amplification mogenized by Trizol reagent (Gibco BRL) and frozen

f the i ts f I 4 .
?rome;nSrZLZo:r?msggtT; ?Jr:eli;:giy s’taqurregj((:)? (Srise?j)lir? Onesat —70°C until RNA extraction. The RNA was further

(MHOM/IL/80/Freidin)[1]. In addition to the clones from ~ Pu"fed O contamimating genormic DA Oézhe$ﬁ' by Us-
this library, PCR-amplified fragments from several previ- N9 easy Midi kit (Qiagen, Valencia, CA). The

i - . 0
ously characterized genes known to undergo stage—speciﬁcsamples were e'_[hanol pr_eC|p|tated, washed once in 70%
expression A2, gene B, and SW3) as well asa-tubulin ethanol, and re-dissolved in water. RNA was quantitated us-

were included in the arrays. The average insert size of theing spectrophotometer. Examination of purified total RNA

fragment was 1-2 kb, and they represent at least 80% of theby dgg ! ele_ct:)trophorlegs (rjeye?jl_ed .prorT;]merrlt 18S ando24S
LmjF genome. Bacterial samples from the glycerol stocks gn ﬁsBd” osomal bands indicating that the RNA was not
of the GSS clones arrayed in 384-well plates were inocu- egraded.

lated to 96-well plates containing 1Q0 of 2xYT per well.

After overnight incubation, jLl of the bacterial aliquot was  2.4. Preparation of labeled cDNA

taken for direct PCR amplification using 2 units of Taq poly-

merase and 50 pmol of M13 forward and reverse primers Fluorescently labeled cDNA copies of the total RNA
per 100ul reaction. The PCR products were purified using pool were prepared by indirect incorporation of fluorescent
Arrayit 96-well PCR purification kits (Tele Chem Inc.), nucleotide analogs after the first strand reverse transcrip-
then quantitated by Hoechst fluorescence. The quality andtion reaction. cDNA was prepared by using 8 of total
guantity of amplified inserts were analyzed by agarose gel RNA, 5ug oligo (dT) primer, 25 mM each of dATP, dCTP
electrophoresis and the identity 6fL0% of the fragments  and dGTP; 15mM of dTTP, 10 mM of amino allyl dUTP,
was confirmed by DNA sequencing. The PCR products were 10mM DTT and 200 units reverse transcriptase (Super-
then transferred to 384-well plates, dried and resuspended inscript 1, Gibco-BRL) in reaction buffer provided by the
3x SSC, before arraying onto poly-lysine coated glass slides manufacturer. The RNA and primer were heated t6G0
using an Omnigrid microarrayer (GeneMachines). The mi- for 10 min and then snap-chilled on ice, before adding other
croarrays were designed in two formats: the first had the components of the reaction. The reaction was incubated at
entire library along with the first half of the library in dupli- 42°C for 2h. The RNA was then degraded and reaction
cate and the second contained the entire library along with neutralized. The cDNA products were concentrated using
second half of the library in duplicate. Thus, the entire li- Microcon-30 microconcentrators (Amicon) and coupled to
brary is represented three times by combining one slide from 2 nmol of either Cy3-dUTP or Cy5-dUTP in the presence
each format. Cot-1 DNA, salmon sperm DNA, poly A, and of sodium bicarbonate by incubating the reaction at room
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temperature for 1h. The reactions were then quenched,2.8. Annotation
combined and purified.
Where the identity of the GSS clone had been confirmed

2.5. Microarray hybridization by sequencing of the entire insert10% of spots), this se-

quence was used to predict the location of genes within each

The combined cDNA probes were applied to the array spot. For the remainder of spots, the GSS end-sequence was

slides in the presence of hybridization buffer consisting of compared against sequence generated fromLthesajor
3 x SSC, 0.3% SDS and 14 of poly A, 5ug of salmon Friedlin genome project in order to identify the sequence
sperm DNA and 2.g of Cot-1 DNA. Hybridization was  spotted on to the array. All annotation was performed using
carried out in a hybridization chamber (Tele Chem Inc.), the ArTEmis software[12]. The currentL. major codon
submerged in a 63C water bath for 12—-16 h. The microar- usage table (obtained frohitp://www.kazusa.or.jp/codon/
rays were washed at room temperature for a minute each inand the sequence were imported intetAmis in order to
1 x SSC/0.03% SDS (wash 1) andx1SSC (wash 2); for ~ produce the codon scores (in a sliding window) for each of
20minin 02x SSC (wash 3) and 10 min in@bx SSC (wash the forward and reverse reading. The Institute for Genome
4). The arrays were spun dry in a centrifuge and scanned us-Research (TIGR)’'s GmMER (Gene Locator and Interpo-
ing a GeNeEPix Pro 4000 scanner (Axon Instruments, South lated Markov Modeler) package version 21(,14], which
San Francisco, CA) to determine the fluorescent intensitiesuses interpolated Markov models (IMMs) to identify the

of the two dyes for each spot. coding regions within a DNA sequence and distinguish
them from non-coding DNA, was also used to predict cod-
2.6. Data analysis ing regions within the sequenceL®mMER was trained with

previously identified protein-coding genes frdm major

The data was extracted and initially analyzed using the Friedlin chromosome 1 and 4. The gene predictions ob-
GENEPIx Pro 3.0 software supplied with the scanner. Local tained from GiMMER 2.0 were then parsed into a format
background was subtracted from the intensity value of eachthat could be imported into #remis. An in-house adap-
spot on the array. Spots were manually examined to assessation of Fickett's algorithm Estcopk, which identifies
their quality and those that exhibited poor quality or were protein-coding sequences by plotting a measure of the
saturated were discarded from further analysis. Poor quality non-randomness of the composition at every third faSk
spots were removed if they were very small; were irregu- was also used to identify potential protein coding regions.
larly shaped; or the total pixel intensity of the spot was 55% Finally, predictions from an adaptation okSescan, which
lower than the median background intensity at both wave- predicts the location of probable genes by Fourier analysis
lengths. Data was exported as 16-bit TIFF files, and further [16] were also parsed and examined usingréwvis.
analyzed using the statistical analysis software package, The amino acid sequences predicted from each putative
GeNEPLUSs version 1.2 (Enodar Biologic Corporation, WA)  gene within these sequences were used to carry out a local
[9]. Within-array normalization was based on linear regres- BLasTP search of the non-redundant protein database and
sion fit, using a least square line and adjusting the slope TBLASTN searching of a kinetoplastid-specific nucleotide
such that all the points lie on the diagonal line. Normaliza- database. These searcli#g] were run through ATeMmIS.
tion between arrays was carried out using multiplicative and Generally, hits withBLasT scores of >50 an@-values of
additive heterogeneity factors calculated for each of the ar- <1 x ¢~% were considered potentially significant, although
rays. In order to compare expression levels between RNAs,some exceptions were made upon visual inspection of
the log-transformed Cy5/Cy3 ratios were calculated from the alignments. Each protein sequence was then searched
the normalized values. The ratios from reverse-labeled ex- against numerous collections of protein motifs and families
periments were reciprocated before analysis. This software(SWISSPROT Release 39.27, ProDom version 2001.2,
uses a modified Bonferroni's correction for multiple test- SMART version 3.3, PROSITE Release 16.46, Pfam Ver-
ing [10] to estimateZ-score for each transcript, which are sion 6.6, PRINTS Release 31.0, Domo Version 2.0, and
then translated intd® values to measure the significance BLOCKs Release 13.0), as well as being blasted against

of findings. the database of Clusters of Orthologous Groups of proteins
(COGs; [18]), and NCBI's Conserved Domain Database
2.7. Northern blot analysis and Search Service, version 1.B@]. These analyses al-

lowed the putative functions to be identified for many of
Briefly, total RNA (10png) was size fractionated by the genes spotted onto these arrays.
electrophoresis and analyzed by Northern blotting as previ-
ously described11]. Hybridization with radiolabeled PCR
probes, generated by random priming, was carried out at3. Results
42°C in the presence of Ultra-hyb (Ambion Inc.). The filters
were washed and signal quantitated using a Storm Phospho- Changes in mRNA abundance during metacyclogene-
rimager. sis were examined by genome-wide expression profiling
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Fig. 1. Reproducibility of microarrays. A lag plot of Cy3 (532nm) vs. Cy5 (635nm) calibrated fluorescent response from representative hybridizations
for (A) Cy3-labeled day 2 RNA vs. Cy5-labeled day 2 RNA, and (B) Cy3-labeled day 2 RNA vs. Cy5-labeled day 9 RNA. The line of best fit is shown
in both panels.

using DNA microarrays containing PCR amplified frag- with a fraction of the points deviating from the line of best
ments from more than 10,000 GSS clonesLofmajor fit (Fig. 1B), indicating possible differential expression.
Friedlin (MHOM/JL/80/Freidlin)[1]. Multiple replicates of In order to compare the relative contributions of exper-
all hybridizations were performed to account for sample imental and biological variation, we compared the results
heterogeneity and possible variation due to hybridization. A above, with those obtained from hybridization of cDNAs
series of replicate experiments using the same RNA samplefrom RNA extracted from the same day 2 and day 9 cul-
were done initially to obtain an estimate of the accuracy and tures Fig. 2A) with those from different day 2 and day
precision of the system. Microarrays were hybridized with 9 cultures Fig. 2B). The correlation coefficient) for the
fluorescently labeled Cy3 and Cy5 cDNA, both prepared two duplicate experiments conducted with cDNAs from the
from day 2 (procyclic) RNA. This theoretically should give same RNAs was 0.794(g. 2A), while RNA extracted from

a log expression ratio (Cy5/Cy3) of 1 for all the elements different cultures showedof 0.787 Eig. 2B). Thus, the bi-
arrayed on to the slide. A lag plot of Cy3 (532 nm) ver- ological variation was similar to the experimental variation.
sus Cy5 (635nm) calibrated fluorescent response from a To study the temporal changes in the gene expression as
representative hybridization is shown iig. 1A. The plot procyclics differentiate into metacyclics, we carried out mi-
shows tightly packed distribution of most genes along the croarray hybridization experiments with RNA isolated from
line of best fit, with a regression correlation coefficient (  different stages of the life cycle (days 2, 5, 7, 9 and 11).
of 0.99. When a similar experiment was conducted with For all these studies, day 2 procyclics were used as the ref-
Cy3-labeled day 2 cDNA and Cy5-labeled day 9 (meta- erence day of growth. The comparison of day 2 (procyclic)
cyclic) cDNA, the distribution was not as tightly packed and day 9 (metacyclic) cultures was carried out using eight
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Fig. 2. Comparison of expression ratios in duplicate experimentsyol@xpression ratios (Cy5:Cy3) are plotted for arrays probed with Cy5-labeled day
9 RNA vs. Cy3-labeled day 2 RNA. (A) Duplicate hybridizations (Al and A2), using cDNA from the same pair of day 2 and day 9 RNA samples. (B)
Hybridizations (A1 and A3), using cDNAs from different pairs of RNA samples.
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separate hybridizations, representing 12 replicates for eachcrease in expression patterns and 290 showed an initial de-
of the 10,479 DNA elements spotted on the microarray crease and subsequent incredsble 1. Further analysis of
slides. After removing elements with more than two miss- this data showed that a total of 857 DNA elements showed
ing data points, data from 9282 DNA elements remained higher mRNA abundance in at least one time-point dur-
for subsequent statistical analysis usingn&PLus (Enodar ing the process of procyclic differentiation into metacyclics
Biologic Corporation, WA). This software estimates a cor- while 530 DNA elements showed lower mRNA abundance.
rection factor to account for sample-specific heterogeneity, Of these 1387 DNA elements, 121 (108 higher and 13 lower)
which is used to normalize the dafd]. The correspond-  showed significant differential expression at two or more
ing standard errors for each gene are calculated using estitime points Table J).

mating equation theorf20,21] Z-scores for each gene are Northern blot analysis were performed using 13 DNA
then computed as the ratio of mean difference between thefragments that showed significant differential mMRNA abun-
two groups/stages for each gene, divided by the standard erdance during metacyclogenesis, as well as three that showed
ror for the corresponding gene. To measure the significanceno significant difference in mMRNA abundance between pro-
of the findings,Z-scores are translated inRvalues under  cyclics and metacyclics. As indicated kg. 3, we found
asymptotic normality. To address the multiple comparison an excellent correlation between the microarray and North-
issue, the threshold is adjusted for declaring genes differ-ern blot results. Ten DNA elements which demonstrated
entially expressed using a modified Bonferroni’s correction 1.5-4.9-fold higher mRNA abundance in day 9 metacyclics
[10]. The higher theZ score, the greater is the confidence by microarray analysis all showed similar, but not identi-
that the transcript is differentially expressed between two cal, differences in transcript abundance (1.3-6.4-fold) by
stages. Northern analysis Kig. 3A). Three DNA elements with

Of the 9282 DNA elements analyzed, 5.1% (472) showed lower (0.5-0.6-fold) mRNA abundance in metacyclics (i.e.
a statistically significant # < 0.01) increase in expres- 1.5-1.9-fold higher expression in day 2 procyclics) by mi-
sion in day 9 metacyclics, while 1.5% (141) showed sig- croarray analysis showed similar lower mRNA abundance
nificantly higher expression in day 2 procyclicEable J. by Northern blot analysisFig. 3B). Finally, three DNA
Of the former, 21.3% (101) showed 2-5-fold higher mMRNA elements which showed no statistically significant differ-
abundance in metacyclics, while the remaining 78% (371) ences in mRNA abundance by microarray analysis showed
showed 1.10-1.99-fold higher mMRNA abundance. Of the 141 only marginal (0.8—1.0-fold) differences by Northern blot
DNA elements with higher expression in procyclics, 29.5% analysis Fig. 3Q. It is interesting to note that this was true
(42) showed of 2—-3.3-fold lower MRNA abundance in meta- even of the one DNA element (Im18f12) that showed an
cyclics, while 70% (99) showed 1.2—-1.99-fold lower mMRNA apparent (but not statistically significant) 0.5-fold mRNA
abundance. abundance in metacyclics by microarray analysis.

Similar analyses were carried out on the results of four When the data for the day 2 versus day 9 hybridiza-
hybridizations, representing six replicates, each comparingtions (which included six replicates for each dye-cDNA
day 2 procyclic RNA with RNAs from day 5, day 7, and combination) were analyzed by comparing thejtpgatio
day 11. These data were analyzed on a pair-wise basis usingor the forward-labeled experiments (day 2 procyclics la-
GeNEPLUS; and 17, 2, and 38 DNA elements, showed sig- beled with Cy3 and day 9 metacyclics labeled with Cy5)
nificantly higher mRNA abundance at day 5, day 7, and day with reciprocal-labeled experiments (day 2 procyclics la-
11, respectively, when compared to day 2; while 8, 5, and beled with Cy5 and day 9 metacyclics labeled with Cy3), we
9 showed significantly lower mRNA abundande € 0.01) observe a clear indication of dye-bid&sd. 4). In the absence
(Table 7. When the combined data from the five time-points of dye-bias, the scatter plot of normalized dafag( 4B)
were analyzed by regression analysis using a simple linearshould show a linear trend clustered around the diagonal.

model, 194 DNA elements showed a significaAt< 0.01) However, a “hump” along the horizontal zero axes (indi-
linear increase in MRNA abundance over for the entire time cated by the box ifrig. 4) suggests that a small fraction of
course and 85 showed a linear decred@ble 1. Regres- DNA elements have a dye-bias associated with them. Sta-

sion analysis fitting to a quadratic curve revealed 268 DNA tistical testing between forward- and reverse-labeling, us-
elements that showed an initial increase and subsequent deing GENEPLUS, showed that 21 (0.2%) of the 9282 DNA

-I;al\?,l\efl}agments with differential expression between procyclics and metacydtes @.01)

2v5 2v7 2v9 2vll Linear Quadratic 1 time point  >2 time point Total
Higher in metacyclics 17 2 472 38 194 290 749 108 857
Higher in procyclics 8 5 141 9 85 288 517 13 530
Total 25 7 613 47 279 558 1266 121 1387

2An initial decrease in gene expression followed by an increase.
b An initial increase followed by a decrease in gene expression.
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Fig. 3. Northern blot confirmation of microarray results. The results are shown from representative microarrays (top panels) and Northertobiots (bot
panels) for DNA elements with: (A) up-regulation in day 9 metacyclics; (B) down-regulation in metacyclics; and (C) no significant regulation. The DNA
element is indicated by the boxed spot in the top panels and the name below the bottom panels. In the bottom panels P denotes day 2 (procyclic) RN/
and M denotes day 9 (metacyclic) RNA. The ratio of mMRNA level in day 9 RNA to day 2 RNA as determined by both methods is indicated to the left

of each panel.

elements which could be analyzed showed a significRnt ( sis of seven of these elements confirmed the misleading ef-
0.01) dye-bias. Of these 21 DNA elements, five showed fect of dye-bias. Of three elements with apparently higher
apparently higher mRNA abundance in metacyclics, three mMRNA abundance in metacyclics by microarray analysis,
showed apparently lower mRNA abundance in metacyclics only one (Im66b12) showed higher mRNA levels by North-
(i.e. higher in procyclics), and the remaining 13 showed no ern analysis, while one (Im01e05) was equally expressed in
significant difference between stages. Northern blot analy- both stages, and in the other (Im03d08) transcript levels were
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Fig. 4. Dye-bias identified by dye-swap analysis. Thejdogxpression ratios for 6 arrays probed with Cy3-labeled day 2 RNA vs. Cy5-labeled day 9
RNA (Fwd labeling) are plotted against those for 6 arrays probed with Cy5-labeled day 2 RNA vs. Cy3-labeled day 9 RNA (Rev labeling), (A) before
normalization and (B) after normalization. The boxed regions demarcate elements with potential dye-bias.
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(A)  Im01e05 Im66b12 Im03d08

i - 1.9x
-
MP MP MP MP
(B) Im23a01 Im69f06 Im85c06 (C) Im19d10

Fig. 5. Northern blot analysis of DNAs with dye-bias. The results from representative microarrays (top panels) and Northern blots (bottomepanels) ar
shown for DNA elements with: (A) up-regulation in day 9 metacyclics, (B) down-regulation in metacyclics and (C) no significant regulation. The ratio
of mRNA level in day 9 RNA to day 2 RNA as determined by both methods is indicated to the left of each panel. Symbols used are th&iga®e as

actually higher in procyclicHig. 5A). Even infirst case,one  in metacyclic (higher expression in procyclics) could be
of the two transcripts detected was more abundant in pro- classified Table 4.
cyclics. Of the three DNA elements with apparently lower  The genes up-regulated in metacyclics are involved in
MRNA abundance in metacyclics, one (Im23a01) showed cell growth and division, metabolism, protein destination,
equal abundance of transcript in both stages by Northernprotein synthesis, signal transduction, transcription and
analysis, while the other two (Im85c06 and Im69f06) showed RNA processing, as well as the surface antigens. Several
the presence of two transcripts, at least one of which was protein kinases and phosphatases are also upregulated in
more abundant in metacyclics. Another element (Im19d10) metacyclics. In eukaryotes, these mediate the phosphoryla-
with significant dye-bias demonstrated no significant differ- tion and dephosphorylation of serine, threonine and tyro-
ence in mMRNA abundance according to the microarray anal- sine residues in proteins and function as control switches
ysis, but showed the presence of two transcripts by Northernin cellular networks. Changes in protein phosphorylation
analysis, one of which was higher in procyclics and the other during parasite life cycle suggest that these enzymes play
higher in metacyclics. It is interesting to note that several an important role in parasite differentiation, virulence and
of the DNA elements, which showed significant dye-bias, cell division [22,23] Genes involved in cell growth and
detected two transcripts in Northern blots. division, cellular organization/biogenesis, and transport are
Of the 613 DNA elements that showed significaft < down-regulated in metacyclics. Several specific genes, such
0.01) differential mMRNA abundance in the day 2 versus day asMKK2 (Im61d12), which encodes a MAP kinase kinase
9 hybridizations, 405 had sequence available from either one
or both ends, and 313 of these showed matches against the
LmjF sequence databaskple 9. Twenty-one of these were
removed as redundant, since they represented sequence&ble 2 _ _
contained in other elements. Low quality sequences (34) 'dentification of differentially expressed genes

were also removed from further analysis. Procyclics ~ Metacyclics  Total
Elements, which contained more than one, predicted \, of DNA elements 141 472 613
protein-coding ORF (23) and elements with substantial pye-bias 3 5 8
inter-ORF sequence (39) were not classified further, since Sequence available 96 309 405
these may hybridize with two adjacent mMRNAs. The re- Seduence maich against LmjF 75 238 313
maining 196 represented DNA sequences containing afsv‘:”;f;ﬂ;izzﬁlcc‘; 42 3109 3241
single protein-coding gene. Of the 133 genes potentially ciements with two genes 3 20 23
up-regulated in metacyclics, 63 (47.3%) could be classi- intergenic sequences 3 36 39
fied into one of 12 functional categories on the basis of Elements with single gene 63 133 196
sequence similarity to known gene$able 3. Similarly, Classified genes :7;2 gg 1%88

only 25 (39.6%) of the 63 genes potentially down-regulated Unc'assified genes




Table 3

Identity and classification of genes up regulated in metacyclics

Category GSS number Putative function Fold-regulation P-value
Cell growth, division and DNA synthesis Im29al11l Kinesin-like protein 1.42 0.0005
Im38b05 Chromosome segregation ATPase 1.7 0.0005
Im71e12 DNA-dependent RNA polymerase, subunit N 2.1 1-30E
Im95g06 Cyclin 1.3 0.009
Cell rescue, defense, death and aging Im01a06 PSA-2 1.2 0.0002
Im54c11 PPG3 15 0.002
In03b08 Sodium stibogluconate resistance protein 1.4 0.0001
Im51d04 P-glycoprotein E 15 0.0002
Im83a02 P-glycoprotein 17 0.007
Cellular organization/biogenesis Im54a03 p-Alaninep-alanine ligase 1.3 0.002
Im90h11 Flagellar calcium-binding protein 2.2 3.8286
Energy generation Im26f07 Tryparedoxin 1.3 0.0002
In03c01 ATPase 15 2.395
Im99g09 Vacuolar-type H ATPase subunit C 1.4 0.001
Im17b08 Thioredoxin 1.4 0.0003
Metabolism Im03h06 Coenzyme A transferase 1.5 0.0002
Im26a07 Membrane-bound acid phosphatase 1.6 0.0001
Im27a12 Methionine synthase 3.3 37085
Im39f12 Aldose 1-epimerase 1.9 0.0002
Im26a09 Long chain polyunsaturated fatty acid 1.4 0.005
elongation enzyme
Im35f03 Carnitineo-acyltransferase 1.6 0.002
Im03h10 Amidohydrolase 1.4 0.0004
Im10al2 PLP-dependent methyltransferase 1.5 0.0001
Im81b07 Diacylglycerol acyltransferase 2.3 748
Im03f12 Dehydrogenase 15 0.001
Signal transduction In03h07 Protein kinase 15 0.002
Im09a04 GAF domain containing protein 1.6 0.001
Im16d07 Phosphatidylinositol-Xinase 2.2 0.005
Im34d12 Serine/threonine specific protein phosphatase 1.2 0.001
Im58c08 Serine/threonine protein kinase 1.4 0.0003
Im61d12 Mitogen-activated protein kinase kinase 25 1-00&
Im25e01 Tetratricopeptide repeat containing protein 1.7 0.0004
Im74905 Serine/threonine protein phosphatase 2.2 0.0003
Protein synthesis Im61d10 Ribosomal protein L6 1.6 0.0003
Im69b01 Translation initiation factor IF-2 2.1 9.90B6
Im74c10 Ribosomal protein L26 1.4 0.008
Im98a10 Ribosomal protein L37A 1.8 5.76B5
Im46c04 Ribosomal protein L21E 1.9 0.0003
Structural RNA Im27c02 16SrRNA 17 0.003
Transport Im76a02 ABC transporter 1.7 0.008
Im62e09 Amino acid permease 1.41 0.001
Im78c08 Pteridine transporter 1.6 0.0002
Im44c01 Cobalamin-independent methionine synthase 29 9.68E
Im97f10 PLP-dependent aminotransferase 2.1 249
Im47h02 Pentose-5-phosphate-3-epimerase 1.7 5.08E
Protein destination Im09b02 RJS/HERC2-like protein 1.7 0.006
Im10f01 Calpain-like protease 1.5 0.001
Im15f07 HSP70 1.8 2.05E06
Im33h06 Glycoprotein endopeptidase 1.3 0.008
Im52a06 Co-chaperonin CPN-10 15 0.0001
Im59c10 26S proteasome, non-ATPase regulatory subunit 1.4 FOBE
Im679g05 HSP70-related protein ORP150RP 1.7 0.003
Im22d10 Cyclophilin (TcCYP) 1.8 3.50E06
Im61f04 DNAJ molecular chaperone 1.4 0.001
In09b02 Proteosome regulatory non-ATPase subunit 15 0.0008
Im30b08 Calpain-like protein 1.9 5.7#D5
Transcription and RNA processing Im71a1l Poly A binding protein 1 1.9 34BE
Im19h10 mRNA capping enzyme 2.2 2.4085
Im44f11 RNA binding protein 1.4 0.0006
Im62h08 Poly A export protein PAXP 14 0.005
Im03a08 SNF2 family helicase 1.3 0.002
Im59d02 ATP-dependent chromatin remodeling protein 14 0.009
Im16c06 Mat-1 protein 4.4 1.19E06
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Table 4

Identity and classification of genes up-regulated in procyclics

Category GSS number Putative function Fold-regulation P-value

Cell growth division and DNA synthesis Im13f05 PolA family member 2.11 0.00002
Im24b02 Cyclin 1.822 0.009
Im26b10 Chromosome segregation ATPase 1.94 0.00004
Im43f02 Chromosome segregation ATPase 1.41 0.007
Im75h09 Possible kinesin-related protein 12 0.001

Cell rescue, defense, death and aging Im43a05 DNA binding protein 2.96 0.0003
Im80el1l ATPase involved in DNA repair 1.327 0.0009
Im55d05 AMAL protein 14 0.0001

Cellular organization/biogenesis Im18h01 Paraflagellar rod protein 131 0.0001
Im24f04 Dynein ATPase 1.896 0.0047
Im26b12 Microtubule-associated protein ATPase 2.12 0.007
Im43g01 Axonemal dynein 2.24 0.0007
Im57b10 Alpha coat protein 1.25 0.0008
In10f09 Axonemal dynein 23 0.001

Energy generation Im24f06 Proline dehydrogenase 1.348 0.001
Im78c09 NADH-ubiquinone oxidoreductase 1.34 0.001

Intracellular trafficking Im23b09 Beige protein homolog 1.664 6-86
Im55a05 Signal peptidase like protein 2.1 0.002

Protein destination Im46b01 T-complex protein 1 (gamma subunit) homolog 1.864 0.00002
Im73c12 Calpain-like protease 1.579 0.006

Protein synthesis Im51b12 DEAD box RNA helicase 1.893 0.003

Transcription and RNA processing Im43d04 TFIIB 1.66 0.007

Transport Im36d06 Long chain fatty acyl CoA synthetase LCFACAS3 1.38 0.0001
Im48e06 Calcium motive P-type ATPase 1.32 0.0001
Im78c11 ABC-type multidrug/protein/lipid transport system, 1.3 0.0005

ATPase component

[24], gene B (PCR product)25], A2 gene (PCR product) (i.e. up-regulation) and 5.7% showed a decrease in tran-
[26] andCPN-10 (Im52a06) (Zamora-Veyl F.B. et. al.; Gene script abundance (i.e. down-regulation) at one or more in-
Bank Accession no. AF394959) have been previously re- termediate points during metacyclogeneSishle 7). These
ported to be up-regulated in metacyclics or amastigotes. Thenumbers probably represent a conservative estimate of the
Mat-1 gene (Im16c06), conserved in the gertusshmania number of genes that undergo changes in gene expression,
[27], which is selectively expressed in non-dividing infective since we used very stringent cut-off criterid & 0.01) for
stage ofL. major [8] was also upregulated in metacyclics. the statistical analysis.
The use of rigorous statistical methods, rather than sim-

ple fold-changes, is now becoming the standard for analysis
4. Discussion of DNA microarray experimentf28] since the latter does

not take into account the variability of measurements being

DNA microarray analysis was used to examine the tem- considered29] and can lead to substantial false positives
poral changes in gene expression as procyclic promastig-and false negativeg30]. This can be seen in the case of
otes differentiate into metacyclics. Since DNA microarrays Im18f12, which was apparently (but not statistically sig-
allow examination of gene expression on a genome-wide nificantly) down-regulated by 2.1-fold according to the
scale, these studies revealed substantial new informationmicroarray study, but was found to be equally expressed
about the dynamics of transcript abundance during this in procyclics and metacyclics by Northern blot analysis
differentiation process. However, a complete view of gene (Fig. 3Q). Conversely, the use ¢-value estimates allowed
expression was not possible, since tleshmania genome the identification, with high confidence, of many genes that
is not yet completely sequenced and annotated, and thewere regulated by less than two-fold. Indeed, only 23%
arrays used do not represent every gene present lrethe of the 613 elements that showed statistically significant
mania genome. Nevertheless, our data indicates that 5.1%(P < 0.01) regulation between day 2 procyclics and day 9
of the genes showed statistically significant higher rela- metacyclics showed regulation of two-fold or more. Confir-
tive mMRNA abundance in metacyclics, while 1.5% showed mation of several of these results by Northern blot analysis
higher relative mRNA abundance in procyclics. In addition, (Fig. 3A and B suggests that these represent real changes in
another 9.2% showed an increase in transcript abundancenRNA abundance. It should also be noted that these values
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represent the change in abundance of each mRNA relative toments fig. 4), indicating that a substantial number of DNA
the total RNA concentration, rather than a change in actual elements may show dye-bias. However, this proved to be
intracellular concentration of individual mMRNAs. Neverthe- statistically significant # < 0.01) in only a small fraction
less, further confidence in the validity of a substantial por- (0.2%) of cases. Nevertheless, in several of these cases, as
tion of these candidates can be taken from the finding thatindicated by the Northern blot data Fig. 5, the observed
121 (8%) showed significant regulation at more than one dye-bias may have caused false-positives if not recognized.
time point (Table ). This number is likely an under-estimate Identification of stage-regulated genes was complicated
of the true number of stage-regulated genes, since the rel-by the use of random shotgun GSS clones to construct
atively stringent cut-off probably lead to substantial false the arrays, since a small proportionr10%) of the ele-
negatives, especially for time points with only six replicates. ments contain inter-ORF region or more than one predicted
Studies detailing developmental transitions &ac- protein-coding ORF and probably hybridize with adjacent
chromyces cervisiae (log to stationary phase sporulation) mRNAs. In addition, a number of the elements have not
showed a two-fold or greater change in expression of 27% yet been sequenced, and some that have been do not match
[31] of yeast genes, whereas only 1.5% (143/9282) of the annotated sequences within the, as-yet incomplete, LmjF
LmjF elements analyzed showed changes of this magni- sequence database. It is also likely that some regions of
tude between procyclics and metacyclics. In addition, the the genome (and hence genes from these regions) will not
largest changes observed during procyclic-to-metacyclic be represented in the GSS array, since it has er89%
differentiation were only five-fold, quite small compared coverage of the genoné]. Nevertheless, until the LmjF
to those observed in other systems. However, other stud-genome is completed and annotated, these arrays provide a
ies that have been carried out to look at developmental valuable source of identifying biologically important genes.
changes inLeishmania, have also reported that there are Indeed, these experiments have identified more than 100
only a small number of genes that are developmentally reg- genes, which are up- or down-regulated during the transi-
ulated at the level of transcript abundarid@—34] Thus, it tion from procyclics to metacyclics. These include genes
appears that metacyclogenesis results in only modest (butthat have been previously reported, such asRB&-2 [39],
measurable) changes in mRNA levels, perhaps a reflec-MAP kinase kinase [24], gene B [40], Mat-1 [27], and A2
tion of the apparent absence of transcriptional regulation [26] genes. In general, metacyclics appear to down-regulate
in these organismg¢35]. Nevertheless, more substantial some of the genes involved in cell growth and division, cel-
changes in transcript abundance have been observed duringular organization/biogenesis, and transport; and up-regulate
promastigote-to-amastigote differentiation lin donovani genes involved in cell growth and division, metabolism,
using similar microarray analyses (unpublished data). Thus, protein destination, protein synthesis, signal transduction,
the biological significance of these relatively subtle changes transcription and RNA processing. Down-regulation of cell
in mRNA abundance during metacyclogenesis is not yet growth and division genes, particularly those involved in
clear, as they may not accurately represent changes in proDNA replication, is not surprising since metacyclics are
tein expression during this transition. It is becoming clear no longer actively dividing. However, the up-regulation of
that in most of the organisms there may be a poor correlationgenes involved in RNA processing, protein synthesis and
between transcript and protein abundaf8&, although in protein synthesis suggests that they are actively synthesizing
yeast, it has been recently suggested that there is a closeew proteins, perhaps in preparation for differentiation into
association between cellular mMRNA content, regulated also amastigotes. This is further supported by the up-regulation
at the transcriptional level, to its efficiency of translation of genes involved in signal transduction and metabolism.
mediated by a fine tuning of codon usage straf&3y. It will be interesting to see whether these genes are also
A single microarray experiment is subject to considerable up-regulated in amastigotes. However, the majority of regu-
variability, because of high noise-to-signal ratios, differ- lated genes belonged to the unclassified category, indicating
ences in hybridization conditions, and biological variation that they have as-yet unknown function. It will be interest-
between cell populationf38]. In our hands, replicate ex- ing to study these genes as they might encode proteins with
periments show a coefficient of correlation 0.8, with functions specific toLeishmania and may provide novel
little difference between experiments using the sample RNA targets for therapeutic intervention.
samples and those using RNAs from independent cultures. These experiments clearly demonstrate the effectiveness
Thus, the variation due to experimental errors appears to beof using DNA microarrays for genome-wide analysis of
of the same order as that due to biological variation. In addi- differential gene expression In major. We have also used
tion, the efficiency with which Cy3 and Cy5 dyes can bind the LmjF arrays for hybridization with RNA frorh. dono-
to a cDNA may vary depending on a number of different vani and found that the majority (>85%) of the elements
factors, such as the properties of the dye or the sequence ohave similar signal to that with LmjF RNA, indicating that
the transcript. Comparison of day 2 versus day 9 hybridiza- they will be suitable for analysis of differential gene expres-
tions showed the presence of a substantial “hump” along sion inL. donovani (unpublished data). Indeed, preliminary
the horizontal zero axis of the plot of Iggratio for the experiments comparing promastigotes and amastigotes
forward-labeled experiments with reciprocal-labeled exper- from this species indicate that substantial changes in gene
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expression can be seen and many of these appear to have [&4] Salzberg SL, Pertea M, Delcher AL, Gardner MJ, Tettelin H. In-

greater magnitude than that observed in the present study.
Similar results have been reported by others using DNA mi-

croarrays containing a smaller number of EST clof#ég.
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