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Abstract

Leishmania donovani is an intracellular protozoan parasite that causes kala-azar in humans. During
infection the extracellular insect forms (promastigotes) undergo rapid differentiation to intracellular
amastigotes that proliferates in phagolysosomes of mammalian macrophages. We used microarray-
based expression profiling to investigate the time-course of changes in RNA abundance during
promastigote-to-amastigote differentiation in a host-free system that mimics this process. These
studies revealed that several hundred genes underwent an ordered progression of transient or
permanent up- and down-regulation during differentiation. Genes that were permanently up-
regulated in amastigotes were enriched for transporters and surface proteins, but under-represented
in genes involved in protein and other metabolism. Most of these changes occurred late in the
differentiation process, when morphological differentiation was essentially complete. Down-
regulated genes were over-represented in those involved in cell motility, growth and/or maintenance,
and these changes generally occurred earlier in the process. Genes that were transiently up- or down-
regulated during differentiation included those encoding heat shock proteins, ubiquitin hydrolases,
RNA binding proteins, protein kinases, a protein phosphatase, and a histone deacetylase. These
results suggest that changes in mRNA abundance may be important in signal transduction, as well
as protein and mRNA turnover, during differentiation. In addition to these mRNA changes, other
transcripts including one or more rRNAs and snoRNAs, and non-coding RNAs from several
telomeres, also showed substantial changes in abundance during the differentiation process. This
paper provides the first genome-scale quantitative analysis of gene expression during the transition
from promastigotes to amastigotes and demonstrates the utility of the host-free differentiation system.
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INTRODUCTION

Intracellular parasitism is a process by which microorganisms cycle between vectors (that
transmit the parasites) and hosts (to whom they are pathogenic). As a result, the parasites
encounter extreme environmental changes during their lifecycle, to which they respond by
differentiating into highly adapted forms that enable them to invade and proliferate inside their
hosts. Leishmania donovani, the causative agent of visceral leishmaniasis (known as kala azar
in humans), is a parasitic protozoan that cycles between the alimentary tract of sand flies and
mammalian macrophages. In the insect vector, the parasites grow as extracellular flagellated
promastigotes, which differentiate into intracellular aflagellate amastigotes upon entering the
phagolysosome of the host macrophages [1,2]. The amastigotes are adapted to grow and
proliferate in the hydrolytic environment inside phagolysosomes [3,4].

Promastigote-to-amastigote differentiation is a complex process that is accompanied by a
number of morphological and biochemical changes. Parasites change shape from elongated to
spherical and lose most of their flagellum. They undergo a major shift in metabolism, especially
in the rate and pH optima for several processes, including DNA synthesis [5] and nutrient
uptake [6]. A number of amastigote-specific genes have been identified, including a 3'-
nucleotidase [7], the A2 gene family [8,9], HSP100 [10], and a MAP kinase, LMPMK [11]. In
addition, certain members of the GP63 and PSA-2 gene families are differentially expressed
in amastigotes, and there are differences in the GPI anchor of the latter [12]. In contrast, some
processes are down-regulated in amastigotes [13,14], most notably lipophosphglycan (LPG)
biosynthesis, resulting in its replacement by glycoinositol phosholipid (GIPL) as the major
component of the parasite surface coat [13].

The differentiation process can be mimicked in axenic culture by shifting promastigotes from
an insect-like (26°C, pH 7) to an intralysosomal-like (37°C, pH 5.5 and 5% CO,) environment
[15-19]. These axenic amastigotes resemble animal-derived amastigotes and have been widely
used for investigating parasites activities without the complication of host cell material
[20-23]. Time-course analysis of L. donovani differentiation showed that promastigotes
expressed the amastigote-specific A2 protein family within an hour of exposure to the
intralysosomal environment and at five hours they start to transform to amastigote-shaped cells
[19]. This morphological transformation occurs synchronously, while the cells are arrested at
the G1 stage of the cell cycle, and is complete within 24 hrs. Differentiation proceeds for an
additional two or three days until the parasites compete their shedding of LPG and begin
expressing amastigote-specific activities [15,24]. Little is known about the molecular processes
that mediate promastigote-to-amastigote differentiation, but it is likely that exposure to the
higher temperature and lower pH of the intralysosomal environment initiates a series of changes
in gene expression that lead to the morphological changes associated with amastigotes.

Regulation of gene expression in Leishmania is unusual because their protein-coding genes
are transcribed as polycistronic RNAs with tens-to-hundreds of adjacent genes on the same
DNA strand [25-29]. Mature mRNAs are subsequently obtained from coordinated
polyadenylation and trans-splicing, which adds a 39-nt spliced leader (SL) sequence to the 5'
end of all mMRNAs [30,31]. As a consequence of this unusual gene organization, Leishmania
gene expression appears to not be regulated at the level of transcription [32], but stage-specific
expression of a number of genes has been shown to be regulated via mRNA stability [8,
33-38].

The goal of the present study was to use DNA microarray technology to investigate the possible
role of changes in RNA abundance during promastigote-to-amastigote differentiation of L.
donovani. Microarray expression profiling has been previously used to compare procyclics,
metacyclics and amastigotes of L. major [39-41], L. donovani [42], L. infantum [43] and L.
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mexicana [44], but none of these studies examined changes in gene expression during the
process of differentiation. The results of the present study indicate that there is an ordered
progression of specific changes in gene expression during L. donovani promastigote-
toamastigote differentiation, with some genes changing expression within 5 hr after exposure
to the differentiation signal, and others changing only after 24 hours. We also find that a
significant number of genes are transiently up- or down-regulated between 5 and 24 hours; an
unexpected behavior given the unusual gene organization of the Leishmania genome.
Interestingly, we also observed large changes in snoRNA abundance and telomeric transcripts
during differentiation. These results suggest that changes in RNA abundance are important
during differentiation, and raise the possibility that mechanisms other than changes in mMRNA
stability play a role in this process.

MATERIALS AND METHODS

Leishmania strain and growth conditions

A cloned line of L. donovani MHOM/SD/00/1SR (LdoS) was used in all experiments [15].
This cell-line was maintained as a clone by inoculating single colonies of promastigotes from
medium 199 agar plates. Promastigotes were grown in medium 199 and supplemented with
10% fetal calf serum at 26°C. Promastigote-to-amastigote differentiation in a host-free culture
and the maintenance of axenic amastigotes were performed by inoculating late log phase
promastigotes in medium 199 at pH 5.5 containing 25% fetal calf serum and incubating them
at 37°C in 5% CO» environment [19]. Axenic amastigotes were routinely sub-cultured for 10
weeks before differentiation back to promastigotes, by changing the growth medium. For
microarray analysis, RNA was harvested at 0 (promastigotes), 5, 10, 24 hrs during
differentiation and from fully-formed (2 weeks) axenic amastigotes using Trizol reagent (Gibco
BRL).

Preparation of labeled cDNA and microarray hybridization

Fluorescently labeled cDNA was prepared and hybridized to microarrays as previously
described [39]. Multiple replicates of all hybridizations were performed to account for sample
heterogeneity and possible variation due to hybridization and reciprocal labeling experiments
were also carried out to identify dye-bias. The amastigote versus promastigote comparison was
repeated nine times with Cy5-labeled amastigote RNA and Cy3-labeled promastigote RNA,
and six times with reciprocal labeling; the 5 hr and 24 hr versus promastigote comparisons
were each carried out six times in the Cy5 vs. Cy3 direction and four in the reciprocal; and the
10 hr versus promastigote comparison was repeated three times in the Cy5 vs. Cy3 direction.
At least two different RNA samples were used for all comparisons except for 10 hr versus
promastigote. Slides were scanned using a GenePix Pro 4000 scanner (Axon Instruments) and
the data was extracted and initially analyzed using the software supplied with the scanner.
Local background was subtracted from the intensity value of each spot on the array and the
data was exported as Exce files for further statistical analysis.

Microarray data analysis

Statistical analysis was performed using GenePuus (Enodar Biologic Corporation), as described
previously [39]. After data normalization and calculation of Cy5/Cya3 ratios [45], the data for
replicates of each GSS element were pooled to obtain the mean fold-change for every time-

point relative to promastigotes. Two-group panel and pair-wise analyses of the data score were
carried out, using a Bonferroni correction in the latter case. The 9078 GSS elements with data
from at least three time points after the differentiation signal were analyzed using the TIGR

TMeV software package [46]. The variance filter was used to exclude those elements within
the bottom 90™ percentile of standard deviations of log,-transformed relative signal intensity.
The remaining 907 elements were clustered using two-way Hierarchical Clustering (HCL) with
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complete linkage with the Pearson Correlation distance metric and divided into 12 clusters by
using a distance threshold of 0.272.

In order to test for possible co-regulation the proportion of adjacent genes showing similar up-
or down-regulation at each time-point was compared to that for non-adjacent genes using a
standard chi-square analysis. Similar analyses were performed for genes within the same
polycistronic genes cluster (PGC), i.e. all protein-coding sequences (CDSs) on the same DNA
strand, without interruption by a CDS on the opposite strand.

Mapping GSSs to genes

End-sequences of the GSS clones [47] were aligned with the Leishmania major genome
sequence V5.0 using cross_marcn [48] to map the GSS elements to the annotated protein-coding
genes [29]. In cases where reads were available from only one end of the clone, the other end
was assumed to be 2 kb from the mapped end. The mapped GSS clones were classified into
four different categories (Table I, and Supplementary Fig. S1), based on their position relative
to the CDS of each gene: those representing a single mRNA; those representing two or more
MRNAs; those likely containing only intergenic sequence (including RNA genes); and those
which could not be mapped to the LmjF genome. A GSS was assumed to represent a single
mRNA if one end was located within the region from 200 bp 5’ of the CDS and 500 bp 3’ (the
de facto location of the mMRNA) and the other end was located within the same region or within
the 5’ or 3’ intergenic region (in cases where inter-CDS distance was less than 700 bp, this
space was divided proportionately into 3" and 5’ UTRs of the adjacent genes). A GSS was
assumed to represent two or more mRNA if the ends were located in different CDSs. In these
cases, the GSS was arbitrarily assigned to the more 5’ gene, but was given a lower confidence
score (see Supplementary Methods). A GSS clone was deemed intergenic if the genomic region
spanned by the two ends contained no CDS. Each category was further divided into sub-
categories based on the location of the GSS. Using this approach, we identified 4031 (39%)
GSS elements that represent a single MRNA, 1257 (12%) likely representing two or more
adjacent mRNAs, and 1176 (11%) that likely lie in intergenic regions (see Table I). The
remaining 3999 (38%) GSS elements could not be mapped to the genome, mostly due to
sequence failure. Since the selection of GSS elements for inclusion on the microarray was
random, 2360 (28%) genes were be represented by a single GSS, 1508 (18%) were represented
by more than one GSS, and 4437 (53%) were not be represented by any GSS elements on these
microarrays (see Table II). Of the first two categories, 1271 and 1404 genes, respectively, are
represented by at least one GSS that lies within a single specific CDS. Thus, our microarrays
represent 33% (2675) of the LmjF genes with a high degree of certainty, while another 9%
(123+660) are represented with a lower degree of certainty (i.e. GSS elements spanning two
or more genes) and 5% (114+296) are represented only by GSS elements within adjacent
intergenic sequences. GSS elements containing telomeric or sub-telomeric sequences were
identified by using cross_marcn [48] to align the end sequences against the telomeric hexamer
repeat (THR), telomere associated sequence (TAS) and Leishmania sub-telomeric repeats
(LST-R) sequence [49,50].

Northern blot analyses

Leishmania donovani total RNA was prepared and subjected to northern blotting as previously
described [19]. Probes were labeled with [P32] by random priming of the plasmid pDA-PET
33/7 [51] for LmjF23.1080 (which encodes SHERP1); or DNA fragments that were PCR-
amplified from genomic DNA using GCATCGCTGTTGGCACCTTCG and
CGTCACTGGGAAGCATCATCA primers for LmjF34.0070 (encoding a ascorbate-
dependent peroxidase); ATGGTCGGCGTATGCTTGAGGC and
CTGAAGTCACGCATGAAGGGAT primers for LmjF17.1090 (encoding a putative ubiquitin
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hydrolase); and GCATCGCTGTTGGCACCTTCG and CGTCACTGGGAAGCATCATCA
primers for LmjF35.1200 (encoding an RNA helicase).

In order to determine changes in mMRNA abundance during axenic differentiation of L.
donovani 1SR (LdoS) promastigotes into amastigotes, RNA was isolated at 5, 10 and 24 hrs
after exposure to the differentiation signal (i.e. increasing temperature from 26°C to 37°C and
reducing pH from 7 to 5.5), as well as late-log stage promastigotes and fully differentiated
axenic amastigotes, and used to probe microarrays containing PCR-amplified DNA from
genome survey sequence (GSS) clones of L. major Friedlin (LmjF)[39]. Even though these
arrays contained LmjF DNA, more than 90% of the GSS elements showed similar signals to
that obtained with LmjF DNA when probed with DNA from LdoS (unpublished data). Plots
of the logyg normalized intensity values obtained for each DNA element probed with Cy3-
vs. Cy5-labeled promastigote RNA showed a tight clustering (r2=0.99) around the line of best
fit (Fig. 1A), indicating excellent reproducibility and little, or no, dye bias. The clustering
remained tight for promastigotes vs. 5, 10, 24 hr, and amastigotes, but progressively widened
with more outliers, representing RNAs that are differentially regulated during differentiation
(Fig. 1B-E). All hybridizations, except the promastigote vs. 10 hr comparison, used at least
two separate RNA preparations from each time-point, and we observed biological variation to
be of the same order as experimental variation, with correlation coefficients in the range of
0.8-0.9 (data not shown).

The data from replicate hybridizations were combined after normalization and statistical
analysis of the data was carried out using a series of increasingly stringent criteria for
differential expression (see Supplementary Methods). Of the 10,468 DNA elements, 1156
(11%) did not show enough signal at any time point to be evaluated, while 4844 (52%) of the
remaining elements showed >2-fold change in signal compared to promastigotes at one or more
time points, and 683 (7%) showed >5-fold change. Statistical analyses of the 9078 GSS
elements with data from at least three time points revealed that 142 (1.6%) passed the most
stringent criterion (p<0.5 in a pair-wise analyses with Bonferroni correction), while another
415 (4.5%) passed the more relaxed criteria (see Supplementary Methods). In order to focus
on those genes that are the most highly regulated during differentiation, we used the TIGR
MeV software package (see Materials and Methods) with a variance filter to include only those
elements within the top tenth percentile of standard deviations of log,-transformed relative
signal intensity (see Fig. 2A). All 907 of those GSS elements showed a 2-fold or more signal
change for at least one time point, with 309 (34%) and 118 (13%) passing the less stringent
and most stringent criteria, respectively. Hierarchical clustering (Fig. 2B) enabled us to
distinguish 12 different expression profiles (Fig. 2C), which could be grouped into three
categories: those up-regulated in amastigotes, those down-regulated in amastigotes, and those
up- or down-regulated transiently during the differentiation process. Within each of these
categories, we were able distinguish several sub-categories, based on the differences in their
expression profiles. In addition, the 5 hr and 10 hr samples clustered together, as did the 24 hr
and amastigote samples, indicating the greater relative similarity of gene expression at these
time points. This supports our previous observation that morphological differentiation was
essentially complete by 24 hr [19], although a number of gene expression changes were still
observed between this time point and fully differentiated amastigotes.

Two clusters (11 and 12) contained GSS elements that showed increased signal in amastigotes,
which in most cases was statistically significant (Table 111). The major difference between the
clusters was that those in cluster 12 showed increased signal beginning at 5-10 hrs after

exposure to the differentiation signal, while those in cluster 12 showed an increase beginning
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around 24 hr. A similar number of elements (237) showed decreased signal in amastigotes, but
these were represented by four different clusters (2, 10, 9 and 8), which corresponded to
decreased signal <5 hr, 5-10 hr, 10-24 hr, or >24 hr after exposure to the differentiation signal,
respectively. The remaining clusters represented elements which showed a transient increase
(130 GSSs) or decrease (299) in signal during differentiation, or both (29). Interestingly, the
up-regulated GSSs fell into four clusters (5, 3, 4, and 7), with transient increases at 5-10 hr, 10
hr only, 10-24 hr and 24 hr only, respectively, while the down-regulated GSSs group into a
single cluster (6) showing a transient decrease at 10 hr. A substantial fraction of the elements
in clusters 3 and 6 showed transiently increases or decreases at 10 hr only that were not
statistically significant, probably as a result of the small number of replicates performed at this
time point.

In order to determine which gene(s) is represented by each GSS element, they were mapped
to the annotated LmjF genome (Tables | and 1) and, where possible, combined to provide the
average expression profile for each protein-coding gene. This process also allowed us to
remove GSS elements which showed conflicting expression profiles and assign a confidence
score combining both the expression and mapping data (see Supplementary Methods). This
analysis resulted in identification of 344 protein-coding genes showing potential regulation of
gene expression during differentiation (Table I11), of which 105 showed a high confidence
score.

Genes with higher mRNA abundance in amastigotes

A total of 112 protein-coding genes showed higher expression in axenic amastigotes than in
promastigotes (see Table S1), of which 28 were up-regulated within 5-10 hrs after the
differentiation signal and 84 were not up-regulated until 24 hrs after exposure to the signal. In
general, most genes showed relatively modest (2- to 10-fold) increases in mRNA level, and
the changes in gene expression were greater for those genes that were up-regulated earlier
during the differentiation process. However, four genes in the first cluster, and eight in the
latter, showed substantial (10- to 46-fold) changes in gene expression. With a few exceptions,
most genes up-regulated early in the differentiation process also showed continued increases
in MRNA levels at later times. These genes include those encoding HASPA2, two SHERPS, a
putative phosphatidylinositol 3-kinase, a Golgi transport protein, two ABC transporters, a
putative choline/ethanolamine kinase, ascorbate-dependent peroxidase, a tryparedoxin-like
protein, a putative ribonuclease, two heat shock proteins, two protein kinases and a number of
hypothetical proteins. Those up-regulated later in differentiation include genes encoding
several amastins, two dyneins, PPG4, PSA2, a putative ADP-ribosylation factor, four protein
kinases, three protein phosphatases, a putative kinesin, a DNA replication licensing factor
(minchromosome maintenance complex) subunit, argininosuccinate synthase, a mitochondrial
helicase, fatty acyl CoA synthetase, glyceraldehyde 3-phosphate dehydrogenase, a putative
lipase, two phosphoglycan-3-1,3-galactosyltransferases, superoxide dismutase, another
tryparedoxin-like protein, a protein methyltransferase, three RNA binding proteins, two ABC
transporters, an aminophospholipid translocase, an aquaporin, a phosphate permease, a
phospholipidtranslocating P-type ATPase, as well as a number of hypothetical proteins.

Northern blot analyses were used to confirm the changes in the gene expression seen for
LmjF23.1080, which encodes SHERP1 (Fig. 3A) and LmjF34.0070, which encodes the
ascorbate-dependent peroxidase (Fig 3B, panel ). In both cases, agreement between the
microarray and Northern blot results was good; with increased mRNA levels beginning by 5
hrs after exposure to the differentiation signal, and continuing to increase throughout
differentiation. Indeed, up-regulation of SHERP1 mRNA could be seen as early as 1 hr after
the signal, but interestingly never reached the level seen in stationary phase (metacyclic)
promastigotes (Fig. 3A, lanes 1 and 2).
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Genes with lower mMRNA abundance in amastigotes

Cluster analysis of the microarray results revealed 96 genes that showed lower mRNA levels
in amastigotes than promastigotes (Table S2), of which 37 were down-regulated within 5-10
hr after exposure to the differentiation signal, 14 beginning 10-24 hr after the signal, and 45
only at 24 hr or later. Once again most changes were relatively modest, but 24 genes showed
5-to 10-fold down-regulation. In contrast to the amastigote up-regulated genes described above,
most of the genes that are down-regulated early during the differentiation process (clusters 2
and 9) showed rapid decreases in mMRNA levels at 5 or 10 hrs, after which time they did not
decline further. These genes include those encoding PSA2, HSP90 organizing protein, an
amastin, a DNA topoisomerase IB subunit, an importin -1 subunit, a pteridine transporter,
paraflagellar rod protein 1D, an actin-like protein, a kinesin, a nucleolar GTP binding protein,
the n subunit of T-complex protein 1, acetyl-CoA carboxylase, an RNA helicase, fatty acid
elongase, mitochondrial proline oxidase, S-adenosylhomocysteine hydrolase, asparaginyl-
tRNAsynthetase, a cysteine peptidase, putative GPI transamidase, a MAP kinase, ubiquitin
activating enzyme E1, as well as several hypothetical proteins. Genes encoding dynein heavy
chain, the y and @ subunits of T-complex protein 1, enolase, a putative NADP-dependent sterol
dehydrogenase, a pathothenate kinase subunit, translation elongation factor 2, HSP83, the o7
subunit of the proteasome, and five hypothetical proteins were down-regulated by 10-24 hrs
after exposure to the differentiation signal, and generally continue to decrease slowly (cluster
9). Genes down-regulated only late in the differentiation process (cluster 8) include those
encoding prostaglandin F2a synthase, a heat shock 90-related protein involved in
lipophosphoglycan biosynthesis, two subunits of the mitochondrial DNA polymerase, an ABC
transporter, mitochondrial HSP60, B-tubulin, actin, a CDC2-related protein kinase, a cyclin,
an SMC (Structural Maintenance of Chromosomes) protein, a mitochondrial 3,2-trans-enoyl-
CoA isomerase, an RNA helicase, a putative p-fructofuranosidase, a methylcrotonyl-CoA
carboxylase subunit, ornithine decarboxylase, pyrroline-5-carboxylase, two peptidases, three
protein kinases, a protein phosphatase, an N-myristoy| transferase, ribosomal protein L15 and
a number of hypothetical proteins.

Transiently regulated genes

In addition to the genes described above, whose expression was permanently up- or down-
regulated during differentiation, these analyses also identified 54 genes that were transiently
up-regulated (Table S3), 75 that were transiently down-regulated (Table S4), and 7 that were
initially up-regulated, then down-regulated, before returning to promastigote levels (or slightly
higher; Table S5). A smaller proportion of these genes showed a high confidence score,
probably due to the smaller number of replicates performed at the 10 hr time point. The transient
increases in gene expression were generally modest, although 12 genes showed changes of 5-
to 13-fold, and could be divided into 19 that occurred very early (5 hr) during differentiation
(cluster 5); 31 that occurred at 10 hr after exposure to the differentiation signal (cluster 6); and
3 that occurred late (24 hr) during the differentiation process (cluster 7). Genes in the first
group include those encoding nuclear transport factor, a putative 4-coumarate:CoA ligase, a
putative acetylornithine deacetylases, an RNA helicase involved in pre-mRNA splicing,
cyclophilin, three heat shock proteins, a MAP kinase, and several hypothetical proteins. Genes
transiently up-regulated at 10 hr include those encoding an anion-transporting ATPase, a
histone deacetylase, a putative lysophospholipase, an RNA binding protein, a heat shock
protein, a protein kinase, ubiquitin fusion degradation protein, and numerous hypothetical
proteins. A putative nucleoside transporter and two hypothetical protein genes are transiently
up-regulated late in the differentiation process. Northern blot analyses confirmed transient up-
regulation of expression for LmjF35.1200 (encoding the pre-mRNA splicing factor) by
showing elevated mRNA levels at 5, 10 and possibly 24 hrs after the differentiation signal (Fig.
3B, panel II).
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Conversely, almost all transiently down-regulated genes showed decreased mRNA levels only
at 10 hrs after exposure to the differentiation signal (cluster 6), and in 36 cases this decrease
was substantial (5- to 22-fold). These genes include those encoding PSA2, dihydrolipoamide
dehydrogenase, dynein light chain, dynein heavy chain, two putative kinesins,
phosphatidylinositol kinase, a putative helicase involved in mitochondrial DNA repair and
recombination protein, a putative 3-hydroxyisobutyryl-CoA hydrolase, mitochondrial
aldehyde dehydrogenase, cytochrome p450 reductase, cytochrome b5, a
galactofuranosyltransferase, a putative lathosterol oxidase, a putative phenylalanine-4-
hydroxylase, a thiol-dependent reductase, a heat shock protein, a protein kinase, a protein
phosphatase, a metallopeptidases, a ubiquitin hydrolase, a putative v-SNARE protein, three
RNA binding proteins, an amino acid transporter, a clathrin coat assembly protein, a glycerol
uptake protein, and a number of hypothetical proteins.

A small number of protein-coding genes were initially up-regulated 2- to 4- fold at 5 hr after
exposure to the differentiation signal, subsequently down-regulated 2- to 4- fold at 10-24 hr,
and finally returned to promastigote (or slightly higher) levels in amastigotes (see cluster 1 in
Fig. 2C). These genes encode a putative cell cycle division protein, an RNA helicase, a ubiquitin
hydrolase, and four hypothetical proteins. Northern blot analysis for LmjF17.1090 (encoding
the ubiquitin hydrolase) confirmed that it is transiently up-regulated at 5 hr and down-regulated
at 10 hr (Fig. 3B, panel I11), although there is disagreement between the Northern blot and
microarray data at the 24 hr time-point.

Other regulated RNAs

Of the 907 GSS elements that were used for the cluster analysis described above, 133 contained
only intergenic regions. While most of these showed similar expression patterns to the adjacent
protein-coding genes, suggesting that they represented mRNAs with extended 3' UTRs (i.e.
longer than the 500 nt used in our mapping); 55 showed conflicting patterns or clearly
represented non-protein-coding RNAs (see Table S6). Seven GSS elements from the rRNA
locus showed considerably (5- to 20-fold) lower signal beginning within 5 hr after exposure
to the differentiation signal (cluster 10). It is not yet clear which particular transcripts within
the rRNA region undergo this differentiation expression. Conversely, two GSS elements from
the SL RNA locus show an increase in signal very late (in amastigotes) during the
differentiation. However, the majority of GSSs representing the SL locus showed no change
in signal during differentiation. Six GSS elements, representing a SnoRNA cluster on chr35
(between LmjF35.4190 and LmjF35.4200), showed a dramatic (30- to 100-fold) progressive
increase in signal beginning very early during differentiation (cluster 12), while two GSSs from
this region showed a modest decrease (cluster 10), and one GSS showed little change. Two
other snoRNA loci, on chr5 and chr26, appear to be transiently down-regulated during
differentiation (cluster 6), with the latter also up-regulated in amastigotes. A single GSS
representing the U2 snRNA and a tRNAa |, on chr31 showed a substantial (2.7- to 6.5-fold)
increase in signal beginning at 5 hr and continuing into amastigotes. We have not yet
determined whether expression of both of these RNAs, or only one, is regulated during
differentiation.

In addition to the annotated RNA genes described above, at least two other intergenic regions
also appear to undergo regulation of RNA expression during differentiation. Three GSSs from
a large intergenic region between LmjF34.2800 and LmjF34.2810 showed considerable (15-
to 45-fold) increase in signal beginning 10-24 hrs after the differentiation signal, as did two
GSSs from the intergenic region between LmjF31.1530 and LmjF31.1540. In addition, GSSs
from several other large intergenic regions on chrl8, 21, 23, 30, 31, and 33 also showed
evidence of differential regulation, but the changes were more modest (see Table S6), and may
represent false positives.
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Interestingly, most of the GSSs containing telomeric or sub-telomeric sequences showed
considerable changes in gene expression during differentiation (Table S7). Indeed, most of the
GSS elements in cluster 1 (Fig. 2C) consisted of telomeric hexamer repeat (THR) and telomere
associated sequences (TAS), and thus represented transcripts from the extreme ends of
chromosomes, although it was not possible to determine from which chromosome(s) they were
derived. These telomeric RNAs were initially up-regulated (4- to 12-fold) at 5 hr, followed by
a substantial (8- to 27-fold) down-regulation at 10 and 24 hr, then a modest (2-to 6-fold) up-
regulation in amastigotes. Another group of telomeric GSSs appears to be down-regulated
slightly early in differentiation, then substantially (2- to 10-fold) up-regulated very late during
differentiation (cluster 11). These GSSs contain one or more Leishmania Sub-Telomeric
Repeat (LST-R) sequences [50] and are probably the right end of chrl or chr22. Conversely,
other LST-R-containing GSSs (from chr29 and chr22) show decreased signal beginning at 5
hr and continuing throughout differentiation (cluster 10). Interestingly, not all GSS elements
containing LST-R sequences appear to shown differentiation expression. Finally, transcripts
from another telomeric sequence (chr30R) were down-regulated late during the differentiation
process (cluster 8).

Co-regulation of RNAs?

Analysis of the microarray data described above indicated that there was no statistically
significant correlation between the expression profiles for adjacent genes, suggesting that most
are not co-regulated. Unlike in most other eukaryotes, the protein-coding genes in
Leishmania (and other trypanosomatids) are organized into large polycistronic gene clusters
(PGCs) with tens-to-hundreds of adjacent genes [25,29] apparently transcribed from a single
RNA polymerase Il transcription initiation site [27,28]. Only eight of the 125 PGCs examined
showed evidence for correlation of gene expression profiles that was significantly different
(p<0.01) from that expected by chance (Table 1V). However, even in these cases (with the
exception of one PGC with only two genes) fewer than half of the genes were co-regulated at
a single time-point.

DISCUSSION

Promastigote-to-amastigote differentiation in Leishmania is a complex process, but the
morphological changes that take place appear to be well-coordinated and regulated [19]. In
other organisms, DNA microarray analysis has become a popular and powerful method for
examining changes in gene expression during differentiation and/or adaptation to new growth
conditions [52-57]. While this approach has been used previously to compare the different
lifecycle stages (procyclics, metacyclics and amastigotes) of L. major [39-41], L. donovani
[42], L. infantum [43], and L. mexicana [44], the work presented in this paper represents the
first genome-wide analysis of changes in gene expression during the transition from
promastigotes to amastigotes, a process which was impossible to follow until host-free
differentiation systems had been developed. These experiments, especially the short time
points, would be impossible to carry out using animal-derived parasites, and very difficult even
using in vitro macrophage cultures.

The major new findings of this study are that expression of a substantial number of genes is
transiently up- or down-regulated during differentiation and the permanent changes in genes
expression occur at different times during differentiation. Thus, there appears to be an ordered
progression of specific changes in gene expression after exposure of L. donovani promastigotes
to the differentiation signal (37°C, pH 5.5), which eventually results in morphological and
physiological differentiation to amastigotes that are adapted to intracellular growth in the
macrophage phagolysosome.
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Transient changes in gene expression during differentiation, development, or cell cycle
progression have been described in several other organisms [54,57-59]. While we report here
that 344 protein-coding genes are likely to be differentially regulated in terms of mMRNA
abundance during promastigote-to-amastigote differentiation, it is important to remember that
these studies likely under-estimate the actual number of genes that are differentially regulated,
since only about half of the predicted protein-coding genes are represented on our microarrays
by GSS elements, and some of the GSSs overlap two or more genes. However, even the
proportion of genes that change expression during L. donovani differentiation (~9%) is
substantially lower than that (40-86%) observed during development of the worm, fruit-fly or
mouse [54,60,61] or the ~75% of genes that are transiently activated during the 48-hour
asexual intraerythocytic developmental cycle of Plasmodium falciparum, the causative agent
of human malaria [57]. Indeed, the proportion is even lower than the changes seen during
development of Dictyostelium [62] or during the cell cycles of the yeast [59] and HeLa cells
[58], during which ~15% of the total genome is periodically regulated. This relative dearth of
gene expression changes at the level of transcript abundance probably reflects the lack of
transcriptional control in the trypanosomatids [32,63].

Nevertheless, these studies revealed more differentially expressed genes than some previous
microarray studies comparing Leishmania promastigotes and amastigotes, which reported only
about 1-3% of the genes undergoing differential regulation in L. major [40] or L. mexicana
[44], although another report claimed ~35% of the genes surveyed showed differential
expression between Leishmania promastigotes and amastigotes [41]. In this study, we find that
~3% of the genes surveyed appeared to be up-regulated in amastigotes, relative to
promastigotes, 2.5% are down-regulated, and ~3.5% underwent transient changes during
differentiation. It is likely that the inconsistencies between studies reflect differences in
experimental protocols (such the use of axenic versus lesion-derived amastigotes and GSS or
EST versus oligonucleotide probes), criteria used to define stage-regulated genes, and/or
species-specific differences in differential gene expression. For example, we found the
SHERP1 gene was up-regulated within 1 hr after exposure to the differentiation signal in L.
donovani, and remained 10- to 40-fold higher in amastigotes than promastigotes (see Table S2
and Fig. 3A), whereas previous studies reported the increase to be metacyclic-specific with
decreased expression in L. major lesion amastigotes [40,41,51]. This discrepancy may reflect
a species-specific difference in SHERP expression or it may represent a difference between
the axenic amastigotes used in our study and the lesion-derived amastigotes used by others.
The L. mexicana study [44] found a number of differences in gene expression between lesion-
derived and axenic amastigotes.

Interestingly, the majority (84/112) of genes that are up-regulated during differentiation do not
change significantly until late (24 hours or more) in the differentiation process, when
morphological differentiation is essentially complete. Conversely, a higher proportion (51/96)
of those genes that are down-regulated (especially those change by more than 5-fold), show
significant changes early in differentiation, suggesting that different pathways are involved in
up-regulation and down-regulation. It is also interesting that there are more changes in gene
expression at 10 hrs than at any of the other times. However, it is not yet clear whether this
truly represents a critical time during differentiation or merely reflects a larger proportion of
false positives due to the smaller number of replicates at this time-point.

Analysis of the stage-regulated genes by their Gene Ontology annotation showed that those
that were down-regulated in amastigotes (i.e. up-regulated in promastigotes) were enriched for
genes involved in cell growth and/or maintenance as well as cell motility, while those that were
up-regulated in amastigotes were under-represented in genes involved in protein and other
metabolism, but enriched for transporters and proteins of unknown function. These different
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distributions probably reflect the motility and higher growth rate of promastigotes and a larger
number of uncharacterized amastigote-specific functions.

The differentiation process in Leishmania is likely to involve one or more signal transduction
pathways which trigger changes in gene expression and involve a cascade of molecular
interactions. In other organisms, these pathways often involve protein kinase/phosphatase
cascades that results in transcriptional up- or down-regulation of specific effector genes. While
these studies will not identify the earliest components of these signal transduction pathways,
since these are likely to involve changes in protein turn-over and/or phosphorylation state, they
should reveal components of more downstream effector pathways. In particular, those genes
whose expression is transiently up- or down-regulated during differentiation would be likely
candidates for secondary components involved in up-regulating expression of amastigote-
specific genes. These may include the protein kinase genes (LmjF36.0860, and
LmjF11.0510) that are transiently up- and down-regulated, respectively, at 5-10 hrs, as well as
the heat shock proteins (encoded by LmjF30.2490, LmjF17.0040 and LmjF33.0360) transiently
up-regulated early in the differentiation process.

Our analyses provide little evidence for co-regulation of genes within the same polycistronic
gene cluster, suggesting that the genes are regulated individually. This is consistent with the
finding that Leishmania (and other trypanosomatids) appear not to regulate gene expression at
the level of transcription, relying instead on changes in mRNA stability and translation [32].
The presence of several RNA binding proteins and helicases among those regulated during the
differentiation process also supports this hypothesis. Interestingly, a number of up-regulated
genes (mostly amastins, but also HSP100) contain 3’ UTR sequences similar to those implicated
in stage-specific changes in gene expression in L. infantum, even though this sequence appears
to be involved in translational control [64]. Nevertheless, the transient up-regulation of a
histone deacetylase gene (LmjF21.0680) at 10 hrs is provocative in suggesting possible changes
in chromatin structure, which may lead to alterations in the rate of global or specific
transcription.

In addition to the changes in protein-coding gene expression, we also observed substantial (20-
to 100-fold) changes in RNA concentration from a number of non-coding and/or intergenic
regions. At least one of the rRNAs appears to be down-regulated during differentiation, perhaps
reflecting a generalized decrease in protein synthesis, while several SnoRNAs are up- or down-
regulated, presumably resulting in amastigote-specific RNA modifications. Transcripts from
at least two intergenic regions (LmjF34.2800-LmjF34.2810 and LmjF31.1530-LmjF31.1540)
are also up-regulated in amastigotes. Characterization of these RNAs has not yet been
completed, but some are adjacent to short degenerate non-L TR retrotransposon-like sequences.

Transcripts containing telomere-associated (THR and TAS) sequences were more abundant in
amastigotes than promastigotes, as shown previously [40]. Interestingly, these transcripts were
apparently up-regulated at 5 hours, then substantially down-regulated at 10 and 24 hours. Due
to the repetitive nature of these sequences, it is not clear whether this apparent differentiation-
associated regulation occurs at all telomeres, or only a sub-set. However, subtelomeric
repetitive sequences on chrl and/or chr22 appear to be up-regulated throughout differentiation,
while those on chr20 and chr2/29 appear to be down-regulated. The results are confirmed by
a recent publication showing that sub-telomeric non-coding RNAs are developmentally up-
regulated in L. infantum amastigotes [65]. The significance of these changes in telomeric
transcript abundance is not yet clear.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Pair-wise comparison of signal intensity on DNA microarrays hybridized with RNA from
Leishmania donovani at different times after exposure to the differentiation signal. Each
panel shows a logyg plot of Cy3 (532 nm) vs. Cy5 (635 nm) calibrated fluorescent response
from representative hybridizations for (A) Cy3- vs. Cy5-labeled promastigotes (P) immediately
before exposure to the differentiation signal, (B) promastigotes vs. parasites 5 hr after exposure
to the differentiation signal, (C) promastigotes vs. 10 hr, (D) promastigotes vs. 24 hr and (E)
promastigotes vs. axenic amastigotes (A).
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Figure 2.

Patterns of gene expression changes during differentiation. (A) The mean fold-change in
signal at each time-point during differentiation (relative to promastigotes) was averaged for
the 9078 GSS elements with data from at least three time points and the standard deviation (y-
axis) plotted against the cumulative number of GSSs (x-axis). (B) The 907 GSS showing the
greatest standard deviation were clustered using the TMeV software package. The columns
(from left to right) represent promastigotes (P), the 5, 10, 24 hr time-points after exposure to
the differentiation signal and amastigotes (A), while the rows represent the fold-change values
for each gene. Up-regulation is represented by red, down-regulation is represented by green
and no change is represented by black. Genes showing statistically significant (by panel data
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or 2-group analysis) differences from promastigotes at one or more time-points are indicated
by a blue line in the rightmost column. Clustered genes are indicated by the blue triangles to
the left. (C) Expression graphs for each of the 12 clusters from panel B, plotting the log, fold-
change values (y-axis) at each of the five time-points (x-axis). The average for all genes in
each cluster is shown by the magenta line. Orange and yellow lines indicate GSS elements
containing TAS and THR sequences, green lines indicate GSSs containing SnoORNA genes,
and blue lines indicate GSSs containing KDNA sequence.
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Northern analysis of differentially expressed genes. (A) RNA (10 pg in each lane) from
metacyclic promastigotes maintained in stationary phase for 6 (6s) or 4 (4s) days; procyclic
promastigotes in late-log phase (P), and 1, 5 and 24 hr after exposure to differentiation signal
were hybridized with [32P]-labeled probe for SHERP1 (top panel). rRNA was visualized by
ethidium bromide staining (bottom panel). (B) RNA from parasites at immediately before
exposure to the differentiation signal (P), as well as 5, 10 and 24 hr after exposure, and axenic
amastigotes (A) were hybridized with probes for LmjF34.0070 (top panel 1), LmjF35.1200
(panel I1) LmjF17.1090 (panel I11). rRNAs are shown in the bottom panel. The fold-change

values from the microarray results (uA) are indicated below each panel.

Mol Biochem Parasitol. Author manuscript; available in PMC 2008 March 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Saxena et al.

Assignment of GSS elements to LmjF genes.

Table |

Page 20

Category Sub-category Elements Total
Internal 2074
Single mRNA 135 flank o 4031
+ 5'and 3' flanks 85
+ UTR of adjacent gene(s) 601
Two or more MRNAs + CDS of adjacent gene(s) 656 1257
. Intergenic only 829
Intergenic +5and/or 3' UTR 347 1176
Sequence failed 3952
Unknown No sequence match 21 3999
kDNA 26
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Coverage of LmjF genes by GSS elements

Table Il
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Category Number Total
>2 GSSs
single mRNA only 662
single mRNA + others 609 1508
>2 mRNAs * intergenic 123
intergenic only 114
1GSS
single MRNA 1404
>2 mRNAs 660 2360
intergenic 296
No GSSs 4437 4437
Total 8305 8305
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