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Leishmania donovani, an intracellular parasitic trypanosomatid, causes kala-azar, a fatal form of 

visceral leishmaniasis in humans.  Infection occurs through a cycle whereby parasites 

(promastigote stage) living in the midguts of female sand flies are transferred to the host via a 

bite from an infected female sand fly, are phagocytosed by human macrophages, and are then 

transferred to phagolysosomes of human macrophages (amastigote stage).   

 

With the large increase in data that is generated by large-scale next-generation sequencing 

experiments, we embarked upon a systematic organization of the Myler lab next-generation 



sequencing data.  This was necessary as using spreadsheets to track data had become impractical 

due to the long-term nature of several of the experiments, in addition to the turnover in lab 

personnel.  We developed standard terminology and nomenclature, both key for ensuring 

consistency of organization among the various personnel involved in these experiments 

(biologists, bioinformaticians, and collaborators).  We also developed two different data 

organization systems: one for the organization of raw data and one for the organization of 

analyzed data.  Finally, we created a webpage to document the Myler lab data organization 

system and serve as a resource for those who are storing or searching for the data. 

 

Previous studies have demonstrated that L. donovani differentiation is regulated by changes in 

gene expression.  Thus, we performed high throughput spliced leader RNA-sequencing to 

elucidate changes in transcript abundance for all cellular mRNAs during Leishmania donovani 

differentiation from promastigotes into amastigotes.  Analyses revealed 534 statistically 

significant (p-value < 0.05 and mean log2 fold-change ≥ 1 or ≤ -1) genes and K-medians 

clustering of these genes revealed at least 6 different gene expression patterns (up early, late, or 

transiently; down early, late, or transiently).  We also identified genes which encoded proteins 

(e.g. putative paraflagellar rod protein 1D, glucose transporter 2) that were expected or likely to 

be differentially expressed during promastigote-to-amastigote differentiation due to the 

morphological and environmental changes the parasite experiences during this process.  In 

addition, it appears that the technique we have employed, spliced leader RNA-sequencing, 

allows us to detect gene expression changes in specific members of gene families, in contrast to 

the microarray studies we previously undertook, as well as providing insight into how post-

transcriptional and post-translational regulation may have a role in mRNA expression changes 



during differentiation.  Finally, this technique provides additional information about the 

sequences present in the 5’ untranslated regions of genes that can be used to improve genome 

annotation and may have a role in the generation of alternative transcripts.    
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Chapter 1. Introduction 

1.1 Infectious disease 

Infectious diseases are one of the main causes of human mortality worldwide1 and a subset are 

considered neglected2.  The neglected diseases consist of 13 parasitic (helminthic and protozoan) 

and bacterial infections, which along with dengue are the diseases with the highest burden; 20 

additional infections include those caused by fungus, viruses, and ectoparasites2,3.  One way to 

control these diseases is through the use of preventative chemotherapy, with worldwide 

economic benefits having been seen as early as the 1900s4.  Preventative treatment is also cost 

effective5 which is key because the financial burdens of these diseases is immense.  For example, 

the cost of treatment for leishmaniasis may equal a family’s yearly income and may lead to 

selling of assets (e.g. livestock, land)6.  Thus, developing a better understanding of these 

diseases, and the agents that cause them, will lead to global health improvements.   

 

1.2 Leishmaniasis 

Leishmaniasis is a group of parasitic diseases ranging from skin lesions which can heal without 

treatment (cutaneous leishmaniasis [CL]) to mucosal lesions7 to fatal visceral disease (visceral 

leishmaniasis [VL]) and is caused by the trypanosomatid protozoan parasites of the Leishmania 

genus8,9.  As a group, the trypanosomatidae are unicellular and flagellated, whose members 

include many important human and animal pathogens9.  Leishmania parasites are found 

worldwide, with certain species (e.g. Leishmania major [L. major]) being more prevalent in the 

old world and other species (e.g. Leishmania infantum [L. infantum], Leishmania braziliensis [L. 

braziliensis]) being more prevalent in the new world9.    
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There are more than 397 million people worldwide at risk of contracting these diseases, with an 

estimated 12 million infected people10.  Recent estimates of the global disease burden caused by 

leishmaniasis suggest that 0.4 million cases of VL and 1.2 million cases of CL occur every year 

in 98 countries and three territories in which leishmaniasis is endemic7.  However, 90% of all 

worldwide cases of VL occur in only six countries (India, Bangladesh, Sudan, South Sudan, 

Ethiopia, and Brazil) and between 70 and 75% of all worldwide cases of CL occur in only ten 

countries (Afghanistan, Algeria, Colombia, Brazil, Iran, Syria, Ethiopia, North Sudan, Costa 

Rica, and Peru)7.  More than 20 species of Leishmania are capable of infecting humans and 

causing leishmaniasis, however, the Leishmania donovani (L. donovani) complex, which 

includes L. infantum, is responsible for most cases of VL worldwide11,12.  The Leishmania 

mexicana (L. mexicana) and L. braziliensis complexes are responsible for the majority of CL in 

the new world vs L. major and Leishmania tropica (L. tropica) in the old world13.    

 

VL and CL are distinct subtypes of leishmaniasis with different symptoms and effects. VL, also 

known as kala-azar14,  is present throughout both the old and new world; there are approximately 

50,000 deaths each year from this disease15.  VL infection results in fever, substantial weight 

loss, anemia, and swelling of the liver and spleen16,17.  CL, both local and diffuse forms, is 

characterized by the formation of skin ulcers; these ulcers may be present for as short as 3-5 

months or as long as 15-20 years18.  Diffuse CL may also be characterized by the presence of 

fever and overall poor condition of the patient18.  Diagnosis of leishmaniasis is not 

straightforward as the currently available tests do not provide a 100% specificity and 

sensitivity19.  One method for diagnosis involves the microscopic identification of amastigotes in 

stained patient smears from skin lesions, the liver, spleen, lymph nodes, or bone marrow20,21.  
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Other methods include polymerase chain reaction (PCR)21–24, the indirect fluorescent antibody 

test, the enzyme linked immunosorbent assay test (more useful for VL diagnosis), and 

leishmanin skin test (for CL)25,26.  Although there are drugs, such as pentavalent antimony27, 

amphotericin B27, miltefosine27, and paromomycin28–31, available for the treatment of 

leishmaniasis, they are toxic, costly, and/or require long-term treatment32,33.  Additionally, these 

drugs may have varying efficacies in different regions and, despite treatment, leishmaniasis may 

recur17,34.  Thus, there is a need for a better understanding of the basic biology of this disease to 

develop new methods for its prevention and/or treatment. 

 

The majority of cases of leishmaniasis are zoonoses, which affect poor people who live in rural 

and natural areas that contain a variety of domestic and wild reservoir hosts as well as sand fly 

vectors that effectively maintain the cycle of infection35.  To control the spread of disease, it is 

necessary to consider preventative strategies that do not focus solely on human and hosts and 

insect vectors but also include the environment in which the latter are found36.  Currently, 

practices rely mainly on the early diagnosis and treatment of human disease, control of the 

disease vectors, and, occasionally, management of reservoir hosts (e.g. treatment, elimination)36.  

Control of the sand fly vector is typically done by residual spraying indoors; however, there is 

concern regarding the development of resistance to dichlorodiphenyltrichloroethane (DDT), 

particularly in highly endemic areas where spraying is difficult to sustain33,37,38.  Additionally, no 

human vaccine against leishmaniasis is currently available, with most candidate vaccines in early 

research and development, although some have entered clinical trials38–40.  Thus it is important to 

develop strategies for the prevention of the disease and a clear and comprehensive understanding 

of host-pathogen-vector interactions, particularly at the molecular level, is vital41.  Potentially, 
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this will allow for the development of new measures that focus on ways to control the reservoir 

hosts.    

 

1.3 Leishmania lifecycle 

The lifecycle of Leishmania includes two main stages: 1) promastigote forms that exist in the 

sand fly alimentary tract; and 2) amastigote forms that replicate and survive in mammalian 

macrophage phagolysosomes42.  See Figure 1 for an overview of the Leishmania lifecycle43.  

Leishmania parasites are transmitted from their sand fly host to humans, as well as other animal 

reservoirs, via the bite of an infected sand fly8.  Leishmania replicate within the midgut of the 

sand fly as flagellated procyclic promastigotes and are not infective at this stage8.  These 

procyclics then enter a stationary phase in which they differentiate and enter the metacyclic 

stage; at this stage, the parasites have undergone adaptive changes which allow them to be 

transmitted to a mammalian host44.  These infective metacyclics, once present in the host, are 

phagocytosed by macrophages where they undergo yet another transformation into non-motile, 

intracellular, replicative amastigotes capable of surviving in the harsh phagolysosome 

environment8.      
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Figure 1 – Leishmania lifecycle43 in both the sand fly vector and human host  

 

During the course of differentiation, the parasite’s morphology changes such that it becomes 

ovoid rather than elongated and it loses its ability to be motile42.  Additionally there are changes 

in the cell surface composition which include the loss of the lipophosphoglycan coat and the 

upregulation of amastin surface proteins45.  There is also a change in the source of carbon from 

glucose and proline to the beta-oxidation of fatty acids and an increase in the use of amino 

acids46,47.  These changes allow the parasite to survive while living in either the more permissive 

sand fly gut environment or the harsh macrophage phagolysosome environment.  
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1.4 Genomics 

With the discovery of the double helix in 1953 and the first DNA sequencing performed in 1968, 

the modern-day sequencing era began in 1977 when Maxim and Gilbert developed the chemical 

method and Sanger, Nicklen, and Coulson developed the dideoxy method48.  Prior to 1995, only 

viral and organelle genomes were able to be completely sequenced48.  The first free-living 

organism sequenced was H. influenzae in 199549; shortly followed by eukaryotic, eubacterial, 

and archaebacterial genomes48.  This marked the first time whole genome shotgun assembly was 

seen and this now commonly used method involves randomly fragmenting a genome and then 

performing computational reassembly49.  In 2005, array-based pyrosequencing was introduced50, 

followed quickly by sequencing-by-synthesis and sequencing-by-ligation, which led to the 

explosion in the generation of DNA sequencing data51; also contributing was the 1000-fold drop 

in the costs of sequencing since 199052.   

 

In 1990 the US Human Genome Project (HGP) was presented to Congress with the proposal that 

called for a 15 year timeline at a cost of $3 billion48.  In addition to sequencing the human 

genome, this proposal also included mapping, and, in certain cases, sequencing, model 

organisms such as E. coli (bacteria), S. cerevisiae (yeast), C. elegans (worm), D. melanogaster 

(fruit fly), and M. domesticus (mouse)48.  Milestones in the HGP included a detailed genetic map 

including 5840 mapped loci in 1994, the first completely sequenced chromosome (chromosome 

22)53 in 1999, and draft human genome sequences from Celera54 and the public project55 that 

were published in 2001.  NGS has come a long way since 1990, and a number of large-scale 

projects have been undertaken since the completion of the HGP, including the 1000 Genomes 

Project56 and the ENCODE project57.  With the improvements to sequencing techniques over the 
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years, it is now possible to sequence very large molecules (> 200 kilobases) which has resulted 

in a very large amount of data that requires computational analysis48.  Today, the sequence of the 

human genome, in combination with many major pathogens, is impacting human health via the 

diagnosis, treatment, and prevention of diseases48.  Additionally, these sequences have been used 

to identify possible drug targets58,59 and vaccine candidates60,61.     

 

The genomics era has come to infectious disease research, where scientists are still catching up 

with the large amounts of data produced and incorporating these approaches into their research49.  

There are now more than 38,000 genome sequences available in public databases, including the 

genomes of numerous human pathogens, which act as a valuable resource for infectious disease 

research in areas such as genetic diversity, pathogenesis, evolution, detection, and treatment62.  

Additionally, next-generation sequencing (NGS) is now beginning to be used in clinical 

diagnosis via detection of pathogens in patient samples or isolates63.  However, sequencing is 

often just the beginning of developing an understanding of the survival of pathogens and the 

mechanisms of disease49.  It is likely that both bench research and in silico analyses will be 

necessary to truly understand diseases such as leishmaniasis and to determine strategies for 

combating them.   

 

Within the field of NGS, there are many different techniques.  One of these techniques is RNA-

sequencing (RNA-seq), which can be used for the profiling of transcriptomes and genomes64–67, 

and offers an alternative to the use of microarrays for large-scale gene expression studies68.  Use 

of RNA-seq has allowed for avoidance of some of the technical issues (e.g. nonspecific 

hybridization, dynamic range) associated with microarrays68.  This means that it is possible to 
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identify more differentially expressed genes, with higher fold-change, via RNA-seq studies vs. 

microarray studies, as well as performing these studies in organisms that lack a complete 

reference genome68.  This may be particularly applicable in the realm of infectious disease 

research as the available genome(s) for some pathogen species, although complete, may contain 

errors as well as for those pathogens that lack a complete genome. 

 

1.5 Leishmania biology 

Compared to other organisms, the genome of Leishmania is fairly small (~36 megabases) and the 

majority of chromosomes are diploid 69.  The genomes of Old World Leishmania species contain 

36 chromosomes as compared to New World Leishmania species that may contain 34 

chromosomes (e.g. L. mexicana) or 35 chromosomes (e.g. L. braziliensis)70.   

 

In contrast to the genomes of other organisms, the genomes of Leishmania contain long 

polycistronic gene clusters, have a high gene density, and almost completely lack introns71.  

Leishmania also contain a 39-nucleotide spliced leader (SL) RNA which defines the 5’ end of all 

nuclear-encoded mRNAs72 and SL RNA transcription via RNA polymerase II is driven by two 

upstream elements73–77
.  This is responsible for a large amount of a cell’s transcriptional 

activity78; polycistronic transcription results in the synthesis of pre-mRNAs in stretches of 

thousands of bases to produce monocistronic mRNAs8.  This polycistronic transcription utilizes 

transcription initiation sites that typically occur at divergent strand switch regions79, regions that 

involve polycistronic transcription units whose origins are in opposite directions on opposing 

DNA strands80–82.  Post-transcriptional processing involves the simultaneous occurrence of 

trans-splicing and polyadenylation with the location of the SL acceptor site of the downstream 
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gene dictating the location of polyadenylation of the upstream gene83–85.  Previous studies have 

suggested that polyadenylation sites are found 500-600 nucleotides upstream of the coupled 

trans-splicing acceptor site83. 

 

It has been suggested that the fact that the genome of Leishmania is organized in polycistronic 

transcription units, rather than individual gene transcription units where RNA polymerase II 

initiates transcription86, accounts for the almost complete lack of transcriptional regulation of 

gene expression87, as well as making the genomes of species causing CL and VL so similar71.   It 

is likely, because of these differences, that transcriptional regulation of mRNA levels is 

drastically reduced and that post-transcriptional regulation mechanisms are more important 

factors in changes in gene expression levels during differentiation8.  Interestingly, 3’ untranslated 

regions (UTRs) of transcripts have previously been shown to have a role in differentiation via a 

role in the control of mRNA stability45,88–92 and translation104–107.  More specifically, conserved 

sequences within the 3’ UTRs of a number of Leishmania transcripts have previously been 

suggested to control translation in a stage-specific manner104,107,108.  Although it is known that 

Leishmania parasites undergo morphological changes (e.g. changes in size or shape of 

organelles) and changes in the components of the cell surface throughout differentiation99–101, 

much less is known about how transcriptional changes occur at the global level79.   

 

Protein levels are regulated by alternative events such as mRNA processing, control of mRNA 

stability or translation, or post-translational modifications (PTMs)102.  PTMs (e.g. glycosylation, 

phosphorylation, methylation, acetylation) have been shown to have a role in protein function 

regulation in other species but there is limited data on the role of such modifications in the 



10 
 

control of gene expression during Leishmania differentiation103.  However, the limited data does 

support the role of PTMs in regulating gene expression during differentiation103.  An axenic 

culture system has been developed such that promastigotes are moved from an environment that 

mimics that of a sand fly (26C, pH 7.4) to one that mimics that of a mammalian macrophage 

phagolysosome (37C, pH 5.5., 5% CO2)
15,104,105. Barak et al. utilized this system to perform an 

in-depth examination of L. donovani differentiation; their results suggested that differentiation 

consists of four phases, based on cell morphology: 1) phase I: 0-5 hours (hr) after differentiation 

signal and when signals are perceived; 2) phase II: 5-10 hr and when parasites stop moving and 

begin to aggregate; 3) phase III: 10-24 hr and when cells change morphologically into 

amastigote-shaped cells; 4) phase IV: 24-120 hr and when amastigotes mature106.   There are 

transient changes in both protein and mRNA abundance during differentiation102; in phases I and 

II, some variations in mRNA abundance correlate with temporary changes in SL RNA 

abundance107.  Previous studies have also demonstrated that 10-15 hr after the start of 

differentiation the majority of changes in protein abundance have occurred; very limited numbers 

of proteins have significant changes in expression during the initial phase of differentiation103.    

 

1.6 Leishmania genomics 

The Leishmania Genome Network initiative was established in 1994 in Rio de Janeiro, Brazil 

with the goal of determining whole genome sequences of several important species of 

Leishmania that were infecting humans41.  The first complete genome sequence of L. major (CL) 

was published in 2005108, followed by sequences for L. infantum (VL) and L. braziliensis 

(mucocutaneous leishmaniasis)109.  More recently, genome sequences for L. mexicana (CL)110, L. 

donovani (VL)111, and Leishmania amazonensis (L. amazonensis) (CL)112 have been completed. 
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RNA-seq studies of the differentiation of promastigotes to amastigotes in Leishmania species 

often utilize the in vitro axenic culture system, described above, that can generate sufficient 

quantities of starting material.    This system has been utilized by a number of different groups to 

study Leishmania biology in general as well as to examine global mRNA and/or protein 

expression throughout differentiation and during development without necessitating the inclusion 

of material from host cells95,113–118. 

 

Previous studies have characterized a few differentially expressed genes during 

differentiation98,119–125; of note, compared to the approximately 10% of genes whose protein 

abundance appears to change throughout the parasite life-cycle95,126–128, only approximately 1-

3.5% of genes have changes in mRNA abundance8,113,129.  Previous Leishmania microarray 

studies have demonstrated that gene expression fold-change is relatively modest (approximately 

2-10 fold) which suggests smaller changes in mRNA abundance are important for gene 

regulation, perhaps as a consequence of the relatively stable and predictable environment that is 

provided by mammalian or sand fly hosts8.  Microarray studies have also contributed to the 

assessment of differential gene expression genome-wide113,114,130.  Additional studies in L. 

donovani have revealed a large number of genes whose expression is up- or down-regulated 

transiently during differentiation; these genes are expressed at different times than genes whose 

expression change is fixed115.  This suggests that, at least in L. donovani, changes in gene 

expression following exposure of promastigotes to the differentiation signal occur in a specific 

order and ultimately lead to morphological and physiological changes that allow for the survival 

and growth of amastigotes in macrophage phagolysosomes115.  
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Current research involving –omics (e.g. genomics, proteomics) technologies is becoming 

increasingly important for understanding disease pathogenesis in humans and potential drug-

resistance mechanisms to currently available antileishmanial medicines; these studies often focus 

on aspects of disease phenotype131, mechanism of action of current medications132, and parasite 

biology133.  In looking specifically at protein-coding genes, a fairly small number of Leishmania-

specific genes have been identified and the majority of these genes encode proteins with no 

known function110.  Studies have also found that most Leishmania genes are expressed 

constitutively throughout parasite differentiation from promastigotes to amastigotes134 while 

post-transcriptional mechanisms, such as those responsible for mRNA levels, translation rates, 

and protein stability, are hypothesized to be key for protein abundance regulation134.  Analyses of 

whole genome sequencing data sets from Leishmania species responsible for causing CL and VL 

provide a means by which host-parasite interactions could be studied to identify important 

mechanisms responsible for different types of infections41.  That is, an analysis of differentiation, 

and the ensuing changes in gene expression, is important for understanding why certain species 

of Leishmania stay at the sand fly bite site and cause CL while others migrate to internal organs 

and cause VL135.  Additionally, these data sets provide a means by which to study parasite gene 

expression during differentiation in vertebrate hosts41.  

 

An understanding of gene expression changes during the course of Leishmania differentiation is 

key, not only to understand how the process of differentiation occurs in each of the different 

hosts, but also for the effective treatment and cure of leishmaniasis8.  Additionally, an 

understanding of these changes was one of the main forces behind genome-wide efforts to 
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identify new drug and vaccine candidates136,137.  Possible candidates include genes that are 

expressed in parasitic life stages that are capable of invading and surviving within the vertebrate 

host136.  A potential area for further investigation involves genes that are specifically expressed 

in amastigotes as these genes are likely vital for survival in mammalian hosts138 as previous 

studies have demonstrated the effectiveness of identifying key survival pathways via the 

identification of genes whose expression is stage-specific8.  

 

1.7 Data Storage 

Challenges arising as a result of embracing NGS approaches include data storage, analysis, and 

computational requirements; direct data storage costs are also a consideration52.  The main 

contributor to the storage requirement is “unprocessed” data; however, data volume is not as 

much of an issue as constantly growing sequencing capacity52.  This is because, in the absence of 

lower storage costs, there either must be a decrease in the data that are stored or an increase in 

budgets for storage52.  Possible approaches to address storage needs include: 1) compressing 

stored data; 2) adding storage; and 3) throwing away some data52.  It is likely that some 

combination of these three approaches will be the most efficient and cost-effective way to store 

data in the future.  Arguments for not storing all sequence data include just storing the actual 

DNA sample, throwing out older data or data from samples that can be re-done, and storing only 

the output from data analysis, rather than the raw data itself52.  When considering discarding 

data, one idea for consideration revolves around unaligned reads; while this may be a valid 

method for reducing the amount of data stored, there is still debate in the field regarding how 

much of this data should be discarded52.  One consideration is that, during the course of projects 

spanning several years, it will be necessary to be able to easily access the data, particularly for 
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sub-projects that stem from the original proejct52.  The decrease in storage costs also factors in, 

with the bulk of the cost of storing data coming early in the project52.  However, biologists need 

to consider the effects of constantly improving DNA sequencing technologies; better methods for 

data compression need to be developed to ensure there is a balance between data generation and 

storage52.   

 

1.8 RNA-sequencing data analysis 

One of the challenges in today’s genomics era is the analysis of NGS data139.  This stems from 

the multiple steps that are involved, from the processing of raw reads to performing the read 

mapping and counting to determining differential gene expression, and the number of programs 

that exist to perform each of these steps.  More specifically, RNA-seq data analyses usually 

include the following: 1) quality check and pre-processing of raw sequencing reads; 2) mapping 

reads to a reference genome or transcriptome; 3) counting reads mapped to genes or transcripts; 

4) differential gene expression analysis; and 5) biological interpretation68,140,141.  Although 

numerous algorithms142 exist, there is not a consensus of which programs are best to ensure 

accurate read mapping, gene quantification, and data normalization68.  One consideration at the 

level of read mapping is the quality of the reference genome; the presence of assembly errors, 

repetitive regions, and/or assembly gaps all are associated with problems in correctly mapping 

reads68.  Additionally, a list of differentially expressed genes only provides a starting point for 

understanding the biological implications such as the role of these genes in disease or molecular 

mechanisms68.  Thus, there is a need for communication between the biologists who generate the 

RNA-seq libraries and the bioinformaticians who analyze the data to return biologically 

meaningful results.   
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Looking more specifically at the algorithms used for data analyses, the selection of which 

programs to use often varies, depending on the design of the RNA-seq experiment.  The methods 

that underlie these algorithms also play a role in the decision of which ones to use.  For quality 

control checks on raw RNA-seq data, the FastQC143 program is often used to give an overview of 

any potential problems (e.g. low-quality bases, presence of adapter sequences) that should be 

addressed prior to conducting further data analysis68.  For performing read mapping, several 

algorithms have been designed in the last several years: TopHat2144; STAR145,146; GSNAP147; 

OSA148; MapSplice149; Bowtie 2150.  One difference in the read mapping algorithms stems from 

what each program is optimized to detect; for example, GSNAP is ideal for detecting single 

nucleotide polymorphisms or insertions/deletions while STAR is ideal for mapping long reads151.  

Multiple programs also exist for read counting, including the commonly used Cufflinks152, 

featureCounts153, HTSeq154, and RSEM155.  One major difference is the method upon which 

these algorithms are based; they can be split into either transcript-based approaches (e.g. 

RSEM155) or union-exon-based approaches (e.g. featureCounts153).  Union-exon-based methods 

merge all overlapping exons from the same gene into union exons; a read for a gene is counted if 

it sufficiently overlaps any of the associated union exons and can be assigned to a gene with 

much higher confidence68.  Thus, union-exon-based approaches for counting reads is frequently 

used for RNA-seq studies156.  Numerous algorithms (DESeq157, edgeR158,159, GENE-Counter160, 

NOISeq161, NBPSeq162, and Cuffdiff2163) exist for performing differential gene expression 

analysis for RNA-seq data sets.  However, there is not a consensus in the field regarding study 

design and the choice of software for performing these analyses on RNA-seq data sets.  A 

recently published study by Zhang et al. compared the use of DESeq, edgeR, and Cuffdiff2 for 
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performing differential expression analyses and found that one program was not best in all types 

of differential expression analyses164.  edgeR may be slightly better than the other two programs 

for determining true positives and Cuffdiff2 is not recommended for differential expression 

analyses at the gene level, especially for samples with low sequencing depth164. 

 

Data normalization is a key step in the data analysis process not only because of its role in 

accurately determining gene expression but also because of its role in subsequent downstream 

analysis68.  One consideration centers around library sizes (total number of mapped reads), which 

are usually different for each sample, and thus do not allow for direct comparison between 

samples68.  One possible way to address this issue involves rescaling total read counts, but this is 

complicated by the fact that RNA-seq read counts reflect the relative abundances of genes in a 

sample which means that it is dependent on gene expression level and length as well as the RNA 

population composition68.  This means that, if a few genes are very highly expressed, they may 

account for a large number of the total sample reads and thus prevent reads from other genes 

from being counted68.   

 

Accounting for technical limitations is also an important part of the interpretation of analyzed 

RNA-seq data.  When RNA-seq was first developed, the library generation protocol did not 

retain strand information for individual transcripts, a key shortcoming68.  However, more recent 

updates to the protocols have allowed for the development of stranded or strand-specific 

protocols which retain this information165.  Previous studies have found that the data using these 

updated protocols is more reliable as it allows for the correct determination of expression of 

reads found on overlapping genes and antisense RNA166.  Another consideration when 

interpreting analyzed RNA-seq data stems from the potential presence of bias due to preparing or 
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fragmenting RNA or library construction68.  For example, bias can be introduced as a 

consequence of variability in sequencing depth across the transcriptome or genome due to certain 

sites being more amendable to fragmentation, variability in priming, and the effect of nucleotide 

composition on tags167,168.   
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Chapter 2. Data organization 

2.1 Introduction 

Data management and organization has often been overlooked in the life sciences and was often 

seen as something that was not particularly important or applicable for data analysis169.  

However, with the advent of large-scale NGS experiments, and the large amount of data they 

generate, as discussed above, data organization has become an important part of the NGS 

analysis pipeline.  A consideration when developing a data organization system is determining 

who, on the research team, needs to be able to access the data and what individual member’s 

needs are, in order to most efficiently and effective store, manage, index, and integrate the 

data169.  In developing a data organization system, spreadsheets are often used in order to track 

sample information and data files170; however, there is often a lack of standardization which 

means that different lab members may store different information or use a different format.  This 

can make it difficult when reconciling multiple spreadsheets to see what data exists and can also 

lead to mistakes and redundancies170. 

 

Data organization is very important in research labs where there is often turnover in personnel as 

well as collaborations with other groups.  This is especially relevant with NGS projects that may 

span multiple years and involve the transfer of data from the original investigator to his/her 

successor169.  If a system is not in place for the organization of the raw data, analyzed data, and 

metadata, it can become very hard for co-workers or collaborators to understand what the data is 

and what the final results mean171; this is particularly true when combining data from multiple 

NGS experiments that may have been done at different times by different people.  Furthermore, 

having well-organized data is important when publishing a manuscript – it is crucial to know 
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exactly what data was used and how the analysis was done so that the raw data files and analysis 

details can be shared with the larger scientific community171.     

 

Conducting biological research in today’s –omics era has led to a various challenges associated 

with different aspects of the data – one issue is related to the interpretation and level of data 

integration172–179, with consideration of what constitutes data ranging from genomic data to 

protein-protein interactions180.  One way to define biological data is to consider it to be 

molecular sequence information and bench experimental information from genome and gene 

product analyses68.  Defining what constitutes biological data vs. analyzed data is important in 

the context of data organization and management because a system that makes sense for 

biological data may not make sense for analyzed data.  For example, it may make sense to 

organize raw data directly downloaded from the sequencing machine into separate folders based 

on when the sequencing was completed.  However, a project may contain multiple libraries 

sequenced on different days and thus it may make sense to store the analyzed data using a series 

of folders organized by projects.        

 

Data management, storage, retrieval, analysis, and interpretation lie at the center of any 

biological research study, particularly with the advent of NGS180, and a consideration is whether 

standards exist for such processes180.  If not, it is important to design and implement such 

standards, where standards may be defined as certain terminology or structure to represent 

biological entities and biological entities are defined as all types of biological information180.  

The use of standards allow for re-use of data, in addition to making it easier to share data180.   
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One consideration when organizing a large volume of NGS data revolves around how to be 

efficient in managing various types of files (e.g. BAM, count) in order to obtain information that 

is both relevant and accurate181.  This is especially important because of the number of 

researchers that are typically involved in NGS projects who need to be able to access the data 

and quickly determine the key information (e.g. program used for alignment, the genome used 

for alignment)182. 

 

2.2 Myler lab NGS data organization 

In the context of organizing the Myler lab NGS data, we first defined terminology to apply to our 

data.  This was necessary because we decided upon one system to store pre-analyzed data (see 

Figure 2) and another system to store analyzed data (see Figure 3).  Additionally, we created a 

Confluence183 webpage, accessible to Myler lab members and collaborators, as a means of 

sharing the organization system and standard terminology (discussed below) we developed. 
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Figure 2 – Example of folder system for pre-analyzed data  

 

Pre-analyzed data is considered to be raw sequence files (fastq files), files generated following 

alignment (sorted and indexed BAM files), and files generated following read counting (count 

files).  Although SAM and BAM files are generated during the alignment process, and would be 

considered pre-analyzed data, we decided only to keep the sorted and indexed BAM files to 

minimize the amount of data stored.  Analyzed data is considered to be all other files (e.g. 

spreadsheets containing normalized read counts generated by edgeR, multiple experiment viewer 

(MeV)184 analysis files).  We then defined standard terminology to use when naming folders or 

files; for example, including the name of the alignment program as part of the folder name where 

sorted and indexed BAM files are stored.  Additionally, standards included the use of 

capitalization and punctuation to ensure uniformity and to follow already established 

conventions (e.g. abbreviating L. donovani as Ldo).  

├── bowtie2_vsLdoS_CIDRv1_L20mm1 

│   ├── AH038 

│   │   ├── AH038.27jul2016.mRNA.union.count 
│   │   ├── AH038.sorted.bam 

│   │   ├── AH038.sorted.bam.bai 
│   │   │    ├── run_scripts 

│   │   │    │     ├── AH038_align_reads_slurm.sh 

│   ├── AH039 

│   │   ├── AH039.27jul2016.mRNA.union.count   
│   │   ├── AH039.sorted.bam 

│   │   ├── AH039.sorted.bam.bai 
│   │   │    ├── run_scripts 

│   │   │    │     ├── AH039_align_reads_slurm.sh 

├── quality_check 

│   ├── AH038_FC61WAV_lane1_LdoS_0hr_fastqc.html 
│   ├── AH038_FC61WAV_lane1_LdoS_0hr_fastqc.zip 

│   ├── AH039_FC61WAV_lane2_LdoS_5hr_fastqc.html 
│   ├── AH039_FC61WAV_lane2_LdoS_5hr_fastqc.zip 

├── raw_data 

│   ├── AH038_FC61WAV_lane1_LdoS_0hr.fastq 

│   ├── AH039_FC61WAV_lane2_LdoS_5hr.fastq 
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In this system, all pre-analyzed data from libraries sequenced on the same flowcell are organized 

into a main folder named as follows: 

yyyymmdd_Flowcell_lastnameofPI_organism_experimentdescription_experimenttype (e.g. 

20160317_HTNF3BGXX_Zilberstein_LdoS_LdoSdiff_RNASeq).  Sub-folders are then used as 

the main locations for specific types of data: 1) folder for raw data (raw_data); 2) folder for 

quality check files (quality_check); and 3) folder(s) for alignment and count files 

(alignmentprogram_genome_version).  Within the alignmentprogram_genome_version folder, 

there are sub-folders for each specific library; the library sub-folders contain the sorted and 

indexed BAM files and count files as well as another folder (run_scripts) containing the scripts 

used to generate the data.  In the quality_check folder, the output of the FastQC program 

(described above) is stored.  Finally, the raw_data folder contains all the raw data as fastq files.  

We decided upon this system as it allows for all lab members (both current and future), as well 

as collaborators, to understand where to find specific data files and to determine how the 

alignment was done and what genome and version were used.   
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Figure 3 – Example of folder system for analyzed data 

 

In the analyzed data system, we use top level folders organized based on project type, which 

allows data from multiple different NGS experiments to be combined.  Files stored in the top-

level folder contain analyzed data that are suitable for distribution (e.g. shared with collaborators, 

used in preparing a manuscript for publication).  There are then sub-folders named based on the 

type of analysis done that contain intermediate analyzed data files; these may be files that 

contain data only for a single library (e.g. 

SLRNASeq.edgeR.top.differentially.expressed.genes.pro.vs.5hr.tab that contains edgeR data for 

a single library) or files that are used for input into a program (e.g. 

SLRNASeq_log2_fold_change_1_or_higher_with_gene_product_for_MeV.txt that is used for 

clustering analysis in MeV).  This system was implemented as it allows the analyzed data to be 

├── analysis_scripts 

│   └── edgeR script for analysis of SLRNASeq 20170515.R 

├── CAP Analysis of Ldo libraries.xlsx 

├── clustering_analysis 

│   ├── 1.5_fold_change_incl_0_hr_timept.anl 
│   ├── SLRNASeq_log2_fold_change_1.5_or_higher_with_gene_product_for_MeV.txt 
├── edgeR_analysis 

│   └── SLRNASeq 

│       ├── AH038.27jul2016.mRNA.union.no.meta.csv 

│       ├── AH039.27jul2016.mRNA.union.no.meta.csv 

│       ├── DEnames.txt 
│       ├── Significantly_DE_gene_list_and_comparison_top_100_genes_ea_timept.xlsx 

│       ├── SLRNASeq.edgeR.normalizedReadCounts.tab 

│       ├── SLRNASeq.edgeR.significantly.up.down.regulated.genes.tab 

│       ├── SLRNASeq.edgeR.top.differentially.expressed.genes.pro.vs.5hr.tab 

├── edgeR normalized read counts for AH, AS, BJ, JM libraries CAP analyzed 2016-10-21.xlsx 

├── LdoS_somy 

│   ├── coverage.sh 

│   ├── ES041.L20.LdoS.PacBio.20170617.normalize.txt 
│   ├── ES041 LdoS.pdf 
│   ├── LdoS_CIDR_pseudochr_v1.sizes.txt 
│   └── normalize.py 
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easily shared, either with collaborators or other lab members, as well as making it easy to re-

analyze data. 

 

In summary, we have described here a system for the organization and management of NGS data 

in the Myler lab.  We started the process by first deciding how to efficiently store the data and 

then developing standard terminology and folder and file naming system.  This allows all lab 

members and collaborators to quickly and effectively find the necessary data.  We have also 

created a webpage to document this system.  
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Chapter 3. RNA-seq provides new insight into transcriptome dynamics during 

promastigote-to-amastigote differentiation of Leishmania donovani 

3.1 Introduction 

Trypanosomatidae is a family of ancient single-cell eukaryotes whose protein coding genes lack 

individual RNA polymerase II promoters.  Instead, they are organized in clusters of tens to 

hundreds of genes that are transcribed into polycistronic preRNAs from only a small number of 

promoters185.  mRNA maturation occurs via concomitant trans-splicing of SL RNA 5’ of each 

coding sequence (CDS) and polyadenylation of the 3’ end of its upstream neighbor186.  

Organisms that cannot regulate transcription rely on post-transcriptional and translational 

processes to regulate gene expression187.  L. donovani is a parasitic trypanosomatid that causes 

kala-azar, a fatal form of VL in humans.  These organisms cycle between the midgut of female 

sand flies, where they reside as extracellular flagellated promastigotes, and phagolysosomes of 

human macrophages, where they live as aflagellated amastigotes188,189.  Promastigote-to-

amastigote differentiation can be mimicked in host-free axenic culture by shifting promastigotes 

to a lysosome-like environment (pH 5.5 and 37ºC in 5% CO2).  Our laboratory has used a 

number of biochemical and genomic approaches to characterize L. donovani differentiation, 

establishing that it is regulated by a specific program of changes in gene expression102,118,190.  

 

The dynamics of mRNA and protein abundance during Leishmania differentiation indicate that 

gene expression is regulated by changes in mRNA levels at early (0-10 hr) time points, while 

translational and post-translational regulation is more important later (24-120 hr) in the 

process102.  For example, many enzymes of the intermediary metabolism are up-regulated in 

protein abundance, even though mRNA levels remain unchanged throughout differentiation.   
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Here, we have employed high throughput RNA-seq to elucidate changes in transcript abundance 

for all cellular mRNAs during L. donovani differentiation from promastigotes into amastigotes.  

 

3.2 Materials and methods 

3.2.1 Cell culture and sampling 

L. donovani promastigotes and amastigotes were cultured as described previously102,191; RNA 

was extracted as described previously for biological replicates 1 and 2102.  RNA was extracted 

for biological replicate 3 using TRI Reagent (Molecular Research Center, Inc), following the 

standard protocol with the following modification: 50 mL of cell culture per time point was used.    

 

3.2.2 Preparation and sequencing of SL libraries 

SL RNA-seq libraries were prepared and sequenced for biological replicates 1 and 2 as described 

previously192.  SL RNA-seq libraries were prepared for biological replicate 3 as follows.  Briefly, 

poly (A) RNA was purified using the Dynabead mRNA purification kit (ThermoFischer).  One 

hundred ng mRNA was annealed to the first strand primer (20 μM Random New Primer) and 

mixed with 10 mM RNA grade dNTPs, incubated at 65C for 5 minutes (min), and then cooled 

to 4C.  Samples were then mixed with Superscript III, Superscript III First Strand Buffer, and 

0.1M DTT and then incubated at 25C for 5 min, 50C for 60 min, and 70C for 15 min. 

Samples were then treated with RNAse H and incubated at 37C for 20 min.  Ampure XP 

purification was performed by adding Ampure XP beads to each sample, incubating at room 

temperature for 10 min, and placing on the magnet until supernatant was clear. Beads were 

washed twice with freshly prepared 80% EtOH and dried. Sample was eluted from beads with 10 

mM Tris, pH 8. Second strand synthesis was performed by adding 10X NEBbuffer 2, 10 μM SL 
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primer, and nuclease free water. Samples were heated to 95C and allowed to cool to room 

temperature for 30 min to bind SL primer. To create the second strand product, NEB Klenow 

Fragment, and 10 mM dNTPs were added to each sample and incubated at 37C for 60 min. The 

Qiaquick PCR purification kit (Qiagen) was used to purify the second strand product. Product 

was amplified using KAPA Hifi DNA polymerase Mastermix, 10 μM P5 primer, 10 μM P7 

primer, and water in a final volume of 50 μl. The following amplification parameters were used: 

initial denaturation at 95°C for 3 min; followed by 2 cycles of 94°C for 2 min, 40°C for 2 min, 

and 72°C for 1 min; 10 cycles of 94°C for 10 seconds (sec), 60°C for 30 sec, and 72°C for 1 min; 

final extension at 72°C for 5 min; cooling to 4°C.  PCR products were purified using PCR 

purification kit (Qiagen) and sequenced on the NextSeq 500 using the SL Sequencing Primer.  

Primer sequences were as follows: 

Random new:  

CTCTTCCGATCTNNNNNNN 

  

SL new:  

TCAGTTTCTGTA 

  

P5:  

AATGATACGGCGACCACCGAGATCTCACTCTTTCCCTACATCAGTTTCTGTAC 

  

P7 (with Illumina index 2 underlined): 

CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGCTCT

TCCGATCT 
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SL sequencing primer:  

CACCGAGATCTCACTCTTTCCCTA CATCAGTTTCTGTACTTTATTG 

 

3.2.3 RNA-seq data processing and analysis 

Sequencing read quality was verified using FastQC v0.11.5143.  Reads were aligned using 

bowtie2-2.1.0150 to the L. donovani 1S genome using standard mapping parameters.  SAM files 

were converted to BAM files and mapping statistics were determined using samtools-0.1.19193.  

Read counts-per-gene were generated using HTseq154; as the libraries sequenced were SL 

libraries, an annotation file that includes 5’ and 3’ UTRs was required for HTseq.   

 

Differential gene expression analysis was performed as described previously192; RNA genes 

were excluded from all analyses and replicate 2 2.5 and 15 hr time points were excluded from 

clustering analysis.  The likelihood ratio test, implemented as part of our differential gene 

expression analysis using the edgeR Bioconductor package158,159, was used to determine the p-

value for the determination of statistical significance (mean log2 fold-change ≥ 1 or ≤ -1 and p-

value < 0.05).  Log2 fold-changes were calculated via comparison of each time point to the 0 hr 

time point.  Correlation coefficients for mean of trimmed mean of M-values (TMM) normalized 

read counts were calculated using Microsoft Excel.   

 

3.2.4 Cluster analysis 

K-medians clustering194 was performed using TMeV, part of the TM4 software package195.  

These analyses utilized the mean log2 fold-changes for mRNA abundance at the following 
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differentiation time points (5, 7.5, 10, 24, 120 hr) for those mRNAs with a p-value < 0.05 

(calculated using the likelihood ratio test as implemented in edgeR as described above) and a 

mean log2 fold-change ≥ 1 or ≤ -1.  The following parameters were used: 1) cluster genes into 9 

clusters by K medians for 50 iterations using the Euclidean distance metric; 2) hierarchical 

clustering of each K medians clustering cluster using Gene Trees with Gene Leaf Order 

optimization using the Euclidean distance metric and complete linkage clustering. 

 

3.3 Results 

We have previously analyzed RNA samples from eight different time points during L. donovani 

promastigote-to-amastigote differentiation102,115. We have now used RNA-seq on the same 

samples to further analyze differentiation-related changes in mRNA abundance.  SL RNA-seq 

libraries were made from eight time points (0, 2.5, 5, 7.5, 10, 15, 24, and 120 hr) with replicate 1 

consisting of libraries for 0, 5, 10, 24, and 120 hr, replicate 2 consisting of libraries for 0, 2.5, 5, 

7.5, 10, 15, 24, and 120 hr, and replicate 3 consisting of libraries for 0, 7.5, 24, and 120 hr.  Each 

library contained 3-32 million reads, of which 56-98% could be aligned to the L. donovani 

genome (Appendix 1).  To correct for differences in library size, we utilized TMM normalization 

in our edgeR analysis.   

 

In order to examine overall changes in mRNA abundance during promastigote-to-amastigote 

differentiation, we compared the mean number of TMM normalized SL reads associated with 

each gene in the 0 hr library with each of the other seven libraries; see Figure 4.  These 

comparisons revealed that there appears to be little change in the mean of TMM normalized read 

counts at different time points as compared to the 0 hr time point.  There is good correlation (r2 > 



30 
 

0.5) for all time points except for 2.5 and 5 hr.  It is possible that this is a result of only having a 

single replicate for each of these time points; this is supported by the much higher correlation (r2 

= 0.84) for the 120 hr time point which has three replicates and for the 7.5 hr time point (r2 = 

0.87) which has two replicates. 

 

 
Figure 4 – Mean of TMM normalized read counts of all mRNAs.  The y-axis is the mean of 

TMM normalized read counts for the 0 hr time point and the x-axis is the mean of TMM 

normalized read counts for indicated time points. 

 

To more closely examine genes whose expression changes during differentiation, we first 

determined those genes that had either a mean log2 1-fold increase or decrease at each time point 

as compared to 0 hr  (see figure 5).  Comparison of 0 and 5 hr samples revealed 133 genes with a 

mean log2  ≥ 1-fold increase and 879 genes with a mean log2 ≥ 1-fold decrease; of these genes, 39 

are statistically significant (p < 0.05 calculated using the likelihood ratio test as implemented in 

edgeR as described above and mean log2 fold-change ≥ 1 or ≤ -1).  At later time points, there is a 

large increase in the number of genes with a mean log2  ≥ 1-fold-change; at 120 hr (mature 

amastigotes) 631  genes showed mRNA levels with a mean log2 fold-change that increased at 

least 1-fold and 639 genes showed mRNA levels with a mean log2  fold-change that decreased at 

least 1-fold (see figure 5); 399 genes at 120 hr are statistically significant (p < 0.05 and mean 
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log2 fold-change ≥ 1 or ≤ -1) (see figure 5).  Overall, 4753 mRNAs have a mean log2 fold-change 

that varies by 1-fold or more in at least one time point.   

 
 

Figure 5 – Number of genes with mean log2 fold-change ≥ 1 or ≤ -1 at each time point and 

statistically significant (p-value < 0.05 and mean log2 fold-change ≥ 1 or ≤ -1) genes at each 

time point 

 

To more closely examine mRNA expression patterns during differentiation, we performed 

clustering analysis on the set of 534 statistically significant (p-value < 0.05 and mean log2 fold-

change ≥ 1 or ≤ -1) genes.  Two popular methods for performing clustering include K-means and 
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K-medians clustering; the main variation between these two methods involved the use of either 

the mean or median as the center of individual clusters196.  K-medians clustering involves 

separating data into k clusters, utilizing the median as the center of the cluster, and attempts to 

minimize the distance between the center and all other data points within the cluster196.  As our 

RNA-seq data set initially consisted of ~8600 genes (excluding RNA genes), we decided to 

perform K-medians clustering on a subset of these genes; including all genes was unlikely to 

yield meaningful results due to the noisiness of the data.  We initially considered subsetting the 

genes to include all genes with at least a mean log2 1-fold increase or decrease in at least one 

time point; however, to minimize false positives, we decided to include the additional criterion 

that genes have a p-value < 0.05 as well as exclude the 2.5 and 15 hr time points.  Thus, we used 

a subset of 534 statistically significant (p-value < 0.05 and mean log2 fold-change ≥ 1 or ≤ -1) 

genes.  

 

Prior to performing K-medians clustering, we considered possible gene expression patterns that 

could be represented in our data set: 1) genes whose expression increases early in differentiation; 

2) genes whose expression increases late in differentiation; 3) genes whose expression increases 

transiently during differentiation; 4) genes whose expression decreases early during 

differentiation; 5) genes whose expression decreases late during differentiation; and 6) genes 

whose expression decreases transiently during differentiation. We then performed initial K-

medians clustering of statistically significant (p < 0.05 and mean log2 fold-change ≥ 1 or ≤ -1) 

genes (Appendix 2) using either 5, 6, 8, 9, 10, or 12 clusters (data not shown for clusters of sizes 

5, 6, 8, 10, and 12).  However, we found that using 10 or 12 clusters resulted in several clusters 

only containing a small number (e.g. 5 or 6) of genes and one or two clusters containing a very 
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large number (e.g. 175 or 200) of genes (data not shown).  When we visually inspected the gene 

expression patterns in these 10 or 12 clusters, we also found that multiple clusters often had the 

same expression pattern (e.g. genes had increased expression early in differentiation), which 

suggested that the genes should likely be part of the same cluster.  When we considered using 5, 

6, 8, or 9 clusters, we found that 8 clusters resulted in multiple clusters with the same expression 

pattern but clustered all transiently expressed genes together (data not shown) while 5 or 6 

clusters resulted in clusters with mixed expression patterns that were also somewhat noisy (data 

not shown).  Therefore, we selected 9 as the number of K-medians clusters to use in our analysis 

of the 534 statistically significant (p-value < 0.05 and mean log2 fold-change ≥ 1 or ≤ -1) genes.     

 

K-medians clustering of statistically significant (p < 0.05 and mean logs fold-change ≥ 1 or ≤ -1) 

genes (Appendix 2) revealed at least 6 different patterns of changes in mRNA abundance (figure 

6): up early (cluster 6), up late (clusters 3, 4, 5), up transiently (cluster 9), down early (cluster 1), 

down late (cluster 2), and down transiently (clusters 7, 8).  The magnitude of most changes in 

these statistically significant (p < 0.05 and mean logs fold-change ≥ 1 or ≤ -1) genes is relatively 

modest, with only 26 genes showing mean log2 > 3-fold increase in mRNA levels and 32 genes 

showing mean log2 > 3-fold decrease in at least one time point; in amastigotes, there are 22 genes 

showing mean log2 > 3-fold increase in mRNA levels and 5 genes showing mean log2 > 3-fold 

decrease in mRNA levels. 
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Figure 6 – K-medians clustering analysis of mRNA expression during Leishmania 

differentiation 

 

We then examined the gene products encoded by genes which are up-regulated (early [cluster 6], 

late [clusters 3, 4, 5], or transiently [cluster 9]) during differentiation in more detail (see 

Appendix 2).  Cluster 6 contains a number of genes encoding putative amastin surface 

glycoprotein, amastin-like protein, and hypothetical proteins as well as three genes encoding A2 

protein.  The A2 gene family is amastigote-specifc115 and as such it is not surprising that is up-

regulated early during differentiation.  In clusters 3, 4, and 5, there were several putative amastin 
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or amastin-like surface proteins, as well as genes encoding amastin-like proteins.  Additional 

genes include those encoding a putative kinesin, a couple of putative transporters (e.g. ABC 

transporter), and several hypothetical proteins.  This corresponds well with prior studies 

demonstrating that several genes encoding amastin proteins, as well as a putative kinesin, and 

transporters are up-regulated late in differentiation102,115.  Genes that are up-regulated transiently 

encode several hypothetical conserved proteins.  .      

 

We then continued our analysis of by examining gene products encoded by genes which are 

down-regulated (early [cluster 1], late [cluster 2], and transiently [clusters 7, 8]) during 

differentiation (see Appendix 2).  Genes that are down-regulated early include those that encode 

a putative paraflagellar rod component, putative paraflagellar rod protein 1D, and glucose 

transporters; several hypothetical proteins are also encoded.  It is not unexpected that these 

mRNAs are down-regulated early in differentiation as it is amastigotes, not promastigotes, that 

are found in an environment rich in fatty acids and as such do not use glucose as a nutrient 

source197.  Genes encoding paraflagellar rod protein 2C, in addition to several hypothetical 

proteins, are down-regulated late in differentiation.  Downregulation of paraflagellar rod proteins 

and paraflagellar rod component protein is as expected because of the morphological changes 

that promastigotes undergo during differentiation into aflagellated amastigotes115 and agrees with 

our previous microarray study102.  Transiently down-regulated genes encode proteins such as a 

putative dynein heavy chain as well as several hypothetical proteins.  Previous studies have 

demonstrated that dynein heavy chain is transiently down-regulated115.        

 

3.4 Discussion 
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Previous studies examining transcriptomic and proteomic data sets have provided insight into the 

regulation and coordination of promastigote-to-amastigote differentiation.  We utilized a high 

throughput RNA-seq approach to further elucidate this process and more specifically examine 

changes in gene expression.  Our results revealed that there appears to be little difference in 

overall gene expression levels between 0 hr and other time points during differentiation and that 

there are a modest number (1994) of mRNAs with a mean log2 fold-change that increased or 

decreased by at least 1.5-fold in at least one time point during the differentiation process.  This 

suggests that changes in mRNA abundance level may not be as important as other mechanisms 

of regulation (e.g. post-transcriptional or translational) that contribute to changes in protein 

expression observed during differentiation.  We also identified a number of statistically 

significant (p < 0.05 and mean logs fold-change ≥ 1 or ≤ -1) differentially expressed genes at 

different time points during differentiation, with most of these genes being observed at the 120 hr 

time point.  However, statistical significance (p < 0.05 and mean logs fold-change ≥ 1 or ≤ -1) is 

not always indicative of biological significance nor relevance. For example, a gene may have a 

mean of TMM normalized read counts of 10 in amastigotes and a mean of TMM normalized 

read counts of 2 in promastigotes, thus resulting in a log2 fold-change of 5.  However, it is 

unlikely that this gene is biologically significant and/or relevant since the mean of TMM 

normalized read counts is so low.  

 

In considering our current SL RNA-seq results in the context of our previous microarray results, 

we find that there are numerous similarities in genes whose mRNA expression levels change 

during differentiation (e.g. paraflagellar rod protein 2C, dynein heavy chain, transporters, heat 

shock proteins)102,115.  However, in comparing our SL RNA-seq results with our prior microarray 
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results, it is important to understand a fundamental difference between SL RNA-seq and 

microarray: SL RNA-seq can be used to detect changes in the 5’ UTRs of mRNAs, and thus 

differentiate between members of a gene family, while microarray cannot because probes are 

designed to hybridize to the mRNA CDS which remains the same between gene family 

members.  Thus, a possible explanation for why a gene whose expression is decreased in SL 

RNA-seq and increased in the microarray (e.g. a gene encoding eukaryotic translation initiation 

factor 3 subunit b) may be that this gene is actually part of a gene family and it is this specific 

mRNA whose expression level is decreasing as compared to other gene family members whose 

mRNA expression levels are increasing; the converse may explain why a gene has increased 

expression in SL RNA-seq and decreased expression in the microarray (e.g. a gene encoding a 

putative major facilitator superfamily protein).  Therefore, SL RNA-seq, in combination with 

proteomic studies, may more clearly elucidate the relationship between mRNA and protein 

expression levels during promastigote-to-amastigote differentiation and may provide additional 

insights into possible regulation of mRNAs and/or proteins. 

 

It is possible that genes whose expression we might expect to change during differentiation (e.g. 

genes encoding proteins that are involved in transcription or translation or amino acid transport) 

do not have p-values that meet the criteria for statistical significance (p-value < 0.05).  However, 

even if mRNA levels do not change in a statistically significant (p < 0.05 and mean logs fold-

change ≥ 1 or ≤ -1) manner, it does not mean that protein expression does not change.  Indeed, 

we have previously shown that there is poor correlation (~20-30%) between mRNA levels and 

protein expression in a set of 902 genes for which both mRNA and protein expression data were 

available102.  These findings suggest it is possible for mRNA expression to remain the same 
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during promastigote-to-amastigote differentiation while the associated protein may show an 

increase or decrease in expression and vice versa; potential mechanisms for such changes include 

post-transcriptional and translational regulation of mRNAs and proteins.    

 

There were numerous genes in our RNA-seq data set that had a mean log2 fold-change that was 

less than 1.5-fold for all time points, thus suggesting there is little to no change in RNA 

expression during differentiation.  However, it may be the case that some of these genes may be 

regulated post-transcriptionally.  In this scenario, there may be stabilization of the mRNA 

throughout the course of differentiation, thus making it appear that there is no change in mRNA 

expression in amastigotes vs. promastigotes.  However, such mRNA stabilization may result in 

increased protein expression, thus explaining the discordance between mRNA and protein 

expression levels.  This is supported by previous studies that have demonstrated that some 

metabolic enzymes have increased protein levels despite the fact that the corresponding mRNA 

levels remain the same during differentiation102, which suggests possible post-transcriptional, 

rather than post-translational, regulation.  It has been shown that alternative trans-splicing can 

occur in Trypanosoma brucei, resulting in changes in 5’ UTR length198; it is possible that this 

can generate proteins with shorter N-terminal sequences that consequently have altered sub-

cellular localization198,199.  Thus, post-transcriptional regulation may also be involved in the 

control of protein levels during differentiation via the production of alternative transcripts.  

Alternatively, genes whose expression does not appear to change during the course of 

differentiation may encode proteins that are post-translationally regulated via PTMs such as 

phosphorylation or glycosylation which may result in protein degradation or stabilization, thus 

resulting in discordant mRNA and protein expression levels.  Therefore, further study is 
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necessary to tease apart the roles for the different types of regulation, as well as modifications, 

which may play a role in regulating both mRNA and protein levels during differentiation, not 

just in L. donovani but also in other Leishmania species.    
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4.1 Conclusions 

Data organization is crucial for conducting large-scale NGS experiments, particularly with the 

improvements that have been made in sequencing technology that have resulted in evermore data 

being generated and projects that span multiple years.  We have developed standard terminology 

and naming conventions and implemented a data organization system for the Myler lab that takes 

into the accounts the needs of different users, spanning biologists to bioinformaticians to 

collaborators. 

 

Previous studies have been undertaken, utilizing microarrays102,115 and proteomics102,191, to study 

Leishmania differentiation and analyze mRNA and protein expression changes that occur.  We 

performed an RNA-seq analysis of L. donovani differentiation utilizing 8 time points that 

revealed a number of different genes that have at least a mean log2 1-fold increase or decrease at 

one time point during differentiation as well as a number of genes that are statistically 

significantly (p-value < 0.05 and mean log2 fold-change ≥ 1-fold or ≤ -1-fold) differentially 

expressed at each time point compared to promastigotes with amastigotes having the most 

statistically significantly (p-value < 0.05 and mean log2 fold-change ≥ 1-fold or ≤ -1-fold) 

differentially expressed genes.  We also performed clustering analysis on a subset of 534  genes 

that are statistically significantly (p-value < 0.05 and mean log2 fold-change ≥ 1-fold or ≤ -1-

fold) differentially expressed; we found several genes whose mRNA expression changed during 

differentiation as expected, based either on prior studies102,115 or known changes in parasite 

morphology and environment197. 
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4.2 Future directions 

Data from SL RNA-seq experiments, such as the one described here, can also be utilized for the 

mapping of SL sites and SL site usage200.  This is important as it provides a means for more 

precisely determining the boundaries of the 5’ UTRs of genes and hence results in improved 

genome annotations.  Determination of SL site usage may also reveal changes in the location of 

the SL site used which could contribute to mRNA turnover200 and may explain differences in 

mRNA levels during promastigote-to-amastigote differentiation.  Additionally, it is possible that 

alterations in the size of the 5’ UTR of a gene may result in alternative trans-splicing that can 

then produce alternative transcripts as discussed above. 
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AH038 12741826 70.78 

AH039 12881673 75.49 

AH040 12638373 72.54 

AH041 12593482 76.58 

AH042 12587670 76.99 

AS020 4642595 57.3 

AS021 5780687 56.08 

AS022 4048873 57.85 

AS023 4629259 57.85 

AS024 4160035 57.32 

AS025 4692891 56.57 

AS026 3029891 57.93 

AS027 4642293 56.96 

JM033 23726555 97.91 

JM034 32349737 98.2 

JM035 20789661 97.96 

JM036 22138837 98.1 
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LdoS Gene ID 

LinJ Gene 

ID Gene Product 

K-medians 

Cluster 

LDOS_000008100 LinJ.01.0320 hypothetical protein, conserved 1 

LDOS_000014500 LinJ.02.0070 hypothetical protein, conserved 1 

LDOS_000016800 
LinJ.02.0280 

Soluble NSF attachment protein, 

SNAP, putative  1 

LDOS_000023100 
LinJ.03.0190 

delta-1-pyrroline-5-carboxylate 

dehydrogenase, putative 1 

LDOS_000023400 
LinJ.03.0220 

long-chain-fatty-acid-CoA 

ligase, putative 1 

LDOS_000024700 
LinJ.03.0350 

GPR1/FUN34/yaaH family, 

putative 1 

LDOS_000034200 LinJ.04.0300 beta-fructofuranosidase, putative 1 

LDOS_000034300 LinJ.04.0310 beta-fructofuranosidase, putative 1 

LDOS_000036800 LinJ.04.0570 spermidine synthase 1 

LDOS_000053500 
LinJ.05.0960 

metallo-peptidase, Clan M-, 

Family M49  1 

LDOS_000067500 
LinJ.06.0350 

NAD (P )-dependent steroid 

dehydrogenase protein, putative  1 

LDOS_000071300 
LinJ.06.0730 

C2 domain/Ankyrin repeats (3 

copies )/Ankyrin repeat, putative  1 

LDOS_000077600 
LinJ.06.1340 

protoporphyrinogen oxidase-like 

protein 1 

LDOS_000083200 

LinJ.07.0150 

acyl-CoA dehydrogenase, 

mitochondrial precursor, 

putative  1 

LDOS_000088300 LinJ.07.1020 splicing factor ptsr1-like protein 1 

LDOS_000095000 LinJ.08.0320 Isochorismatase family, putative 1 

LDOS_000104300 LinJ.08.1190 hypothetical protein, conserved 1 

LDOS_000105200 LinJ.08.1190 hypothetical protein 1 

LDOS_000122000 
LinJ.09.1390 

paraflagellar rod component, 

putative 1 

LDOS_000133700 
LinJ.10.0760 

amino acid permease 24, 

putative 1 

LDOS_000165000 LinJ.12.0665 hypothetical protein, conserved 1 

LDOS_000165200 LinJ.12.0671 hypothetical protein, conserved 1 

LDOS_000169000 
LinJ.12.0850 

arginine N-methyltransferase-

like protein 1 

LDOS_000180800 
LinJ.13.1000 

leucyl-tRNA synthetase, 

putative 1 

LDOS_000186900 LinJ.13.1400 chaperonin TCP20, putative 1 

LDOS_000194400 LinJ.14.0670 fatty acid elongase, putative 1 

LDOS_000194600 LinJ.14.0700 fatty acid elongase, putative 1 
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LDOS_000203500 

LinJ.14.1580 

glutathione-S-

transferase/glutaredoxin, 

putative 1 

LDOS_000219300 
LinJ.15.1500 

proliferative cell nuclear antigen 

(PCNA ), putative  1 

LDOS_000236200 
LinJ.16.1510 

paraflagellar rod protein 1D, 

putative 1 

LDOS_000236300 
LinJ.16.1510 

paraflagellar rod protein 1D, 

putative 1 

LDOS_000236400 
LinJ.16.1510 

paraflagellar rod protein 1D, 

putative 1 

LDOS_000236500 
LinJ.16.1510 

paraflagellar rod protein 1D, 

putative 1 

LDOS_000239200 LinJ.17.0010 hypothetical protein, conserved 1 

LDOS_000243200 LinJ.17.0310 hypothetical protein, conserved 1 

LDOS_000258900 
LinJ.18.0220 

RNA-binding protein 29, 

putative 1 

LDOS_000279100 LinJ.19.0520 hypothetical protein, conserved 1 

LDOS_000284200 

LinJ.19.0920 

peptidyl-prolyl cis-trans 

isomerase, macrophage 

infectivity potentiator precursor, 

putative  1 

LDOS_000307200 N/A N/A 1 

LDOS_000311300 
LinJ.21.2140 

ATP synthase F1 subunit 

gamma protein, putative 1 

LDOS_000314400 LinJ.21.1830 hypothetical protein, conserved 1 

LDOS_000315400 LinJ.21.1720 hypothetical protein, conserved 1 

LDOS_000329100 LinJ.21.0490 hypothetical protein, conserved 1 

LDOS_000329600 
LinJ.21.0440 

Protein of unknown function 

(DUF667 ), putative  1 

LDOS_000331000 LinJ.21.0300 hexokinase, putative 1 

LDOS_000349400 LinJ.22.1260 centrin-4, putative 1 

LDOS_000358100 LinJ.23.0580 acetyl-CoA synthetase, putative 1 

LDOS_000368300 
LinJ.23.1460 

T-complex protein 1, gamma 

subunit, putative  1 

LDOS_000371000 LinJ.23.1730 hypothetical protein, conserved 1 

LDOS_000376300 
LinJ.24.0270 

Dynein intermediate chain 1, 

axonemal 1 

LDOS_000381600 LinJ.24.0790 malic enzyme, putative 1 

LDOS_000386200 LinJ.24.1240 translation factor sui1, putative 1 

LDOS_000390000 LinJ.24.1630 hypothetical protein, conserved 1 

LDOS_000411200 
LinJ.25.1210 

ATP synthase subunit beta, 

mitochondrial, putative  1 
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LDOS_000411300 
LinJ.25.1210 

ATP synthase subunit beta, 

mitochondrial, putative  1 

LDOS_000421500 
LinJ.25.2230 

succinyl-CoA synthetase alpha 

subunit, putative 1 

LDOS_000441000 LinJ.26.1550 hypothetical protein 1 

LDOS_000448900 LinJ.26.2320 hypothetical protein, conserved 1 

LDOS_000460000 
LinJ.27.2680 

amino acid transporter aATP11, 

putative 1 

LDOS_000471500 
LinJ.27.1610 

eRF1 domain 1/eRF1 domain 

2/eRF1 domain 3, putative 1 

LDOS_000473400 LinJ.27.1800 hypothetical protein, conserved 1 

LDOS_000490700 
LinJ.28.0900 

RNA binding protein rbp16, 

putative 1 

LDOS_000509100 LinJ.28.2670 hypothetical protein, conserved 1 

LDOS_000510500 
LinJ.28.2810 

IQ calmodulin-binding motif 

containing protein, putative 1 

LDOS_000522100 

LinJ.29.0640 

ATP-binding cassette protein 

subfamily A, member 10, 

putative  1 

LDOS_000528500 LinJ.29.1260 hypothetical protein, conserved 1 

LDOS_000532800 LinJ.29.1600 Nodulin-like, putative 1 

LDOS_000535500 
LinJ.29.1890 

paraflagellar rod protein 1D, 

putative 1 

LDOS_000535600 
LinJ.29.1890 

paraflagellar rod protein 1D, 

putative 1 

LDOS_000535700 
LinJ.29.1890 

paraflagellar rod protein 1D, 

putative 1 

LDOS_000535800 
LinJ.29.1890 

paraflagellar rod protein 1D, 

putative 1 

LDOS_000535900 
LinJ.29.1890 

paraflagellar rod protein 1D, 

putative 1 

LDOS_000574700 

LinJ.30.2540 

heat shock 70-related protein 1, 

mitochondrial precursor, 

putative  1 

LDOS_000576100 LinJ.30.2610 hypothetical protein, conserved 1 

LDOS_000598700 LinJ.31.0940 hypothetical protein, conserved 1 

LDOS_000629400 LinJ.32.0500 hypothetical protein, conserved 1 

LDOS_000675500 
LinJ.33.0660 

paraflagellar rod component, 

putative 1 

LDOS_000681500 LinJ.33.1130 hypothetical protein, conserved 1 

LDOS_000688000 LinJ.33.1730 cyclophilin 4, putative 1 

LDOS_000692800 LinJ.33.2180 hypothetical protein, conserved 1 



59 
 

LDOS_000697900 
LinJ.33.2680 

isocitrate dehydrogenase, 

putative 1 

LDOS_000705400 LinJ.33.3390 h1 histone-like protein 1 

LDOS_000709400 
LinJ.34.0370 

eukaryotic translation initiation 

factor 5, putative 1 

LDOS_000716100 LinJ.34.0890 elongation factor 1-beta 1 

LDOS_000716300 LinJ.34.0890 elongation factor 1-beta 1 

LDOS_000725300 LinJ.34.1630 p25-alpha, putative 1 

LDOS_000736800 

LinJ.34.2530 

RNA recognition motif. (a.k.a. 

RRM, RBD, or RNP domain 

)/RNA recognition motif (a.k.a. 

RRM, RBD, or RNP domain ), 

putative 1 

LDOS_000778500 LinJ.35.2200 adenine aminohydrolase 1 

LDOS_000797300 
LinJ.35.4060 

protein kinase A catalytic 

subunit isoform 1 1 

LDOS_000813900 
LinJ.36.0270 

eukaryotic translation initiation 

factor 3 subunit L, putative 1 

LDOS_000855200 

LinJ.36.4180 

hslVU complex proteolytic 

subunit, threonine peptidase, 

Clan T (1 ), family T1B  1 

LDOS_000857900 
LinJ.36.4440 

paraflagellar rod component, 

putative 1 

LDOS_000863400 LinJ.36.4990 hypothetical protein, conserved 1 

LDOS_000863600 
LinJ.36.5010 

paraflagellar rod component, 

putative 1 

LDOS_000866600 LinJ.36.5310 hypothetical protein, conserved 1 

LDOS_000874600 
LinJ.36.6100 

kinetoplast-associated protein, 

putative 1 

LDOS_000875300 
LinJ.36.6170 

Haloacid dehalogenase-like 

hydrolase, putative 1 

LDOS_000879100 LinJ.36.6550 glucose transporter 2 1 

LDOS_000879200 LinJ.36.6550 glucose transporter 2 1 

LDOS_000879300 LinJ.36.6550 glucose transporter 2 1 

LDOS_000879400 LinJ.36.6550 glucose transporter 2 1 

LDOS_000884600 LinJ.36.6950 hypothetical protein, conserved 1 

LDOS_000888500 

LinJ.36.7320 

eukaryotic translation initiation 

factor 3 subunit 8, putative 1 

LDOS_000006700 
LinJ.01.0180 

CLC-type chloride channel, 

putative 2 

LDOS_000015900 
LinJ.02.0190 

phosphoglycan beta 1, 2 

arabinosyltransferase 2 

LDOS_000029600 LinJ.31.3360 hypothetical protein, conserved 2 
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LDOS_000048800 
LinJ.05.0510 

ATP synthase F1, alpha subunit, 

putative  2 

LDOS_000048900 
LinJ.05.0510 

ATP synthase F1, alpha subunit, 

putative  2 

LDOS_000049000 
LinJ.05.0510 

ATP synthase F1, alpha subunit, 

putative  2 

LDOS_000054700 
LinJ.05.1070 

Legume-like lectin family, 

putative 2 

LDOS_000077500 LinJ.06.1330 coproporphyrinogen III oxidase 2 

LDOS_000116500 LinJ.09.0980 calmodulin, putative 2 

LDOS_000116700 LinJ.09.0980 calmodulin, putative 2 

LDOS_000150300 LinJ.11.0820 hypothetical protein, conserved 2 

LDOS_000158000 LinJ.12.0012 hypothetical protein, conserved 2 

LDOS_000167300 
LinJ.12.0710 

DnaJ domain containing protein, 

putative 2 

LDOS_000171200 LinJ.13.0140 hypothetical protein, conserved 2 

LDOS_000179900 
LinJ.13.0910 

Cryptococcal 

mannosyltransferase 1, putative 2 

LDOS_000181400 LinJ.13.1060 calmodulin, putative 2 

LDOS_000197600 LinJ.14.0990 tc40 antigen-like 2 

LDOS_000198200 
LinJ.14.1050 

ADP/ATP mitochondrial carrier-

like protein 2 

LDOS_000206100 LinJ.15.0250 hypothetical protein, conserved 2 

LDOS_000216900 
LinJ.15.1260 

nucleoside transporter 1, 

putative 2 

LDOS_000219600 LinJ.15.1530 ribosomal protein S6, putative 2 

LDOS_000234900 LinJ.16.1390 cytochrome c, putative 2 

LDOS_000235000 LinJ.16.1390 cytochrome c, putative 2 

LDOS_000243100 LinJ.17.0300 cystathionine beta-synthase 2 

LDOS_000250200 
LinJ.17.0970 

META domain containing 

protein 2 

LDOS_000274400 LinJ.19.0040 histone H2B 2 

LDOS_000287600 
LinJ.19.1270 

SPFH domain / Band 7 family, 

putative 2 

LDOS_000289200 LinJ.19.1400 hypothetical protein, conserved 2 

LDOS_000292800 
LinJ.20.0060 

anti-silencing protein asf 1-like 

protein 2 

LDOS_000303900 
LinJ.20.1210 

cysteine peptidase, Clan CA, 

family C2, putative  2 

LDOS_000330900 LinJ.21.0310 hexokinase, putative 2 

LDOS_000335200 LinJ.22.0010 hypothetical protein, conserved 2 

LDOS_000336900 LinJ.22.0180 hypothetical protein, conserved 2 
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LDOS_000337300 

LinJ.22.0220 

Tetrahydrofolate 

dehydrogenase/cyclohydrolase, 

catalytic 

domain/Tetrahydrofolate 

dehydrogenase/cyclohydrolase, 

NAD (P )-binding domain 

containing protein, putative  2 

LDOS_000346700 
LinJ.22.0970 

Protein kinase domain 

containing protein, putative 2 

LDOS_000362000 
LinJ.23.0860 

3-ketoacyl-CoA thiolase, 

putative 2 

LDOS_000362200 
LinJ.23.0880 

acetyl-CoA carboxylase, 

putative 2 

LDOS_000365500 LinJ.23.1160 hypothetical protein, conserved 2 

LDOS_000365800 LinJ.23.1190 hypothetical protein, conserved 2 

LDOS_000368000 
LinJ.23.1430 

membrane-bound acid 

phosphatase 2 2 

LDOS_000369400 LinJ.23.1560 lathosterol oxidase-like protein 2 

LDOS_000372000 LinJ.23.1830 hypothetical protein, conserved 2 

LDOS_000390800 

LinJ.24.1710 

NAD dependent 

epimerase/dehydratase 

family/Male sterility protein, 

putative 2 

LDOS_000394900 
LinJ.24.2060 

STOP axonemal protein, 

putative 2 

LDOS_000402300 
LinJ.25.0360 

Protein of unknown function 

(DUF1308 ), putative  2 

LDOS_000410600 
LinJ.25.1160 

aldehyde dehydrogenase, 

mitochondrial precursor 2 

LDOS_000417000 
LinJ.25.1790 

pyruvate dehydrogenase E1 beta 

subunit, putative 2 

LDOS_000420100 
LinJ.25.2090 

2, 4-dihydroxyhept-2-ene-1,7-

dioic acid aldolase, putative  2 

LDOS_000462400 
LinJ.27.0740 

2-oxoglutarate dehydrogenase 

subunit, putative 2 

LDOS_000471600 LinJ.27.1630 hypothetical protein, conserved 2 

LDOS_000472500 

LinJ.27.2500 

glycosomal 

phosphoenolpyruvate 

carboxykinase, putative 2 

LDOS_000476100 LinJ.27.2020 RNA-binding protein, putative 2 

LDOS_000483200 
LinJ.28.0140 

pantothenate kinase subunit, 

putative 2 

LDOS_000504400 
LinJ.28.2200 

DNA-directed RNA 

polymerase-like protein 2 
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LDOS_000549000 
LinJ.30.0120 

alkyldihydroxyacetonephosphate 

synthase 2 

LDOS_000592800 
LinJ.31.0450 

cytoskeleton-associated protein 

CAP5.5, putative 2 

LDOS_000614600 
LinJ.31.2380 

3 ' -nucleotidase/nuclease 

precursor, putative  2 

LDOS_000621900 
LinJ.31.3080 

acetyl-CoA carboxylase, 

putative 2 

LDOS_000623700 

LinJ.31.3260 

methylcrotonoyl-coa 

carboxylase biotinylated 

subunitprotein-like protein 2 

LDOS_000624600 
LinJ.32.0020 

nuclear segregation protein, 

putative 2 

LDOS_000636700 

LinJ.32.1220 

long chain polyunsaturated fatty 

acid elongation enzyme-like 

protein 2 

LDOS_000660000 
LinJ.32.3510 

dihydrolipoamide 

dehydrogenase, putative 2 

LDOS_000678100 LinJ.33.0860 beta tubulin 2 

LDOS_000682300 LinJ.33.1200 hypothetical protein, conserved 2 

LDOS_000689800 LinJ.33.1910 hypothetical protein, conserved 2 

LDOS_000696800 LinJ.33.2570 hypothetical protein, conserved 2 

LDOS_000709700 LinJ.34.0400 hypothetical protein, conserved 2 

LDOS_000718100 LinJ.34.1040 amastin-like protein 2 

LDOS_000724100 
LinJ.34.4360 

d-isomer specific 2-hydroxyacid 

dehydrogenase- protein 2 

LDOS_000762900 LinJ.35.0650 beta-fructofuranosidase, putative 2 

LDOS_000766400 LinJ.35.1000 aldose 1-epimerase, putative 2 

LDOS_000771000 
LinJ.35.1450 

60S ribosomal protein L2, 

putative 2 

LDOS_000813000 LinJ.36.0210 elongation factor 2 2 

LDOS_000813100 LinJ.36.0210 elongation factor 2 2 

LDOS_000813200 LinJ.36.0210 elongation factor 2 2 

LDOS_000813300 LinJ.36.0210 elongation factor 2 2 

LDOS_000826000 
LinJ.36.1420 

Transitional endoplasmic 

reticulum ATPase, putative 2 

LDOS_000837000 LinJ.36.2490 tyrosine aminotransferase 2 

LDOS_000840700 

LinJ.36.2790 

dihydrolipoamide 

acetyltransferase precursor, 

putative 2 

LDOS_000860200 LinJ.36.4680 hypothetical protein, conserved 2 

LDOS_000881900 
LinJ.36.6740 

tartrate-sensitive acid 

phosphatase acp-3.2, putative 2 
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LDOS_000882200 
LinJ.36.6770 

histidine secretory acid 

phosphatase, putative 2 

LDOS_000882500 
LinJ.36.6770 

histidine secretory acid 

phosphatase, putative 2 

LDOS_000882800 
LinJ.36.6770 

histidine secretory acid 

phosphatase, putative 2 

LDOS_000005400 LinJ.01.0050 carboxylase, putative 3 

LDOS_000024100 LinJ.03.0290 hypothetical protein, conserved 3 

LDOS_000074100 
LinJ.06.1010 

Leucine rich repeat/Leucine 

Rich Repeat, putative 3 

LDOS_000077800 LinJ.06.1360 CLN3 protein, putative 3 

LDOS_000080700 
LinJ.07.0430 

acetylornithine deacetylase-like 

protein 3 

LDOS_000088200 LinJ.07.1010 hypothetical protein, conserved 3 

LDOS_000089200 LinJ.07.1100 hypothetical protein, conserved 3 

LDOS_000104500 LinJ.08.1220 Amidinotransferase, putative 3 

LDOS_000111600 LinJ.09.0501 hypothetical protein, conserved 3 

LDOS_000166900 LinJ.12.0667 hypothetical protein, conserved 3 

LDOS_000171900 LinJ.13.0210 Triglyceride lipase, putative 3 

LDOS_000190700 
LinJ.14.0330 

Transmembrane amino acid 

transporter protein, putative 3 

LDOS_000224800 LinJ.16.0410 hypothetical protein, conserved 3 

LDOS_000230400 

LinJ.16.0920 

EF-hand domain pair/EF-hand 

domain containing protein, 

putative 3 

LDOS_000235400 LinJ.16.1430 Amidase, putative 3 

LDOS_000238700 

LinJ.16.1730 

Putative snoRNA binding 

domain containing protein, 

putative 3 

LDOS_000257100 
LinJ.18.0040 

major facilitator superfamily 

protein (MFS ), putative  3 

LDOS_000271200 N/A N/A 3 

LDOS_000277500 LinJ.19.0360 protein kinase, putative 3 

LDOS_000278100 
LinJ.19.0420 

DNA-directed RNA polymerase 

III subunit C11, putative 3 

LDOS_000284400 
LinJ.19.0940 

4-coumarate:coa ligase-like 

protein 3 

LDOS_000305600 LinJ.20.1370 kinase-like protein 3 

LDOS_000316700 N/A N/A 3 

LDOS_000323300 LinJ.21.1040 hypothetical protein, conserved 3 

LDOS_000329200 

LinJ.21.0480 

NADPH:adrenodoxin 

oxidoreductase, mitochondrial, 

putative  3 
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LDOS_000367000 LinJ.23.1340 hypothetical protein, conserved 3 

LDOS_000386800 
LinJ.24.1300 

amastin-like surface protein-like 

protein 3 

LDOS_000399300 LinJ.25.0070 hypothetical protein, conserved 3 

LDOS_000402700 LinJ.25.0400 hypothetical protein, conserved 3 

LDOS_000411500 
LinJ.25.1230 

modification methylase-like 

protein 3 

LDOS_000424000 LinJ.25.2480 adenylate kinase, putative 3 

LDOS_000435400 LinJ.26.0990 hypothetical protein, conserved 3 

LDOS_000444000 
LinJ.26.1850 

engulfment and cell motility 

domain 2, putative 3 

LDOS_000465700 

LinJ.27.1080 

RING-H2 zinc finger/Anaphase-

promoting complex subunit 11 

RING-H2 finger/Ring finger 

domain containing protein, 

putative 3 

LDOS_000472100 LinJ.16.0880 hypothetical protein 3 

LDOS_000483300 
LinJ.28.0150 

Major Facilitator Superfamily, 

putative 3 

LDOS_000492500 
LinJ.28.1080 

Serine incorporator (Serinc ), 

putative  3 

LDOS_000499600 N/A N/A 3 

LDOS_000506500 
LinJ.28.2420 

glycosomal membrane protein-

like protein 3 

LDOS_000508300 LinJ.28.2590 hypothetical protein, conserved 3 

LDOS_000514300 LinJ.28.3170 hypothetical protein, conserved 3 

LDOS_000514400 LinJ.28.3180 hypothetical protein, conserved 3 

LDOS_000532900 
LinJ.29.1610 

Nodulin-like/Major Facilitator 

Superfamily, putative 3 

LDOS_000563100 LinJ.30.1500 hypothetical protein, conserved 3 

LDOS_000584200 LinJ.30.3420 hypothetical protein, conserved 3 

LDOS_000593000 
LinJ.31.0460 

Amastin surface glycoprotein, 

putative 3 

LDOS_000593200 
LinJ.31.0460 

Amastin surface glycoprotein, 

putative 3 

LDOS_000593300 
LinJ.31.0460 

Amastin surface glycoprotein, 

putative 3 

LDOS_000593500 
LinJ.34.1030 

Amastin surface glycoprotein, 

putative 3 

LDOS_000597900 LinJ.31.0870 lipase precursor-like protein 3 

LDOS_000598600 LinJ.31.0930 hypothetical protein, conserved 3 

LDOS_000602700 LinJ.31.1260 hypothetical protein, conserved 3 

LDOS_000612200 LinJ.31.2140 hypothetical protein, conserved 3 
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LDOS_000612400 LinJ.31.2150 hypothetical protein, conserved 3 

LDOS_000616300 LinJ.31.2560 uridine kinase-like protein 3 

LDOS_000618100 LinJ.31.2730 hypothetical protein, conserved 3 

LDOS_000652100 LinJ.32.2730 hypothetical protein, conserved 3 

LDOS_000662600 LinJ.32.3760 hypothetical protein, conserved 3 

LDOS_000690900 
LinJ.33.2010 

vesicular protein trafficking 

mediator, putative 3 

LDOS_000712800 

LinJ.34.0530 

phosphoglycan beta 1, 2 

arabinosyltransferase, (SCA like 

)  3 

LDOS_000734800 LinJ.34.2330 hypothetical protein 3 

LDOS_000744200 LinJ.34.3110 cytochrome p450-like protein 3 

LDOS_000749100 LinJ.34.3560 actin-like protein, putative 3 

LDOS_000753300 LinJ.34.3980 hypothetical protein, conserved 3 

LDOS_000755200 

LinJ.34.4260 

NADH-ubiquinone 

oxidoreductase complex I 

subunit, putative 3 

LDOS_000755500 
LinJ.34.4160 

phosphatidylinositol 3-kinase 

(tor2 ), putative  3 

LDOS_000757300 
LinJ.35.0080 

Trk system potassium uptake 

protein 3 

LDOS_000785200 

LinJ.35.2870 

Major Facilitator 

Superfamily/Sugar (and other ) 

transporter, putative  3 

LDOS_000799400 LinJ.35.4270 hypothetical protein, conserved 3 

LDOS_000807400 LinJ.35.5350 hypothetical protein, conserved 3 

LDOS_000824700 LinJ.36.1330 hypothetical protein 3 

LDOS_000826800 

LinJ.36.1500 

N-terminal region of Chorein, a 

TM vesicle-mediated sorter, 

putative  3 

LDOS_000841600 LinJ.36.2880 hypothetical protein, conserved 3 

LDOS_000861000 
LinJ.36.4760 

elongation factor-2 kinase-like 

protein 3 

LDOS_000871600 LinJ.36.5800 aminopeptidase P1, putative 3 

LDOS_000012100 LinJ.01.0720 PLAC8 family, putative 4 

LDOS_000024800 
LinJ.03.0360 

GPR1/FUN34/yaaH family, 

putative 4 

LDOS_000036700 
LinJ.04.0560 

DENN (AEX-3 ) domain 

containing protein, putative  4 

LDOS_000048200 LinJ.05.0440 hypothetical protein, conserved 4 

LDOS_000063900 LinJ.06.0020 hypothetical protein, conserved 4 

LDOS_000086600 
LinJ.07.0850 

Protein kinase domain 

containing protein, putative 4 

LDOS_000099800 LinJ.08.0760 amastin-like protein 4 



66 
 

LDOS_000100000 LinJ.08.0760 amastin-like protein 4 

LDOS_000107200 LinJ.09.0150 kinesin, putative 4 

LDOS_000127200 
LinJ.10.0250 

Amastin surface glycoprotein, 

putative 4 

LDOS_000144300 
LinJ.11.0320 

DNA repair and recombination 

helicase protein PIF2, putative 4 

LDOS_000144500 LinJ.11.0340 hypothetical protein, conserved 4 

LDOS_000167500 LinJ.30.1440 hypothetical protein 4 

LDOS_000201500 LinJ.14.1370 hypothetical protein, conserved 4 

LDOS_000205000 
LinJ.15.0140 

zinc finger (CCCH type ) 

protein, putative  4 

LDOS_000210000 LinJ.15.0570 hypothetical protein, conserved 4 

LDOS_000221700 LinJ.16.0100 hypothetical protein, conserved 4 

LDOS_000222100 LinJ.16.0140 hypothetical protein, conserved 4 

LDOS_000225800 LinJ.16.0510 hypothetical protein, conserved 4 

LDOS_000230200 LinJ.16.0900 hypothetical protein, conserved 4 

LDOS_000243800 LinJ.17.0370 hypothetical protein, conserved 4 

LDOS_000300300 LinJ.20.0830 hypothetical protein, conserved 4 

LDOS_000303000 LinJ.20.1100 WD40 repeat-containing protein 4 

LDOS_000323000 LinJ.21.1070 ABC transporter, putative 4 

LDOS_000333800 
LinJ.31.3330 

phosphoglycan beta 1, 3 

galactosyltransferase 4 4 

LDOS_000346200 

LinJ.22.0920 

Zinc finger, C3HC4 type (RING 

finger ) containing protein, 

putative  4 

LDOS_000351600 LinJ.22.1460 hypothetical protein, conserved 4 

LDOS_000353600 

LinJ.23.0130 

Concanavalin A-like 

lectin/glucanases 

superfamily/Beige/BEACH 

domain containing protein, 

putative 4 

LDOS_000356800 LinJ.23.0460 hypothetical protein, conserved 4 

LDOS_000379600 N/A N/A 4 

LDOS_000383700 LinJ.24.1000 hypothetical protein, conserved 4 

LDOS_000388000 LinJ.24.1410 histone deacetylase, putative 4 

LDOS_000416800 
LinJ.25.1770 

Leucine-rich repeat/Leucine 

Rich repeats (2 copies ), putative  4 

LDOS_000422500 
LinJ.25.2330 

glycosome import protein, 

putative 4 

LDOS_000439200 LinJ.26.1370 hypothetical protein, conserved 4 

LDOS_000468200 N/A N/A 4 

LDOS_000473700 LinJ.27.1830 hypothetical protein, conserved 4 
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LDOS_000479600 
LinJ.27.2300 

vesicle-associated membrane 

protein 4 

LDOS_000490600 LinJ.28.0890 hypothetical protein, conserved 4 

LDOS_000502200 N/A N/A 4 

LDOS_000508700 
LinJ.28.2630 

Putative serine esterase 

(DUF676 ), putative  4 

LDOS_000509600 
LinJ.28.2720 

DNA repair and recombination 

helicase protein PIF3, putative 4 

LDOS_000514000 
LinJ.28.3140 

glutamate dehydrogenase, 

putative 4 

LDOS_000526000 LinJ.29.1020 A-1 protein, putative 4 

LDOS_000561900 
LinJ.30.1410 

GTPase activating protein, 

putative 4 

LDOS_000573800 LinJ.30.2390 hypothetical protein, conserved 4 

LDOS_000577700 LinJ.30.2770 hypothetical protein, conserved 4 

LDOS_000578000 
LinJ.30.2800 

Eukaryotic protein of unknown 

function (DUF872 ), putative  4 

LDOS_000593600 
LinJ.31.0480 

calpain-like cysteine peptidase, 

putative 4 

LDOS_000603200 LinJ.31.1310 pentamidine resistance protein 1 4 

LDOS_000603900 LinJ.31.1380 hypothetical protein, conserved 4 

LDOS_000611700 LinJ.31.2080 hypothetical protein, conserved 4 

LDOS_000613900 LinJ.31.2310 hypothetical protein, conserved 4 

LDOS_000615800 LinJ.31.2500 hypothetical protein, conserved 4 

LDOS_000624400 
LinJ.31.3330 

phosphoglycan beta 1, 3 

galactosyltransferase 4 4 

LDOS_000638900 LinJ.32.1440 hypothetical protein, conserved 4 

LDOS_000650700 N/A N/A 4 

LDOS_000662000 LinJ.32.3700 hypothetical protein, conserved 4 

LDOS_000673300 LinJ.33.0440 hypothetical protein, conserved 4 

LDOS_000711400 
LinJ.34.4370 

Amastin surface glycoprotein, 

putative 4 

LDOS_000712000 
LinJ.34.4370 

Amastin surface glycoprotein, 

putative 4 

LDOS_000727900 
LinJ.34.1730 

amastin-like surface protein, 

putative 4 

LDOS_000750900 
LinJ.34.3740 

expression site-associated 

protein 5 (ESAG5 ), putative  4 

LDOS_000756500 
LinJ.31.3330 

phosphoglycan beta 1, 3 

galactosyltransferase 4 4 

LDOS_000782900 LinJ.35.2640 hypothetical protein, conserved 4 

LDOS_000811200 
LinJ.21.0010 

phosphoglycan beta 1, 3 

galactosyltransferase 4 4 
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LDOS_000815400 N/A N/A 4 

LDOS_000832900 LinJ.36.2100 hypothetical protein, conserved 4 

LDOS_000837600 
LinJ.36.2520 

sterol 24-c-methyltransferase, 

putative 4 

LDOS_000838200 LinJ.36.2580 hypothetical protein, conserved 4 

LDOS_000843200 
LinJ.36.3040 

ATP-binding cassette protein 

subfamily G, member 6, putative  4 

LDOS_000848200 
LinJ.36.3500 

Protein of unknown function 

(DUF3595 ), putative  4 

LDOS_000888700 
LinJ.36.7330 

U1A small nuclear 

ribonucleoprotein, putative 4 

LDOS_000013600 

LinJ.25.2570 

phosphoglycan beta 1, 3 

galactosyltransferase 4 5 

LDOS_000064600 
LinJ.06.0080 

ATP-binding cassette protein 

subfamily G, member 1, putative  5 

LDOS_000088500 LinJ.07.1060 hypothetical protein, conserved 5 

LDOS_000157800 LinJ.12.0009 hypothetical protein, conserved 5 

LDOS_000180900 LinJ.13.1010 hypothetical protein, conserved 5 

LDOS_000235700 
LinJ.16.1460 

OTU-like cysteine protease, 

putative 5 

LDOS_000263900 LinJ.18.0700 citrate synthase, putative 5 

LDOS_000336300 LinJ.22.0120 phosphoinositide phosphatase 5 

LDOS_000342600 LinJ.22.0570 hypothetical protein, conserved 5 

LDOS_000353900 

LinJ.23.0160 

Alpha/beta hydrolase 

family/alpha/beta hydrolase 

fold/Serine hydrolase, putative 5 

LDOS_000354800 
LinJ.23.0300 

Arginosuccinate synthase, 

putative 5 

LDOS_000355200 
LinJ.23.0300 

argininosuccinate synthase, 

putative 5 

LDOS_000430400 LinJ.26.0500 hypothetical protein 5 

LDOS_000493900 LinJ.28.1220 hypothetical protein, conserved 5 

LDOS_000588300 LinJ.31.0030 Aquaglyceroporin 1 5 

LDOS_000592900 
LinJ.31.0460 

Amastin surface glycoprotein, 

putative 5 

LDOS_000597500 LinJ.31.0830 hypothetical protein, conserved 5 

LDOS_000603600 LinJ.31.1350 hypothetical protein, conserved 5 

LDOS_000603700 

LinJ.31.1360 

Cold-shock DNA-binding 

domain containing protein, 

putative  5 

LDOS_000606700 LinJ.31.1630 Leucine Rich repeat, putative 5 

LDOS_000608300 LinJ.31.1780 hypothetical protein, conserved 5 
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LDOS_000634600 
LinJ.32.1010 

ubiquitin-conjugating enzyme 

protein, putative 5 

LDOS_000640700 

LinJ.32.1630 

PSP1 C-terminal conserved 

region containing protein, 

putative 5 

LDOS_000647400 LinJ.32.2320 hypothetical protein, conserved 5 

LDOS_000660900 
LinJ.32.3600 

Alpha/beta hydrolase family, 

putative 5 

LDOS_000700400 

LinJ.33.2920 

Concanavalin A-like 

lectin/glucanases 

superfamily/Beige/BEACH 

domain containing protein, 

putative 5 

LDOS_000700900 
LinJ.33.2970 

cysteine peptidase, Clan CA, 

family C51, putative  5 

LDOS_000711300 
LinJ.34.1670 

Amastin surface glycoprotein, 

putative 5 

LDOS_000711500 
LinJ.34.4370 

Amastin surface glycoprotein, 

putative 5 

LDOS_000712100 
LinJ.34.4370 

Amastin surface glycoprotein, 

putative 5 

LDOS_000712200 
LinJ.34.4370 

Amastin surface glycoprotein, 

putative 5 

LDOS_000726000 
LinJ.34.1700 

Amastin surface glycoprotein, 

putative 5 

LDOS_000726100 
LinJ.34.1730 

Amastin surface glycoprotein, 

putative 5 

LDOS_000726200 
LinJ.34.1730 

amastin-like surface protein, 

putative 5 

LDOS_000726300 
LinJ.34.1730 

amastin-like surface protein, 

putative 5 

LDOS_000726400 
LinJ.34.1730 

amastin-like surface protein, 

putative 5 

LDOS_000726500 
LinJ.34.1730 

Amastin surface glycoprotein, 

putative 5 

LDOS_000726600 
LinJ.34.1730 

amastin-like surface protein, 

putative 5 

LDOS_000726700 
LinJ.34.1710 

amastin-like surface protein, 

putative 5 

LDOS_000726800 
LinJ.34.1710 

amastin-like surface protein, 

putative 5 

LDOS_000726900 
LinJ.34.1700 

amastin-like surface protein, 

putative 5 
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LDOS_000727000 
LinJ.34.1700 

amastin-like surface protein, 

putative 5 

LDOS_000727200 
LinJ.34.1690 

Amastin surface glycoprotein, 

putative 5 

LDOS_000727300 
LinJ.34.1710 

Amastin surface glycoprotein, 

putative 5 

LDOS_000727400 
LinJ.34.1680 

Amastin surface glycoprotein, 

putative 5 

LDOS_000727500 
LinJ.34.1700 

amastin-like surface protein, 

putative 5 

LDOS_000727700 
LinJ.34.1700 

amastin-like surface protein, 

putative 5 

LDOS_000727800 
LinJ.34.1700 

amastin-like surface protein, 

putative 5 

LDOS_000728000 
LinJ.34.1700 

amastin-like surface protein, 

putative 5 

LDOS_000728100 
LinJ.34.1700 

Amastin surface glycoprotein, 

putative 5 

LDOS_000728200 
LinJ.34.1700 

Amastin surface glycoprotein, 

putative 5 

LDOS_000728300 
LinJ.34.1710 

Amastin surface glycoprotein, 

putative 5 

LDOS_000728400 
LinJ.34.1700 

amastin-like surface protein, 

putative 5 

LDOS_000728500 
LinJ.34.1710 

Amastin surface glycoprotein, 

putative 5 

LDOS_000728600 
LinJ.34.1710 

amastin-like surface protein, 

putative 5 

LDOS_000738100 
LinJ.34.4340 

Amastin surface glycoprotein, 

putative 5 

LDOS_000738200 
LinJ.34.2650 

Amastin surface glycoprotein, 

putative 5 

LDOS_000738300 
LinJ.34.2650 

Amastin surface glycoprotein, 

putative 5 

LDOS_000738700 
LinJ.34.4350 

Amastin surface glycoprotein, 

putative 5 

LDOS_000838500 LinJ.36.2610 hypothetical protein, conserved 5 

LDOS_000015300 
LinJ.02.0140 

phosphoglycan beta 1, 3 

galactosyltransferase 6 

LDOS_000098500 
LinJ.08.0650 

Amastin surface glycoprotein, 

putative 6 

LDOS_000098800 LinJ.08.1320 amastin-like protein 6 

LDOS_000098900 LinJ.08.1320 amastin-like protein 6 
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LDOS_000099000 LinJ.08.1320 amastin-like protein 6 

LDOS_000099100 
LinJ.08.1330 

Amastin surface glycoprotein, 

putative 6 

LDOS_000099200 
LinJ.08.1330 

Amastin surface glycoprotein, 

putative 6 

LDOS_000099300 
LinJ.08.1330 

Amastin surface glycoprotein, 

putative 6 

LDOS_000099400 LinJ.08.0690 amastin-like protein 6 

LDOS_000162300 LinJ.12.0460 hypothetical protein, conserved 6 

LDOS_000183600 LinJ.13.1260 hypothetical protein, conserved 6 

LDOS_000216800 
LinJ.15.1230 

nucleoside transporter 1, 

putative 6 

LDOS_000239400 
LinJ.17.0020 

Protein of unknown function 

(DUF3522 ), putative  6 

LDOS_000251600 
LinJ.17.1110 

hydrolase, alpha/beta fold 

family-like protein 6 

LDOS_000341500 LinJ.22.0670 A2 protein 6 

LDOS_000341700 LinJ.22.0670 A2 protein 6 

LDOS_000341900 LinJ.22.0670 A2 protein 6 

LDOS_000343600 LinJ.22.0660 5 ' a2rel-related protein 6 

LDOS_000378400 

LinJ.24.0490 

Kelch motif/Galactose oxidase, 

central domain containing 

protein, putative  6 

LDOS_000472400 

LinJ.27.2500 

glycosomal 

phosphoenolpyruvate 

carboxykinase, putative 6 

LDOS_000492400 LinJ.28.1070 P27 protein, putative 6 

LDOS_000528000 

LinJ.29.1210 

PSP1 C-terminal conserved 

region containing protein, 

putative 6 

LDOS_000530400 LinJ.29.1450 hypothetical protein 6 

LDOS_000530800 
LinJ.29.3010 

Amastin surface glycoprotein, 

putative 6 

LDOS_000531000 
LinJ.29.3000 

Amastin surface glycoprotein, 

putative 6 

LDOS_000537300 
LinJ.29.2010 

DnaJ domain containing protein, 

putative 6 

LDOS_000559200 
LinJ.30.1140 

IQ calmodulin-binding motif 

containing protein, putative 6 

LDOS_000571900 LinJ.30.2200 RNA-binding protein, putative 6 

LDOS_000573300 LinJ.30.2340 hypothetical protein, conserved 6 

LDOS_000574300 LinJ.30.2440 hypothetical protein, conserved 6 
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LDOS_000593100 
LinJ.31.0460 

Amastin surface glycoprotein, 

putative 6 

LDOS_000593400 
LinJ.31.0460 

Amastin surface glycoprotein, 

putative 6 

LDOS_000593700 LinJ.31.0490 hypothetical protein, conserved 6 

LDOS_000616200 LinJ.31.2540 lipase, putative 6 

LDOS_000706400 LinJ.34.0070 ascorbate peroxidase 6 

LDOS_000711100 
LinJ.34.1670 

Amastin surface glycoprotein, 

putative 6 

LDOS_000711200 
LinJ.34.1670 

Amastin surface glycoprotein, 

putative 6 

LDOS_000711600 
LinJ.34.4370 

Amastin surface glycoprotein, 

putative 6 

LDOS_000711700 
LinJ.34.4370 

Amastin surface glycoprotein, 

putative 6 

LDOS_000711800 
LinJ.34.4370 

Amastin surface glycoprotein, 

putative 6 

LDOS_000711900 
LinJ.34.4370 

Amastin surface glycoprotein, 

putative 6 

LDOS_000712300 
LinJ.34.4370 

Amastin surface glycoprotein, 

putative 6 

LDOS_000712700 
LinJ.34.4370 

Amastin surface glycoprotein, 

putative 6 

LDOS_000725800 
LinJ.34.1680 

Amastin surface glycoprotein, 

putative 6 

LDOS_000738400 
LinJ.34.2650 

Amastin surface glycoprotein, 

putative 6 

LDOS_000738500 
LinJ.34.4350 

Amastin surface glycoprotein, 

putative 6 

LDOS_000738600 
LinJ.34.4350 

Amastin surface glycoprotein, 

putative 6 

LDOS_000747800 LinJ.34.3430 hypothetical protein, conserved 6 

LDOS_000751200 LinJ.34.3770 hypothetical protein 6 

LDOS_000817500 
LinJ.36.0630 

WD domain, G-beta repeat, 

putative  6 

LDOS_000821200 N/A N/A 6 

LDOS_000033800 

LinJ.04.0260 

Mitochondrial 39-S ribosomal 

protein L47 (MRP-L47 ), 

putative  7 

LDOS_000047500 LinJ.05.0370 hypothetical protein, conserved 7 

LDOS_000077000 
LinJ.06.1290 

FAD binding domain containing 

protein, putative 7 

LDOS_000077400 LinJ.06.1320 pteridine transporter, putative 7 
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LDOS_000077700 

LinJ.06.1350 

Cytochrome b5-like 

Heme/Steroid binding domain 

containing protein, putative 7 

LDOS_000109400 
LinJ.09.0420 

integral membrane transport 

protein, putative 7 

LDOS_000121200 LinJ.09.1310 hypothetical protein, conserved 7 

LDOS_000223000 LinJ.16.0230 hypothetical protein, conserved 7 

LDOS_000259300 LinJ.18.0260 hypothetical protein, conserved 7 

LDOS_000265000 
LinJ.18.0810 

ethanolamine 

phosphotransferase, putative 7 

LDOS_000276000 

LinJ.19.0200 

ADP, ATP carrier protein 1, 

mitochondrial precursor, 

putative  7 

LDOS_000315500 LinJ.21.1710 hypothetical protein, conserved 7 

LDOS_000333700 LinJ.36.0020 histone H4 7 

LDOS_000334000 

LinJ.22.0002 

Cytochrome b5-like 

Heme/Steroid binding domain 

containing protein, putative 7 

LDOS_000354100 LinJ.23.0180 hypothetical protein, conserved 7 

LDOS_000389400 
LinJ.24.1570 

translationally controlled tumor 

protein (TCTP), putative  7 

LDOS_000389500 
LinJ.24.1570 

translationally controlled tumor 

protein (TCTP), putative  7 

LDOS_000397400 LinJ.24.2320 hypothetical protein, conserved 7 

LDOS_000408500 

LinJ.25.0960 

Ankyrin repeats (3 copies 

)/Ankyrin repeats (many copies 

)/Ankyrin repeat, putative  7 

LDOS_000432900 

LinJ.26.0730 

RNA recognition motif (a.k.a. 

RRM, RBD, or RNP 

domain)/RNA recognition motif. 

(a.k.a. RRM, RBD, or RNP 

domain ), putative 7 

LDOS_000469500 
LinJ.27.1440 

GNAT acetyltransferase, 

putative 7 

LDOS_000497800 
LinJ.28.1610 

Protein of unknown function 

(DUF423 ), putative  7 

LDOS_000507000 LinJ.28.2470 hypothetical protein, conserved 7 

LDOS_000525000 

LinJ.29.0930 

Cytochrome b5-like 

Heme/Steroid binding domain 

containing protein, putative 7 

LDOS_000525700 
LinJ.29.0990 

signal peptide peptidase, 

putative 7 

LDOS_000556800 
LinJ.30.0910 

50S ribosome-binding GTPase, 

putative 7 
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LDOS_000566400 

LinJ.30.1680 

CRAL/TRIO, N-terminal 

domain/CRAL/TRIO 

domain/Divergent CRAL/TRIO 

domain containing protein, 

putative  7 

LDOS_000578700 LinJ.30.2870 hypothetical protein, conserved 7 

LDOS_000602000 

LinJ.31.1210 

Cytochrome b5-like 

Heme/Steroid binding domain 

containing protein, putative 7 

LDOS_000623000 
LinJ.31.3190 

iron/zinc transporter protein-like 

protein 7 

LDOS_000649900 N/A N/A 7 

LDOS_000715100 
LinJ.34.0770 

Stage II sporulation protein E 

(SpoIIE ), putative  7 

LDOS_000757400 LinJ.35.0090 hypothetical protein, conserved 7 

LDOS_000764100 
LinJ.35.0790 

rRNA dimethyltransferase, 

putative 7 

LDOS_000810600 

LinJ.35.5310 

Dynein heavy chain and region 

D6 of dynein motor/Ankyrin 

repeats (3 copies )/Ankyrin 

repeat, putative  7 

LDOS_000811300 LinJ.36.0020 histone H4 7 

LDOS_000822700 LinJ.36.1160 ribosomal protein L24, putative 7 

LDOS_000823000 LinJ.36.1160 ribosomal protein L24, putative 7 

LDOS_000827500 LinJ.36.1570 hypothetical protein, conserved 7 

LDOS_000833300 LinJ.36.2120 hypothetical protein, conserved 7 

LDOS_000852600 
LinJ.36.3930 

60S ribosomal protein L34, 

putative 7 

LDOS_000854000 
LinJ.36.4070 

eukaryotic translation initiation 

factor 3 subunit 2, putative 7 

LDOS_000142800 

LinJ.11.0180 

cytoplasmic translation 

machinery associated protein, 

putative 8 

LDOS_000147700 LinJ.11.0490 cytochrome b5, putative 8 

LDOS_000201800 
LinJ.14.1400 

serine hydroxymethyltransferase 

(SHMT-L ) 8 

LDOS_000305100 
LinJ.20.1320 

small myristoylated protein 4, 

putative 8 

LDOS_000362700 
LinJ.23.0930 

mitochondrial RNA binding 

protein, putative 8 

LDOS_000458400 
LinJ.27.2520 

calpain-like cysteine peptidase, 

putative 8 

LDOS_000459900 LinJ.27.2670 hypothetical protein, conserved 8 
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LDOS_000466300 
LinJ.27.1150 

T-complex protein 1, beta 

subunit, putative  8 

LDOS_000493200 LinJ.28.1150 hypothetical protein, conserved 8 

LDOS_000504600 
LinJ.28.2220 

DEAD-box ATP-dependent 

RNA helicase, mitochondrial 8 

LDOS_000505600 
LinJ.28.2320 

Mitochondrial import receptor 

subunit ATOM69, putative 8 

LDOS_000543200 
LinJ.29.2550 

3 ' 5 ' -cyclic nucleotide 

phosphodiesterase, putative  8 

LDOS_000567700 
LinJ.30.1810 

Flagellar-associated PapD-

like/Zeta toxin, putative 8 

LDOS_000622900 
LinJ.31.3190 

iron/zinc transporter protein-like 

protein 8 

LDOS_000659600 
LinJ.32.3470 

chaperonin alpha subunit, 

putative 8 

LDOS_000664900 LinJ.32.3910 enolase, putative 8 

LDOS_000690400 
LinJ.33.1960 

glycosomal transporter (GAT2 ), 

putative  8 

LDOS_000716400 
LinJ.34.0900 

serine/threonine-protein 

phosphatase PP1, putative 8 

LDOS_000754700 
LinJ.34.4120 

nucleolar protein family a, 

putative 8 

LDOS_000764700 
LinJ.35.0840 

aspartate aminotransferase, 

putative 8 

LDOS_000798700 LinJ.35.4200 poly (A )-binding protein 2 8 

LDOS_000833400 
LinJ.36.2130 

chaperonin HSP60, 

mitochondrial precursor 8 

LDOS_000845100 LinJ.36.3220 fibrillarin 8 

LDOS_000087200 LinJ.07.0910 flavoprotein subunit-like protein 9 

LDOS_000130800 LinJ.10.0520 GP63, leishmanolysin 9 

LDOS_000131800 LinJ.10.0590 hypothetical protein, conserved 9 

LDOS_000153100 N/A N/A 9 

LDOS_000189100 LinJ.14.0180 carboxypeptidase, putative 9 

LDOS_000227200 LinJ.16.0620 hypothetical protein, conserved 9 

LDOS_000273800 N/A N/A 9 

LDOS_000518700 
LinJ.29.0290 

D-lactate dehydrogenase-like 

protein 9 

LDOS_000567500 LinJ.30.1790 DNAJ domain protein, putative 9 

LDOS_000597100 LinJ.31.0790 hypothetical protein, conserved 9 

LDOS_000602100 

LinJ.31.1220 

Cytochrome b5-like 

Heme/Steroid binding domain 

containing protein, putative 9 

LDOS_000671000 LinJ.33.0370 heat shock protein 83 9 
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LDOS_000671100 LinJ.33.0370 heat shock protein 83 9 

LDOS_000671200 LinJ.33.0370 heat shock protein 83 9 

LDOS_000672200 LinJ.33.0370 hypothetical protein 9 

LDOS_000672300 LinJ.33.0370 heat shock protein 83 9 

LDOS_000672400 LinJ.33.0370 heat shock protein 83 9 

LDOS_000672500 LinJ.33.0370 heat shock protein 83 9 

LDOS_000766300 N/A N/A 9 

LDOS_000800300 LinJ.35.4360 hypothetical protein, conserved 9 

LDOS_000807800 LinJ.35.5390 hypothetical protein, conserved 9 

LDOS_000841800 
LinJ.36.2900 

Nodulin-like/Major Facilitator 

Superfamily, putative 9 

LDOS_000853800 
LinJ.36.4050 

similar to leishmania major. 

l411.4-like protein 9 

 

 


