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Abstract

Both host and parasite factors contribute to disease severity of malaria infection; however, the 

molecular mechanisms responsible for the disease and the host-parasite interactions involved 

remain largely unresolved. To investigate effects of parasite factors on host immune responses and 

pathogenesis, we measured levels of plasma cytokines/chemokines (CC) and growth rates in mice 

infected with two Plasmodium yoelii strains having different virulence phenotypes and in progeny 

from a genetic cross of the two parasites. Quantitative trait loci (QTL) analysis linked levels of 

many CCs, particularly IL-1β, IP-10, IFN-γ, MCP-1, and MIG, and early parasite growth rate to 

loci on multiple parasite chromosomes, including chromosomes 7, 9, 10, 12, and 13. Comparison 

of the genome sequences spanning the mapped loci revealed various candidate genes. The loci on 

chromosome 7 and 13 had significant (p < 0.005) additive effects on IL-1β, IL-5, and IP-10 

responses, and the chromosome 9 and 12 loci had significant (p = 0.017) interaction. Infection of 

knockout mice showed critical roles of MCP-1 and IL-10 in parasitemia control and host 

mortality. These results provide important information for better understanding of malaria 

pathogenesis and can be used to examine the role of these factors in human malaria infection.
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Introduction

Malaria is a deadly parasitic disease that kills ∼0.6–0.8 million people annually, mostly 

African children 1. The symptoms of malaria patients are highly variable, ranging from 

asymptomatic to lethal infections depending on the outcome of host and parasite interactions 

and the nature and intensity of host immune responses2, 3. Production of cytokines and 

chemokines (CC) is critical for controlling parasitemia and disease symptoms; however, 

overproduction of inflammatory related CC (IRCC) can also lead to severe disease or even 

host death 4-7. Host response to malaria infection can differ greatly between individuals 

because of variation in host genetic background and immune status 8-13. In addition to 

polymorphisms in the genes encoding hemoglobin, ABO blood group, HLA antigens, 

glucose-6-phosphate dehydrogenase (G6PD), and many other genetic loci, variation in 

levels of IRCC such as TNF-α, IL-1β, IFN-γ, and IL-6, and related signaling pathways have 

been associated with both parasite clearance and disease severity 14-18. Host responses to 

malaria infection are therefore greatly influenced by host genetic background 4, 8, 19, 20.

Variations in parasite traits such as cytoadherance 21, rosetting 22, and red blood cell (RBC) 

selectivity 23, 24 have also been shown to play a role in clinical pathology, and parasite-

derived materials such as glycolipid (glycophosphatidylinositol or GPI), hemozoin pigment, 

TA-rich stem-loop DNA motif, DNA-protein complex, and a homolog of macrophage 

migration inhibition factor (MIF) have been reported to modulate host immunity and CC 

production 25-30. It has also been well established that laboratory strains and field isolates of 

Plasmodium parasites can differ in their ability to induce or suppress host innate immune 

responses 10, 31. The nature of parasite determinants that can differentially stimulate or 

modulate the host immune response and the molecular mechanisms of virulence remain 

unresolved; death from malaria could be due to high parasitemia and/or result from 

overproduction of IRCC. It is still difficult to strictly define the roles of IRCC in protection 

and pathogenesis during a malarial infection—particularly in human malaria, in which 

control or manipulation of host genetic background is not feasible 4. Variations in parasite 

and host genetic backgrounds as well as concurrent infections with other pathogens may also 

contribute to the frequent conflicting reports in studies of host-parasite interaction. 

Identifying parasite genes and their variants that play a role in modulating the host immune 

response will provide invaluable insight into the molecular mechanisms of malaria 

pathogenesis.

The rodent malaria parasite Plasmodium yoelii is an excellent model for studying disease-

related phenotypes, because many genetically distinct parasite strains—exhibiting wide 

variation in blood-stage multiplication rate and virulence—are available 32, and the use of 

inbred mice can minimize the influence of host genetic variation on phenotype 

measurements. Taking advantage of the availability of P. yoelii strains with different growth 

characteristics and virulence, we investigated the differences in host CC response in mice 
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infected with two rodent malaria parasites (P. yoelii nigeriensis N67and P. yoelii yoelii 

17XNL) that cause different disease phenotypes and 22 progeny from a cross of the two 

parasites 33. Analysis of the recombinant progeny from the genetic cross revealed that 

differential CC production such as IL-10, IL-5, IP-10, IL-1β, KC, and MCP-1 in P. yoelii 

infected mice is inheritable and segregated as quantitative traits that could be linked to 

parasite chromosomal loci.

Results

Variation in growth rate and CC production between P. yoelii strains

To study the mechanisms underlying malaria virulence, we compared patterns of 

parasitemia and CC levels in C57BL/6 mice after injection of 1 × 105 infected RBCs (iRBC) 

of 17XNL and N67 parasites (Figure 1a). Mice infected with 17XNL had low parasitemia 

(under 5%) during the first 7 days before clearing the parasite at approximately day 25. 

Parasitemia in mice infected with N67 peaked at 30–40% on day 5 post infection, then 

declined to under 10% on day 7 before returning to ∼60%. The mice died at around day 

15-20 post infection. The early decline of parasitemia in the N67-infected mice suggests that 

the host innate response plays a critical role in controlling the parasitemia.

To investigate the molecular mechanisms underlying the differences in pathology and 

parasitemia profiles with these parasites, we measured plasma levels of 20 CC (FGF-basic, 

GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12 (p40/p70), IL-13, IL-17, 

IP-10, KC, MCP-1, MIG, MIP-α, TNF-α, and VEGF) in mice infected with the two 

parasites using a commercial bead array kit (Invitrogen) (Figure 1b, 1c and Figure S1). 

Levels of all the CC remained low in the uninfected group during the study, whereas mice 

infected with the parasites had elevated levels for the majority of CC, although the CC levels 

of 17XNL-infected mice were generally lower. Interestingly, the levels of GM-CSF, IFN-γ, 

IL-1β, IL-2, IL-4, IL-5, IL-10, MCP-1, and MIG in the N67-infected mice peaked on day 4 

post infection (p.i.)—one day before the parasitemia peak on day 5 p.i.—and returned to 

relatively low levels after day 5 (Figure S1). Comparison of the day 4 CC levels in the N67 

infected mice with those infected with 17XNL parasites revealed significant differences in 

many IRCC levels, in particular the levels of IFN-γ, IP-10, MCP-1, MIG, IL-1β, and IL-12 

(Figure 1b, 1c). We therefore focused on investigating the differences in day 4 CC levels 

between the two parasites.

Correlation of CC response profiles among the progeny of a genetic cross

The disease outcomes and CC profiles clearly showed that host CC responses to P. yoelii 

infection are strain dependent, suggesting different parasites may produce some strain-

specific molecules that stimulate unique CC responses. To identify the parasite genetic loci 

that can stimulate such differential host responses, we measured parasitemia and day 4 

plasma levels of the same 20 CC from C57BL/6 mice injected with 22 progeny (1×105 

iRBC/each into four mice for each progeny) from the N67×17XNL genetic cross (Table S1). 

Multivariate correlation analysis of the averaged CC levels revealed a high degree of 

correlation between the day 4/5 parasitemia and day 4 levels of MCP-1, MIG, IP-10, VEGF, 

TNF-α, IFN-γ, IL-1β, IL-2, IL-4, IL-5, and IL-6 (Figure 2). Another highly correlated CC 
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cluster included KC, MIP-α, GM-CSF, FGF, IL-13, and VEGF. As a known anti-

inflammatory cytokine, IL-10 was negatively correlated with most of the CC—particularly 

KC, MIP-1α, GM-CSF, FGF, VEGF, TNF-α, and IL-4—but positively correlated with 

IL-1α and IL-12. Similarly, IL-1α was negatively correlated with MIP-1α, GM-CSF, FGF, 

VEGF, TNF-α, and IL-4. Because the parasites are progeny from two parents, these patterns 

of CC responses are likely linked to differences in parasite genetic backgrounds of the 

parents.

Genetic loci and candidate genes linked to differential CC responses

To identify genetic loci linked to the CC responses, we performed quantitative trait loci 

(QTL) analysis using genome-wide genotypes previously collected from 486 MSs 34 and the 

CC measurements from the 22 progeny (Table S1). In addition to day 4/5 parasitemia, six 

cytokines were significantly linked to loci on four different chromosomes (Figure 3 and 

Table 1). As previously reported, day 5 parasitemias were significantly linked to two loci on 

chromosome 10 and 13 (Figure 3A)33. Interestingly, the levels of IP-10 and IL-1β were also 

significantly linked to the same marker on chromosome 13 (Py2609) as well as a peak on 

chromosome 7 (marker Py2601-1; LOD scores close to significant cut-off level for IL-1β). 

Similarly, the IL-5 level was linked to the same markers on chromosome 7 and chromosome 

13, but only the peak on chromosome 7 was significant. Additionally, the levels of FGF and 

KC were significantly linked to Py743 on chromosome 12, and the IL-10 level was 

significantly linked to Py148 on chromosome 9 (Figure 3B). If we lowered the cutoff criteria 

to a LOD score of 2.0 (suggestive linkage), we could detect two groups of linkage: the first 

group was the linkage of IL-1β, IL-4, IL-5, IP-10, IFN-γ, MCP-1, MIG, and TNF-α to the 

loci on chromosome 7 and/or chromosome 13; the second group was the linkage of KC, 

MIP-1α, GM-CSF, FGF, IL-10, and IL-1α to the loci on chromosome 9 and/or chromosome 

12 (Table 1 and Figure S2). Note that there were two peaks on chromosome 13 for MCP-1 

and TNF-α, and the highest peaks were at MS marker Py1555, not at Py2069. Therefore, the 

loci on chromosome 7 and 13 contributed mostly to IRCC responses and parasitemia, 

whereas the loci on chromosome 9 and 12 might contribute to the anti-inflammatory 

response and to production of growth and chemotactic factors. Finally, a peak with a LOD 

score of 2.5 on chromosome 2 was linked to IL-2 response (Table 1 and Figure S2).

To determine the sizes of the linked loci, we first identified the MS markers immediately 

flanking the loci with reduced LOD scores (compared with the markers with peak LOD 

scores) and the progeny with crossovers that resulted in the reduction of LOD scores (Table 

2). We then calculated the distances between the two flanking markers based on the 

assembled P. yoelii YM sequences (http://www.sanger.ac.uk/resources/downloads/protozoa/

plasmodium-yoelii.html). The sizes of the loci ranged from 148 kb to 413 kb, containing 

30-112 genes in each locus. The candidate genes included malarial antigens, protein 

phosphatases, guanylyl cyclases, protein kinases, helicases, and DNA/RNA binding proteins 

that may play a role in parasite ligand recognition and signaling and regulation of gene 

expression (Table S2).
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Genome sequencing and detection of polymorphisms in candidate genes

To determine the genetic variations in the genes located within the mapped loci between 

17XNL and N67, we sequenced the genome of N67 parasite and obtained approximately 56 

million reads that covered ∼95% of the genome with an average of 367-fold coverage (total 

9,260,362,154 bp covered; sequences are being submitted to NCBI, accession number 

SAMN02209965). Comparison of DNA sequences encoding the candidate genes in the 

mapped loci revealed nearly 4,000 putative non-synonymous single nucleotide 

polymorphisms (nsSNPs) and many highly polymorphic genes between N67 and 17XNL 

(Table S2). Fine mapping using progeny from additional crosses and functional 

characterization using allelic exchange and other functional assays will be necessary to 

reduce the sizes of the loci to pinpoint and identify the candidate genes.

Interaction of genetic loci linked to CC responses

Because the levels of many cytokine responses were highly correlated and were linked to 

more than one locus, we investigated the additive effects and interactions of the loci 

contributing to the cytokine levels. The loci on chromosome 7 and 13 had significant (p < 

0.005) additive effects on IL-1β, IL-5, and IP-10 responses, contributing to 58%, 59%, and 

56% of the phenotype variances, respectively. In addition, a significant interaction (p = 

0.017) on the IL-10 level between the loci on chromosome 9 and 12 was detected when 

analyzed using the fitqtl method (Table 3).

Contribution of MCP-1 and other CC to parasitemia and mouse survival

As shown above, levels of many IRCC were elevated in mice infected with the N67 parasite, 

suggesting that these IRCC may contribute to the disease and to host mortality. To 

investigate the functional roles of the IRCC during early infection, we infected wild-type 

(wt) C57BL/6 mice as well as mice of the same genetic background but with disrupted genes 

encoding selected CC significantly linked to the parasite genetic loci (MIG−/−, IP-10−/−, 

CXCR3a−/−, IL-10−/−, and MCP-1−/−; CXCR3a is the receptor for MIG and IP-10) with 

1×105 N67 parasites and compared the dynamics of parasitemia and host survival time. 

Parasitemias from MIG−/−, IP-10−/−, and CXCR3a−/− mice infected with N67 were 

essentially the same as those of wt (Figure 4a–4c). For IL-10−/− mice infected with N67, 

parasitemia was approximately the same as of wt before day 7 p.i.; however, parasitemia 

rose more slowly in the IL-10−/− mice after day 7 p.i. (Figure 4d). Significantly, the majority 

(80%) of the MCP-1−/− mice were able to clear the parasites and survive N67 infection after 

the second parasitemia peak (Figure 4e and 4f), while the wt mice died at around day 15 p.i. 

Additionally, the initial parasitemia peak in the MCP-1−/− mice was also lower than that of 

wt at days 3–5 p.i., and there was another small dip in parasitemia at day 14 in the MCP-1−/− 

group. Except for the MCP-1−/− and IL-10−/− mice, all the other KO mice infected with N67 

died approximately at the same time as the wt control mice (Figure 4f). These results suggest 

that MCP-1 or overproduction of MCP-1 may play a crucial role in immunopathology and 

host mortality and that IL-10 may also play some role in controlling the parasitemia.
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Discussion

Host innate immune responses and IRCC in malaria infection have been implicated in 

disease severity 35; however, genetic variation and complex interactions between host and 

parasite have been major obstacles in dissecting the roles of host and parasite factors 

contributing to pathogenesis in human malaria. Taking advantage of the relatively 

homogeneous genetic background of inbred mice, here we used genetic mapping to identify 

the parasite genetic loci and determinants that can stimulate differential CC levels and to 

dissect the molecular basis of virulence during P. yoelii infection. We showed clearly that 

the ability to induce specific CC production was strain dependent and inheritable. Mice 

infected with N67 produced good levels of IRCC on day 4 p.i., one day ahead of peak 

parasitemia, which likely contributed to the decline of parasitemia; however, the levels of 

IRCC returned to baseline after day 5, and the parasitemia rebounded, leading to host death 

at day 15-20. It is critically important to investigate the molecular events leading to the 

decline of CC after day 4 p.i., when the parasites are rapidly growing in the mice infected 

with N67. Slow growth and low parasitemia of 17XNL, partly due to its preference for 

invading reticulocytes, did not stimulate strong IRCC responses or cause severe disease, 

allowing the host's acquired immunity to clear the parasites 3 weeks after infection. The 

dramatic differences in early IRCC response to infections of different parasite strains/

subspecies also suggest that results obtained using a specific parasite strain may not be 

applied to another. It is therefore necessary to consider parasite genetic background when 

explaining results from studies of host immune responses and from genetic association 

studies searching for host genes involved in specific disease phenotypes. Moreover, 

variation in host genetic background can also play an important role in the host response to 

malaria infection 10, 36.

Our results showed that the loci on chromosomes 7 and 13 were linked to levels of IRCC 

such as IL-1β, IL-4, IL-5, IL-6, IP-10, IFN-γ, MCP-1, MIG, and TNF-α. On the other hand, 

the responses of the second CC group (IL-1α, MIP-1α, GM-CSF, FGF-basic, KC, and 

IL-10) were linked to loci on chromosome 9 and/or chromosome 12 that were not associated 

with parasitemia. Additionally, IL-10 and IL-1α were negatively associated with MIP-1α, 

GM-CSF, FGF-basic, and KC (Figure 2). It is likely that some molecules in the chromosome 

9 and/or chromosome 12 loci can influence IL-10 and IL-1α production and at the same 

time suppress production of other IRCC. The results suggest that the N67 parasites have two 

mechanisms that can modulate host innate immune responses: one controlled by molecules 

on chromosomes 7 and 13 that can stimulate pro-inflammatory responses and a second 

controlled by molecules on chromosome 9 and 12 that can generate anti-inflammatory 

responses. The linkage of both higher levels of IRCC and parasitemia to the chromosome 13 

locus could be due to faster growth and more parasites that in turn stimulates a stronger 

IRCC response. However, the growth phenotype was also significantly linked to a locus on 

chromosome 10, whereas many IRCC were linked to a chromosome 7 locus, suggesting 

differences in the genetic basis of controlling parasite growth and IRCC responses. 

Identifying the molecules that can modulate host immune responses, and therefore virulence, 

will greatly facilitate our understanding of the mechanisms of malaria pathogenesis.
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We also attempted to identify the potential candidate genes linked to differential IRCC 

responses by sequencing the N67 genome. Comparison of the sequences of candidate genes 

in the mapped loci between N67 and 17XNL (genome sequence available publically) 

parasites identified nearly 4000 nsSNPs. It is still difficult to determine which genes 

contributed to the differences in the host cytokine response at this moment. The LOD scores 

for many of the CC were above 2.0 but did not reach significant levels (p < 0.05 after 1000 

permutations or LOD = 3). This was likely due to the relatively small number of progeny 

used in the analysis. Cloning and genotyping more progeny from the cross will be necessary 

to further fine-map the loci and hopefully to increase the LOD scores. Additional progeny 

and crossovers in the mapped loci will also reduce the sizes of the loci and the numbers of 

candidate genes to be tested functionally. Unfortunately, cloning progeny in mice is 

relatively labor intensive; additionally, 17XNL produces very few oocysts in the mosquito 

midgut (fewer than 10 on average). Improvements in oocyst production of the parasite and 

in procedures of parasite cloning will greatly facilitate the chances of obtaining additional 

progeny from more genetic crosses 37.

In Toxoplasma gondii, several rhoptry kinases, a dense granule protein (GRA15), a profilin-

like protein, and possibly nucleoside triphosphate hydrolases have been shown to regulate 

host signaling pathways and immune responses 38-41. Although no orthologs of the rhoptry 

kinases or GRA15 have been found in Plasmodium parasites, many molecules with putative 

secretion signals and functions in regulating gene expression were identified in the loci 

linked to levels of CC. Some examples of interesting genes include a gene encoding a 

rhoptry neck protein 5 (RON5) on chromosome 7 that may be involved in invasion of RBCs 

and interaction with host cells 42, 43; an Apetala2-like transcription factors (ApiAP2) on 

chromosome 9 44; a highly polymorphic carbon catabolite repressor protein (CCR4) on 

chromosome 12 that is a part of the gene regulatory complex 45; and the PyEBL on 

chromosome 13. The PyEBL has been implicated in parasite invasion of RBCs and may 

bind to DARC expressed on endothelial cells, triggering host innate immune responses 46. 

The Duffy antigen on the RBC surface is the receptor for Plasmodium vivax, Plasmodium 

knowlesi, and P. yoelii EBL proteins during invasion 47-49; it can also act as a receptor for 

chemokines of both the C-C and C-X-C families—including IL-8, MGSA, RANTES, and 

MCP-1—when expressed on endothelial and other cell types 50. Indeed, a rat homolog of 

DARC expressed on endothelial cells was shown to bind IL-8–coated microspheres, which 

could be inhibited by previous infusion of IL-8 as well as MCP-1 50. It is possible that 

PyEBL secreted or expressed on the iRBC binds to DARC on endothelial cells, interfering 

with host C-C or C-X-C chemokine signaling pathways. Indeed, our observations of 

increased survival of MCP-1−/− mice infected with N67 parasites and higher levels of IRCC 

suggest an association of overactivation of C-C or C-X-C chemokine signaling and disease 

pathogenesis. MCP-1 is a chemokine that recruits many cell types such as monocytes, 

memory T cells, and dendritic cells to sites of tissue injury and infection 51. A decrease in 

several IRCC in the brain and in activation of microglia after peripheral injection of 

lipopolysaccharide was observed in MCP-1−/− mice compared with wt mice 52, suggesting 

an important role of MCP-1 in brain inflammation. DARC is also highly expressed in the 

Purkinje cells of human cerebellum and may act as a receptor for MCP-1 50. The 
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relationship of PyEBL binding to DARC, increased production of MCP-1, and disease 

severity requires further investigation.

In summary, the host innate immune response to P. yoelii is strain dependent. A rapid and 

robust response of IRCC such as seen with MCP-1 and IL-10 appeared to be necessary for 

controlling early parasitemia. The differences in host CC responses were linked to several 

parasite chromosomal loci, including the DNA segment containing Pyebl, which may play a 

role in modulating host innate immune response and disease severity. Elucidation of the 

molecular mechanism of malaria virulence and identification of parasite molecules that can 

modulate host immune responses will provide critical information for vaccine development 

and disease management.

Materials and Methods

Animals and malaria parasites

Inbred female C57BL/6 mice, aged 6–8 weeks old, and KO mice of matched genetic 

background were obtained from Charles River Laboratory, Jackson Laboratory, or NIAID/

Taconic repository, NIH. All the experiments were performed in accordance with NIH–

approved animal study protocol LMVR-11E. The P. yoelii cloned lines (17XNL and N67) 

and progeny from the N67×17XNL cross were described previously 33.

Infection of mice with P. yoelii parasites

An inoculum containing appropriate numbers of iRBC suspended in 100 μl phosphate 

buffered saline (PBS), pH 7.4, from donor mice was injected intravenously (i.v.) into 

experimental C57BL/6 mice or KO mice with the same genetic background. Naïve mice 

receiving an equivalent number of uninfected RBC served as a negative control group. 

Parasitemia was monitored daily by microscopic examination of Giemsa-stained thin tail 

blood smears. Mouse blood was collected daily to monitor parasitemia.

Cytokine and chemokine assays

Approximately 50 μl blood from individual mice was collected every other day from the tail 

vein into heparinized tubes and centrifuged at 10,000×g for 10 min. Supernatants were 

transferred to sterile cryopreserved tubes and stored at −80°C prior to analysis using mouse 

cytokine 20-plex kit and Luminex 200 instrument according to the manufacturer's 

instructions (Invitrogen). Levels of CC were exported to Excel sheets and subjected to 

statistical analyses (nonparametric Mann-Whitney U test and one-way ANOVA) using 

GraphPad Prism version 6.0 (GraphPad Software, Inc.). Differences were deemed 

significant at p < 0.05.

QTL analysis

QTL mapping was performed using R/qtl library in R2.12.2 software (http://

www.rqtl.org/) 53 as described previously 33. Briefly, day-5 parasitemia and day-4 CC levels 

from the progeny of the N67×17XNL cross were natural-log transformed to obtain normally 

distributed datasets before QTL analysis. A 5% threshold (p = 0.05) based on 1,000 

permutations using standard interval mapping (EM method) was used as the significant 
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cutoff level. A single-QTL genome scan was performed initially, followed by a two-

dimensional and finally two-QTL genome scans. The 2-dimensional, 2-QTL scan was 

performed to identify additional QTL and 2-locus epistatic interactions (fitqtl), if present. 

Correlation of the CC responses from the progeny was performed using ANOVA, and the p-

values for the differences were calculated with the nonparametric Mann-Whitney U test 

using GraphPad Prism software.

Genome sequencing

Blood samples infected with N67 at parasitemia of 30–40% were placed into physiological 

citrate saline (0.85% NaCl, 1.5% sodium citrate) and passed-through three Plasmodipur 

filters (Europroxima) to remove host white blood cells, which was confirmed with thick 

smears. Genomic DNA was isolated using standard phenol-chloroform extraction after lysis 

of RBCs with 0.15% saponin. Whole-genome small insert libraries were prepared from the 

genomic DNAs as follows: 5 μg of genomic DNA was sheared to ∼450 bp using a Covaris 

S2 with settings: duty cycle 20%; intensity 4; cycles 200. The libraries were constructed 

according to the Illumina protocols using the paired-end DNA sample prep oligo-only kit 

(Illumina). After paired-end adapter ligation, the samples were size selected on a 2% agarose 

gel after staining with SybrGold. Amplification reactions were cleansed using two rounds of 

Agencourt AMPure beads (Beckman Coulter), and sequence data were processed using 

RTA1.6.32.0 and GERALD 1.15.

Genome assembly and polymorphism detection

Parameters other than default were: –no-discordant –sensitive –mp 10-R 3. Sequence 

information was initially processed with an Illumina pipeline using quality values Phred+64. 

Picard (http://picard.sourceforge.net) was used to process sequence files (add read header, 

sort, index, mark duplicates) and align reads. Gatk (http://www.broadinstitute.org/gatk/) was 

used to improve alignment in areas with indels (gaps) and to annotate variants in clusters in 

regions with poor coverage that were found in both samples or in one sample but could not 

be determined in the other sample.

Sequence reads were mapped to the assembled YM genome at the website of the Wellcome 

Trust Sanger Institute (accessed at http://www.genedb.org/Homepage/PyoeliiYM, accessed 

in August 2012). The sequence reads were trimmed with a cut-off quality-score of 30 using 

Btrim64 54. BWA version 0.6.1 and Bowtie2 were used to index the FASTA format 

reference genome and to map the quality-trimmed sequence reads to the reference 

genome 55, 56. The SAMtools package version 0.1.18 57 was used with the Extended Base 

Quality algorithm setting on a duplicate-filtered BAM file to call variants. SNPEff version 

2.1 58 was used to annotate the variants using a custom library constructed from the YM 

genome. Due to space limitation, detailed characterization and annotation of the N67 

genome will be described in later publications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CC cytokines and chemokines

IRCC inflammatory related cytokines and chemokines

iRBC infected red blood cells

MS microsatellite

p.i. post infection

PyEBL Plasmodium yoelii erythrocyte binding ligand

QTL quantitative trait loci
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Fig. 1. 
Variation in parasitemia and cytokine/chemokine responses in C57BL/6 mice infected with 

two Plasmodium yoelii parasite lines. (a) Parasitemia from mice infected with P. y. yoelii 

17XNL and P. y. nigeriensis N67. (b, c) Levels of day 4 cytokines and chemokines in mice 

infected with 17XNL and N67. Standard deviations (SD) were determined from at least 3 

mice for each group. Statistically significant (p < 0.05) differences in cytokine/chemokine 

levels between 17XNL and N67 are as indicated (Mann-Whitney U test).
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Figure 2. 
Correlation of cytokine/chemokine responses among the progeny of the N67×17XNL cross. 

The color bar indicates degree of correlation, with red indicating positive correlation and 

blue indicating negative correlation. Correlation analysis was performed using GraphPad 

Prism version 6.0 (GraphPad Software, Inc.).
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Figure 3. 
Genetic loci linked to higher cytokine and chemokine levels in response to infection of 

Plasmodium yoelii nigeriensis N67. (a) Loci significantly linked to day-5 parasitemia 

(black), IP-10 (blue), IL-1β (red), and IL-5 (green). (b) Loci significantly linked to IL-10 

(black), KC (blue), and FGF (red). The dashed lines of black, blue, red, and green indicate 

significant LOD scores (p < 0.05) corresponding to their color curves. QTL mapping was 

performed using R/qtl library in R2.12.2 software (http://www.rqtl.org/) 53
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Figure 4. 
Parasitemia and mortality of wild type (wt) and cytokine/chemokine gene knockout (−/−) 

mice infected with Plasmodium yoelii nigeriensis N67. Mice (n = 5–8) were injected 

intravenously with an inoculum containing 1×105 infected red blood cells. Parasitemias 

were measured daily by microscopic examination of Giemsa-stained thin tail blood smears. 

(a–e) Red lines, wt mice; black lines, −/− mice. (a) MIG−/−; (b) IP-10−/−; (c) CXCR3a−/−; (d) 

IL-10−/−; (e) MCP-1−/−. (f) Mice showing severe clinical signs were humanely euthanized; 

the numbers of surviving mice during the course of infection were used to calculate 

percentage of survival.
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Table 1

Genetic loci/markers linked to differential levels of cytokines/chemokines in mice infected with Plasmodium 

yoelii yoelii 17XNL and Plasmodium yoelii nigeriensis N67.

Phenotypes MS. Marker Chr Position (cM) LOD score

D5 para Py56 10 10.7 3.2

Py2609 13 19.4 3.3

MCP-1 Py2061-1 7 20 2.8

Py1239 10 24 2.1

Py1555 13 30.4 2.5

IP-10 Py2061-1 7 20 2.8

Py2609 13 19.4 2.8

IFN-γ Py1277 7 15.7 2.0

Py2609 13 19.4 2.5

IL-10 Py148 9 30.6 2.9

Py743 12 19.6 2.5

IL-1β Py2061-1 7 20 2.6

Py2609 13 19.4 3.1

IL-2 Py652 2 0 2.5

IL-4 Py2061-1 7 20 2.2

Py867 13 26.1 2.0

IL-5 Py627 7 20 3.2

Py2123 13 19.4 2.0

KC Py743 12 19.6 2.9

TNF-α Py1555 13 30.4 2.1

MIG Py2061-1 7 20 2.4

IL-1α Py743 12 19.6 2.1

MIP-1α Py743 12 19.6 2.3

GM.CSF Py743 12 19.6 2.3

FGF.basic Py743 12 19.6 3.0

The LOD scores in bold were deemed significant (P<0.05) after 1000 permutations.

Phenotypes, plasma cytokine/chemokine levels or day 5 parasitemia (D5 para); MS marker, names of microsatellite markers; Chr, chromosome; 
Position, genetic distance in centiMorgan (cM); LOD score, logarithm of odds (LOD) scores calculated using R/qtl.
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