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Abstract

Changes in the copy number of large genomic regions, termed copy number variations or CNVs,
are an important adaptive strategy for malaria parasites. Numerous CNVs across the Plasmodium
falciparum genome contribute directly to drug resistance or impact fitness of this protozoan
parasite. CNVs that encompass the dihydroorotate dehydrogenase (DHODH) gene confer
resistance to antimalarials that target this enzyme in the pyrimidine biosynthesis pathway (i.e.
DSML1). During the characterization of DSM1 resistant parasite lines with DHODH CNVs, we
detected selection of an additional CNV that encompasses 3 genes (~5 kb) including GTP
cyclohydrolase 1 (GCH1 amplicon). While this locus has been implicated in increased fitness of
antifolate resistant parasites, GCH1 CNVs had not previously been reported to contribute to
resistance to other antimalarials. Here, we further explored the association between GCH1 and
DHODH copy number. We visualized single long reads and directly quantified the number of
tandem GCH1 amplicons in a parental line versus a DSM1-selected line. We found that the
GCH1 amplicons share a consistent structure in all lines. However, we detected more reads that
encompassed a higher number of amplicons in the resistant (up to 7 amplicons) compared to the
parental line (3 amplicons). To better understand the implications of this result, we evaluated
variation at this locus across multiple short- and long-read data sets collected from various
parasite lines. Based on our analysis of parasites resistant to other DHODH inhibitors (DSM265,
DSM267, and DSM705), GCHL1 is not likely contributing directly to resistance; however, higher
numbers of the GCH1 amplicon are associated with increased DHODH copies and may
compensate for changes in metabolism of parasites. This is supported by the direct connection
between folate and pyrimidine metabolism, which together contribute to nucleic acid
biosynthesis. This study highlights the importance of studying clonal variation and potential
biochemical connections as novel antimalarials move closer to clinical approval.
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Introduction

Malaria is a disease caused by the protozoan Plasmodium parasite. Plasmodium falciparum is the
leading cause of human malaria deaths (Rich et al., 2009). Due to lack of effective vaccines
against malaria infection, antimalarial drugs are the primary approach for malaria treatment
(Casares et al., 2010). However, drug efficacy is mitigated by the frequent emergence of
antimalarial resistant parasites (Blasco et al., 2017).

Changes in the copy number of large genomic regions, termed copy number variations, or CNVs,
are an important adaptive strategy for malaria parasites (Kidgell et al., 2006; Conway, 2007,
Hyde, 2007; Ribacke et al., 2007; Nair et al., 2008; Cheeseman et al., 2009; Bopp et al., 2013;
Guler et al., 2013; Menard and Dondorp, 2017). Numerous CNVs across the P. falciparum
genome contribute directly to drug resistance or impact parasite fitness (Hyde, 2007; Ribacke et
al., 2007; Nair et al., 2008; Guler et al., 2013). Amplification, one type of CNV with increased
copy number, plays an essential role in the evolution of resistance to various antimalarials (Foote
et al., 1989; Wilson et al., 1993; Hyde, 2007; Ribacke et al., 2007; Cheeseman et al., 2009; Guler
et al., 2013; Heinberg et al., 2013; Osei et al., 2018). As one example, amplification of the
dihydroorotate dehydrogenase (DHODH) gene in the P. falciparum genome confers resistance to
DHODH inhibitors (i.e. DSM1) in parasites propagated in vitro (Guler et al., 2013). DHODH is
an important enzyme in the P. falciparum pyrimidine biosynthesis pathway that contributes
resources for nucleic acid synthesis (Phillips and Rathod, 2010; Mandt et al., 2019). DHODH
amplicons presumably increase transcription and translation of the drug target to directly impact
drug sensitivity (Guler et al., 2013).

In another example, amplification of the GTP cyclohydrolase 1 (GCH1) gene increases the
fitness of clinical parasite populations that are antifolate resistant (i.e. pyrimethamine and
sulfadoxine) (Kidgell et al., 2006; Ribacke et al., 2007; Nair et al., 2008; Osei et al., 2018).
GCHL1 is the first enzyme in the folate biosynthesis pathway and increased levels of this enzyme
likely increases flux to compensate for the fitness costs of the resistance-conferring
dihydropteroate synthase (DHPS) and dihydrofolate synthase (DHFS) mutations (Kidgell et al.,
2006; Nair et al., 2008; Heinberg et al., 2013). Although the contribution of GCH1 amplification
to antifolate resistance is well studied, this CNV has not been reported to contribute to resistance
to antimalarials targeting other pathways (Heinberg et al., 2013; Kimpornsin et al., 2014;
Heinberg and Kirkman, 2015).

Typically, gene copy number is studied using widely accessible high coverage short read
sequencing (Guler et al., 2013; Herman et al., 2014; Manary et al., 2014; Cowell et al., 2018;
Huckaby et al., 2018). However, this approach has limitations including non-unique mapping in
repetitive regions, the inability to resolve complex genomic regions, and overall difficulty of
detecting structural variations (Alkan et al., 2011; Treangen and Salzberg, 2012; Kosugi et al.,
2019). These challenges are exacerbated by the high AT-content of the P. falciparum genome
(Beghain et al., 2016; Miles et al., 2016). Long read technologies such as Oxford Nanopore
sequencing have the potential to span low complexity and repetitive regions to better represent
structural variation (Cretu Stancu et al., 2017; Sedlazeck et al., 2018a, 2018b; Ho et al., 2020).
Moreover, the single molecule sequencing allows examination of clonal heterogeneity of a
parasite population (Belikova et al., 2020; Rugbjerg et al., 2021).


https://doi.org/10.1101/2023.02.13.528367
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.13.528367; this version posted February 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

79  In this study, we identified a potential positive association between GCH1 and DHODH copy
80  number from previously acquired short read sequencing data. To explore this relationship

81  further, we performed long read sequencing and directly observed the expansion of the GCH1
82  amplicon. Using single long read visualization, we also determined that the structure and

83  orientation of the amplicon was preserved during expansion. When we evaluated short read data
84  from parasite lines that were resistant to other DSM-based compounds, we did not detect

85 increases in GCH1 copy number. This result indicates that GCH1 does not contribute directly to
86  resistance; however, our observations, as well as the biochemical connection between folate and
87  pyrimidine biosynthesis, suggest that increased copies of GCH1 may facilitate the acquisition of
88 increased DHODH copy number under certain selection conditions. Further study of the

89 relationship between these two genomic loci is important considering the imminent use of

90 DHODH inhibitors to treat clinical malaria.

91 Materials and Methods

92 DSM1 and parasite clones

93 DSML1 is a triazolopyrimidine antimalarial that specifically and potently inhibits the P.

94  falciparum dihydroorotate dehydrogenase enzyme of pyrimidine biosynthesis (Phillips et al.,
95  2008). DSM1-resistant parasites were previously selected according to the scheme depicted in
96 (Figure 1) (Guler et al., 2013). In this study, we simplified the naming scheme to represent low
97 (L), moderate (M), and high (H) levels of resistance to DSM1 (Figure 1A).

98 Parasite culture

99  We thawed erythrocytic stages of P. falciparum (Dd2, MRA-150; 3D7, MRA-102, Malaria
100  Research and Reference Reagent Resource Center, BEI Resources and DSML1 resistant clones as
101  highlighted in Figure 1A, a generous gift from Pradipsinh Rathod, University of Washington)
102  from frozen stocks and maintained them as previously described (Haynes et al., 1976). Briefly,
103  we grew parasites at 37 °C in vitro at 3% hematocrit (serotype A positive human erythrocytes,
104  Valley Biomedical, Winchester, VA) in RPMI 1640 medium (Invitrogen, USA) containing
105 24 mM NaHCO3 and 25 mM HEPES, and supplemented with 20% human type A positive heat
106 inactivated plasma (Valley Biomedical, Winchester, VA) in sterile, sealed flasks flushed with
107 5% O2, 5% CO3, and 90% N2 (Guler et al., 2013). We maintained the cultures with media
108 changes every other day and sub-cultured them as necessary to keep parasitemia below 5%. We
109  determined all parasitemia measurements using SYBR green-based flow cytometry (Bei et al.,
110  2010). We routinely tested cultures using the LookOut Mycoplasma PCR Detection Kit (Sigma-
111 Aldrich, USA) to confirm negative Mycoplasma status.

112  DNA extraction for long read sequencing

113  We lysed asynchronous P. falciparum-infected erythrocytes with 0.15% saponin (Sigma-Aldrich,
114  USA) for 5 min at room temperature and washed them three times with 1x PBS (diluted from
115 10x PBS Liquid Concentrate, Gibco, USA). We then lysed parasites with 0.1% Sarkosyl

116  Solution (Bioworld, bioPLUS, USA) in the presence of 1 mg/ml proteinase K (from Tritirachium
117  album, Sigma-Aldrich, USA) overnight at 37 °C. We first extracted nucleic acids with

118  phenol/chloroform/isoamyl alcohol (25:24:1) pH 8.0 (Sigma-Aldrich, USA) three times using
119 1.5 ml light Phase lock Gels (5Prime, USA), then further extracted nucleic acids with chloroform
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120  twice using 1.5 ml light Phase lock Gels (5Prime, USA). Lastly, we precipitated the DNA with
121  ethanol using the standard Maniatis method (Maniatis et al., 1989). To obtain high molecular

122 weight genomic DNA, we avoided any pipetting during the extraction, transferred solutions by
123 directly pouring it from one tube to another, and mixed solutions by gently inverting the tubes.

124  Oxford Nanopore long read sequencing and analysis

125  We subjected 1 pg of high molecular weight genomic DNA from each sample to library

126  preparation for Oxford Nanopore sequencing following the Nanopore Native barcoding genomic
127  DNA protocol (version: NBE_9065 v109 revAB_14Aug2019) with 1x Ligation Sequencing Kit
128  (SQK-LSK109, Oxford Nanopore Technologies, Oxford, UK). We performed DNA repair and
129  end preparation using NEBNext FFPE DNA Repair Mix (New England Biolabs, Ipswich, MA,
130 USA) and NEBNext End Repair/dA-Tailing Module (New England Biolabs, Ipswich, MA,

131  USA). We cleaned the A-tailed fragments using 0.9X AMPure XP beads (Beckman Coulter,
132 High Wycombe, UK). We then ligated barcodes to the end-prepped DNA using the Native

133 Barcoding Expansion 1-12 kit (EXP-NBD104, Oxford Nanopore Technologies, Oxford, UK)
134  and Blunt/TA Ligase Master Mix (New England Biolabs, Ipswich, MA, USA). We cleaned the
135  barcoded samples using 0.9X AMPure XP beads. Then we pooled barcoded samples in

136  equimolar ratios and subjected to an adaptor ligation step, using the Adapter Mix Il from the
137  Native Barcoding Expansion 1-12 kit and NEBNext Quick Ligation Reaction Buffer (New

138  England Biolabs, Ipswich, MA, USA) as well as Quick T4 DNA Ligase (New England Biolabs,
139  Ipswich, MA, USA). After adaptor ligation, we cleaned the library using AMPure XP beads. We
140  quantified the adapter ligated and barcoded DNA using a Qubit fluorimeter (Qubit 1X dsDNA
141  High Sensitivity Assay Kit, Life Technologies, Carlsbad, CA). We sequenced the WT1 and

142 initial H2 libraries using a R9.4.1 flow cell (FLO-MIN106D, Oxford Nanopore Technologies,
143 Oxford, UK) on MinlON (Oxford Nanopore Technologies, Oxford, UK) and another H2 library
144 using the R10 flow cell (FLO-MIN111) on MinlON. To obtain the maximum number of reads,
145  we ran both flow cells for 48 h (controlled and monitored using the MinKNOW software

146  (3.6.5)).

147  For base calling and demultiplexing of the Nanopore sequencing reads, we used Guppy (version
148  3.4.5+fb1fbfb) with the parameter settings “-c dna_r9.4.1_450bps_hac.cfg --barcode_kits "EXP-
149 NBD104" -x auto” for samples sequenced with R9.4.1 flow cell and “-C

150  dna_r10_450bps_hac.cfg -x auto” for the sample sequenced with R10 flow cell. We checked the
151  read length and read quality using “Nanoplot” (version 1.0.0) (see Supplementary Table 1). We
152  trimmed the adapters with “qcat” (version 1.1.0) (Oxford Nanopore Technologies) and filtered

153  the reads with a cutoff “length = 500 and Phred value = 10” using the program “ filtlong version
154  0.2.0” (https://github.com/rrwick/Filtlong). To estimate the coverage of sequencing reads in each
155  sample, we aligned the filtered reads to Plasmodium falciparum 3D7 reference genome using
156  “minimap2” (version 2.17) (Li, 2018). “QualiMap” (version 2.2.1) (Garcia-Alcalde et al., 2012)
157  was used to calculate the coverage of the aligned reads (see Supplementary Table 1).

158  Shiny analysis of long reads

159  To visualize structural variants in the parasite genome, we used a custom R Shiny script to plot
160 the arrangement of reference gene segments on individual Nanopore reads (Ebel et al., 2023).
161  Briefly, we defined a target region in the 3D7 reference genome (chromosome 12: 932916 bp —
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162 999275 bp) that contained 3 genes in GCH1 amplicon and 11 flanking genes. We extracted the
163  reference sequences of these genes and subsequent intergenic regions, then split these sequences
164 into fragments of 500-1000 base pairs. We compared these fragments to individual Nanopore
165  reads using BLAST (Ye et al., 2006). We used the BLAST output as input for a custom R script,
166  which drew rectangles representing homology between the defined genes (y-axis) and each

167 individual read (x-axis). The percent identity required to draw a homologous rectangle was

168 allowed to vary between reads, which varied in quality, using a slider in the Shiny app. To filter
169  out long reads with potentially spurious hits to gene fragments, we also used BLAST to compare
170  Nanopore reads to the reference genome and removed reads with <90% identity to chromosome
171  12. To compare the mean copy number of GCH1 amplicon between WT1 and H2 reads covering
172 GCHZ1 as well as the read length of these reads between WT1 and H2, we performed a one way
173 ANOVA in Microsoft Excel with Alpha value of 0.05.

174  Short read sequencing analysis and CNV detection

175  We analyzed CNVs in Illumina short read datasets of P. falciparum parasites selected by three
176  DSM antimalarial drugs (DSM1, DSM265, DSM267, and DSM705, Supplementary Table 2)
177  (Guler et al., 2013; Mandt et al., 2019; Palmer et al., 2021). We first processed and mapped the
178  reads to reference genome as previously described (Huckaby et al., 2018; Liu et al., 2021).

179  Briefly, we trimmed Illumina adapters from reads with BBDuk tool in BBMap (version 38.57)
180  (Bushnell 2016). We aligned each fastq file to the 3D7 P. falciparum reference genome with
181  Speedseq (version 0.1.0) through BWA-MEM alignment (Chiang et al., 2015). We discarded the
182  reads with low-mapping quality score (below 10) and removed duplicated reads using Samtools
183  (version 1.10) (Li et al., 2009). We analyzed split and discordant reads from the mapped reads
184  using LUMPY in Speedseq to determine the location and length of the previously reported

185 GCH1, DHODH and multidrug resistance protein 1 (MDR1) CNVs (Supplementary Table 2)
186  (Layer etal., 2014). For read-depth analysis, we further filtered the mapped reads using a

187  mapping quality score of 30. To determine the copy number of the GCH1, DHODH and MDR1
188  CNVs, we used CNVnator (version 0.4.1) with a bin size of 100 bp; the optimal bin size was
189  chosen to detect GCH1 CNVs in all analyzed samples (Abyzov et al., 2011).

190 Droplet Digital PCR

191  Prior to Droplet Digital (dd) PCR, we digested DNA with restriction enzyme Rsal (Cut Site:
192  GT/AC) following the manufacturer's instructions (New England Biolabs, Ipswich, MA, USA)
193  in 37°C incubation for one hour. We selected the restriction enzyme Rsal to cut outside of the
194  ddPCR amplified regions of desired genes and separate copies of CNVs to be distributed into
195  droplets. We diluted the digested DNA for ddPCR reactions. We performed ddPCR using

196  ddPCR Supermix for Probe (no dUTP, Bio-Rad Laboratories, California, USA) with DNA input
197 0.1 ng (in duplicate per sample), 0.025 ng (in duplicate per sample) as previously described

198  (McDaniels et al., 2021). The primers and probes used in reactions are included in

199  Supplementary Table 3. The PCR protocol for probe-based assay was 95°C for 10 min,

200  followed by 40 rounds of 95°C for 30 sec and 60°C for 1 min. Seryl-tRNA synthetase and

201  calcium-transporting ATPase (ATP6) served as a single copy reference genes on chromosome 7
202  and chromosome 1 respectively; dihydroorotate dehydrogenase (DHODH) and GTP

203  cyclohydrolase 1 (GCH1) are multi-copy genes (Supplementary Table 3). We performed

204 droplet generation and fluorescence readings per the manufacturer's instructions. For each
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205  reaction, we required a minimum number of 10,000 droplets to proceed with analysis. We

206  calculated the ratio of positive droplets containing a single- (ATP6) or multi-copy gene (GCHL1,
207 DHODH) versus a single-copy gene (Seryl-tRNA synthetase) using the Quantasoft analysis
208  software (QuantaSoft Version 1.7, BioRad Laboratories) and averaged between independent
209  replicates.

210 Results

211  Through expanded analysis of short read data from a family of parasites selected with DSM1,
212  originally presented in (Guler et al., 2013) (Figure 1A), we noticed a potential positive

213  association between GCH1 and DHODH copy number (Figure 1B). Using droplet digital PCR
214 on analogous parasite lines that had recently been propagated in our laboratory, we confirmed
215  that GCH1 copy number trended higher as DHODH copy number increased (Table 1). Due to
216  the relationship between these parasite lines (Figure 1A), we were unable to perform statistics
217  on these data.

218  We conducted long read sequencing to more precisely define GCH1 copy number and amplicon
219  structure in the parental line versus one DSM1-selected line (WT1 and H2, Supplementary

220 Table 1). We directly visualized single reads using an app that represents gene segments of

221  individual Nanopore reads (Materials and Methods). Small amplicons, like those including

222  GCHL1, are especially conducive to this approach because long reads span multiple copies of the
223  amplicon as well as both up and downstream regions. Read visualization showed that two 3-gene
224 amplicons, separated by an inversion of the same gene set, were conserved between the parental
225 and H2 line (Figure 2A and B). This amplicon structure was reported previously in the WT1
226  (Dd2) parental line (Figure 2C) (Kidgell et al., 2006).

227  Using read visualization, we also manually recorded the number of GCHZ1 amplicon units

228  (depicted in Figure 2C) from both spanning and non-spanning reads (Figure 3A,

229  Supplementary Table 4). We consistently detected 3 amplicon units per read from the parental
230  line. However, we observed more reads that encompassed a higher number of GCH1 amplicon
231 units in the H2 selected line (up to 7 units). If only considering spanning reads, that is those

232  covering both upstream and downstream of the amplicon, the difference between WT1 and H2
233 mean copy number is significantly different (F(1,10)=[75], p = 5.84E-06). There was not a

234 significant difference in mean read lengths used in the GCH1 analysis (F(1,34)=[1.07], p = 0.31,
235  Figure 3B), indicating that a skewed read distribution was not contributing to this difference. All
236  groups of amplicons from the H2 line began with a set of 3 amplicon units, as observed in the
237  parental line, followed by groups of 2 amplicon units where one was inverted and the other was
238  in normal orientation (Figure 2C).

239  To better understand whether variation in copy number of the GCH1 locus was common in other
240 laboratory-adapted parasite lines, we evaluated several additional long read-based datasets

241  (Supplementary Table 4, Supplementary Methods, Vembar et al., 2016). In general, different
242  parasite lines exhibited different GCH1 amplicon sizes as expected (i.e. Dd2 versus 3D7, as

243  reported previously (Kidgell et al., 2006)) but the amplicon copy number was relatively stable
244 across diverse datasets; we detected ~10-25% of reads above the expected copy number for each
245  respective line. This is in contrast to the H2 line that had >50% of reads that depicted amplicon
246  copy numbers greater than the expected copy number for a Dd2-derived line.
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247  To investigate whether an increase in GCH1 amplicons was contributing to resistance of

248  DHODH inhibitors in general, we evaluated the copy number of GCH1 amplicons from parasites
249  selected with other DSM derivatives (Mandt et al., 2019; Palmer et al., 2021). Contrary to

250 DSM1-selected parasites, we did not detect increases in GCH1 amplicon number in parasites
251  resistant to DSM265, DSM267, or DSM705 (compared to parental Dd2 or 3D7 parasite lines,
252  Figure 4A-4C, Supplementary Table 5). For this analysis, we only included resistant parasite
253  lines that carried DHODH amplicons. When we compiled the data for each parasite line together,
254  those that harbored more DHODH amplicons generally maintained higher numbers of GCH1
255  amplicons and this association was more prominent in Dd2-derived parasite lines then 3D7-

256  derived parasite lines (Figure 4D and 4E).

257  Discussion

258  We found that GCH1 copy number is positively associated with DHODH copy number in

259  parasites resistant to DSM1. This association was initially detected using both short-read

260  sequencing as well as an accurate PCR-based method ddPCR (Figures 1B and 4, Table 1);
261  however, limitations in each of these methods contributes to inaccuracies in these results. For
262  example, because the GCH1 amplicon is small (~5kb), copy number analysis using short reads
263  requires small stretches of the genome to be combined, or binned, together; smaller sized bins in
264  general leads to higher levels of variation in CNV calling and potentially false differences.
265  Furthermore, DNA fragmentation and restriction digestion can alter distribution of DNA

266  fragments into oil droplets during ddPCR, thus limiting copy number quantification.

267  Additionally, both of these methods result in an average value for the entire population of

268  parasites.

269  We therefore utilized long-read sequencing combined with a custom visualization tool (Ebel et
270 al., 2023) to directly quantify the copy number of this locus and assess the structure of the GCH1
271  amplicon (Figures 2 and 3). Each long read represents a DNA strand from a single parasite

272  genome and therefore, this approach is an accurate way to visualize copy number heterogeneity
273  across a population of haploid parasites. We considered whether our detection of more GCH1
274 amplicons on reads from the H2 line (Figure 3A) was related to Nanopore sample preparation or
275  natural variation during in vitro culture. We excluded differences in sample preparation because
276  the parental and H2 long read sequencing runs had similar N50s and read length distributions
277  (Supplementary Table 4, Figure 3B). While we did observe a low level of variation at the

278  GCHL1 locus in different parasite lines that were grown independently (~10-25% of reads), the
279  variation in copy number in the H2 line was well above this level (>50% of reads,

280  Supplementary Table 5). This observation, combined with the visualization of up to 7 tandem
281  amplicons in a single read (Figure 2B), provides direct evidence for GCH1 amplicon expansion
282  in the DSM1 resistance context.

283  GCH1 amplicons have previously only been associated with antifolate resistance (Kidgell et al.,
284  2006; Nair et al., 2008; Heinberg et al., 2013; Kimpornsin et al., 2014; Heinberg and Kirkman,
285  2015; Osei et al., 2018). An increase in flux through the folate biosynthesis pathway alleviates
286  fitness effects of mutations that confer pyrimethamine and sulfadoxine resistance (Kidgell et al.,
287  2006; Nair et al., 2008; Kimpornsin et al., 2014; Heinberg and Kirkman, 2015; Osei et al.,

288  2018). A similar contribution to resistance to DHODH inhibitors would not be surprising, given
289  the close connection of the folate and pyrimidine biosynthesis pathways (Figure 5); they both
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290  contribute to nucleotide biosynthesis and converting dUMP to dTMP requires conversion of N°,
291  N!%-methylene-THF to DHF.

292  Although not required for resistance to all DHODH inhibitors (Figure 4A-C, Supplementary
293  Table 5), we speculate that a change in GCH1 copy number arose serendipitously during DSM1
294  selection and further increases were beneficial for parasite fitness. Increased copies of GCH1
295  may facilitate the acquisition of increased DHODH copy numbers, especially under specific

296  conditions. For example, DSM1 selections were uniquely performed in media supplemented
297  with 20% human serum as opposed to AIbuMAX Il (Supplementary Table 5) (Guler et al.,

298  2013). It is possible that the presence of folate precursors in different media formulations

299  changes the parasite’s dependence on folate biosynthesis and thus, GCH1 flux. Levels of para-
300 amino benzoic acid (pABA) can vary widely in human serum while the common AlbuMAX

301  serum replacement contains no additional pABA (Chulay et al., 1984; Watkins et al., 1985;

302 Wang etal., 1986; Salcedo-Sora et al., 2011; Valenciano et al., 2019). These environments likely
303  exert different selective pressures on parasites during drug selection as reported previously

304  (Kumar et al., 2021); higher pABA levels in human serum may drive positive selection for

305  higher GCH1 copy numbers and hold extra benefits by contributing to both folate and pyrimidine
306  biosynthesis (Figure 5). Of note, our observation of some level of variation in standard parasite
307 lines (Supplementary Table 4) suggests that growth environment could drive changes at this
308 locus.

309  Another factor that could contribute to GCH1 evolution is genetic background. The Dd2 parasite
310 line (and its parent line, W2) were isolated in Southeast Asia (Oduola et al., 1988; Wellems et al.,
311  1990), where antifolates were widely used. Consequently, W2 and Dd2 carry 5 mutations in

312  folate biosynthesis enzymes (DHPS and DHFR). The 3D7 line originated in Africa (Walliker et
313  al., 1987) and is wild type at these loci. In our studies, we observed a positive association of copy
314  numbers between DHODH and GCH1 in Dd2 versus 3D7 parasite lines (Figure 4D and 4E),
315 indicating that mutant backgrounds may rely more heavily on the GCH1 CNV to alleviate fitness
316  effects for resistance to both antifolates and DHODH inhibitors.

317  Importantly, DSM265 has entered clinical trial sfor the treatment of clinical malaria (Mandt et
318 al., 2019). Antifolate resistance and GCH1 CNVs are widespread in clinical isolates (Kidgell et
319 al., 2006; Ribacke et al., 2007; Nair et al., 2008; Osei et al., 2018), thus, necessitating further
320  evaluation of the contribution of GCH1 in parasites that are resistant to DHODH inhibitors.
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Average copy number (SD)* GCH1 CN DHODHCN
Line Sample type relative to relative to
parent parent
GCH1 DHODH ATP6

WTI Parent 25(0.2) 0.8(0.1) 1.1 (0.0) 1.0 1.0
L1 Round 1 selection 3.9 (0.3) 3.2(0.1) 1.0 (0.1) 1.6 4
M1 Round I selection 3.9 (0.1) 5.2(0.3) 1.0 (0.1) 1.6 6.5
H2 Round 2 selection 4.6(0.2) 6.0 (0.3) 1.1(0.1) 1.8 7.5
H5 Round 2 selection 4.3(0.3) 7.0(0.4) 1.0 (0.1) 1.7 8.8

366  *The average copy number is calculated by comparing ddPCR signal to a single copy gene
367  signal (Seryl tRNA synthetase, PF3D7_0717700). N=4. ATP6 copy number is expected to be 1
368 inall parasite lines.

369
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371  Figure 1. GCH1 copy number increase is positively correlated with DHODH copy number
372  in one family of DSM1 resistant parasites. (A) Schematic depicting DSM1 selections, as

373  presented previously (Guler et al. PLoS Pathogens 2013). Green: Illumina short read sequenced
374 lines. Underline: modern lines confirmed by ddPCR analysis. Wild-type (WT1, Dd2) P.

375  falciparum was selected with DSM1 in two steps; the first step selected for low-level (L)

376  resistance and the second step selected for moderate- (M) or high-level (H) resistance. DSM1
377  ECH0 values are as follows: L1 (1 uM), L2 (0.9 uM), M1 (7.2 uM), H2 (85 uM), H5 (56 uM),
378  HG6 (49 uM). All values were previously reported in and clone names adapted from (Guler et al.,
379  2013). (B) Relationship between GCH1 and DHODH copy number in DSM1 selected parasites
380 as quantified using short read data from Guler et al. 2013. A trendline was added to show the
381  relationship between GCH1 and DHODH copy numbers but a correlation coefficient could not
382  be calculated due to the small sample size (n=5) and dependence among the lines.

383
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384  Figure 2. Long-read visualization shows GCH1 amplicon has the same boundaries and

385 structure in a DSML1 resistant parasite line. (A) and (B) Representative images from the Shiny
386  app comparing the GCH1 amplicon in WT1 and H2 reads (alignment to the 3D7 reference

387  genome with no GCH1 amplicon represented). Red dashed square: GCH1 amplicon. Each gene
388  sequence was split into <=500 bp fragments and blasted against individual Nanopore reads

389  (darker: genic regions, lighter: intergenic regions). (C) Diagram of amplicon orientation in

390  GCH1 amplicon for WT1 and H2 parasite lines. The three genes within the GCH1 amplicon unit
391 include PF3D7_1224000 (GTP cyclohydrolase I, GCH1), PF3D7_1223900 (50S ribosomal

392  protein L24, putative, 50S RPL24), and PF3D7_1223800 (citrate/oxoglutarate carrier protein,
393  putative, YHM2).
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395  Figure 3. Quantification of long reads displays greater variability and increase in GCH1
396 amplicon number in DSM1 resistant parasites. Copy number (A) and read length (B)

397  distributions from Nanopore long reads (>=5kb) covering the GCH1 amplicon in WT1 and H2
398 parasite line. A one-way ANOVA revealed that there was not a significant difference in mean
399  read length between WT1 and H2 (F (1,34)=[1.07], p = 0.31).
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401  Figure 4. Parasite lines with more DHODH amplicons generally have more GCH1

402 amplicons. (A) Relationship between GCH1 and DHODH copy number in Dd2 parent line and
403 DSM705 selected lines. (B) Relationship between GCH1 and DHODH copy number in 3D7
404  parent line and DSM705 selected lines. (C) Relationship between GCH1 and DHODH copy
405  number in 3D7 parent line and DSM265 selected lines. (D) Relationship between GCH1 and
406 DHODH copy number in Dd2 parent line and DSM1, DSM705, DSM265-selected lines. Data
407  from DSM1 selected lines are represented in Figure 1B as well. (E) Relationship between GCH1
408 and DHODH copy number in 3D7 parent line and DSM1, DSM705, DSM265-selected lines.
409  Correlation coefficients are not calculated due to small sample sizes and dependence among
410 DSML1 selected lines. Trendlines show the relationship between GCH1 and DHODH copy

411  numbers in available lines.
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412  Figure 5. The connection between pyrimidine and folate biosynthesis pathways. Enzymes
413  with gene copy number variations are indicated in blue. GIn: Glutamine; DHO: Dihydroorotate;
414  UMP: Uridine monophosphate; dUMP: Deoxyuridine monophosphate; dTMP: deoxythymidine
415  monophosphate; GTP: Guanosine-5'-triphosphate; DHPS: Dihydropteroate synthase; DHFR:
416  Dihydrofolate reductase; DHF: Dihydrofolate; THF: Tetrahydrofolate; HMDP-P2: 6-

417  hydroxymethyl-7, 8-dihydropterin diphosphate; pABA: para-amino-benzoic acid; 5, 10-CH2-
418  THF: 5,10-Methylenetetrahydrofolate.
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