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Abstract 

Background:  Malaria transmission from humans to Anopheles mosquitoes requires the presence of gametocytes in 
human peripheral circulation, and the dynamics of transmission are determined largely by the density and sex ratio 
of the gametocytes. Molecular methods are thus employed to measure gametocyte densities, particularly when 
assessing transmission epidemiology and the efficacy of transmission-blocking interventions. However, accurate 
quantification of male and female gametocytes with molecular methods requires pure male and female gametocytes 
as reference standards, which are not widely available.

Methods:  qRT-PCR assays were used to quantify levels of sex-specific mRNA transcripts in Plasmodium falciparum 
female and male gametocytes (pfs25 and pfMGET, respectively) using synthetic complimentary RNA standards and 
in vitro cultured gametocytes. Assays were validated and assay performance was investigated in blood samples 
of clinical trial participants using these standards and compared to absolute quantification by droplet digital PCR 
(ddPCR).

Results:  The number of transcript copies per gametocyte were determined to be 279.3 (95% CI 253.5–307.6) for the 
female-specific transcript pfs25, and 12.5 (95% CI 10.6–14.9) for the male-specific transcript pfMGET. These num-
bers can be used to convert from transcript copies/mL to gametocyte/mL. The reportable range was determined 
to be 5.71 × 106 to 5.71 female gametocytes/mL for pfs25, and 1.73 × 107 to 1.73 × 101 male gametocytes/mL for 
pfMGET. The limit of detection was 3.9 (95% CI 2.5–8.2) female gametocytes/mL for pfs25, and 26.9 (95% CI 19.3–51.7) 
male gametocytes/mL for PfMGET. Both assays showed minimal intra-assay and inter-assay variability with coefficient 
of variation < 3%. No cross-reactivity was observed in both assays in uninfected human blood samples. Comparison 
of results from ddPCR to qRT-PCR assays on clinical blood samples indicated a high-level agreement (ICC = 0.998 for 
pfs25 and 0.995 for pfMGET).

Conclusions:  This study reports the validation of qRT-PCR assays that are able to accurately quantify female and male 
P. falciparum gametocytes at sub-microscopic densities. The assays showed excellent reproducibility, sensitivity, preci-
sion, specificity, and accuracy. The methodology will enable the estimation of gametocyte density in the absence of 
pure female and male gametocyte standards, and will facilitate clinical trials and epidemiological studies.
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Background
Successful transmission of Plasmodium infection from 
humans to mosquitoes requires that a female Anoph-
eles mosquito imbibes at least one mature male and one 
mature female gametocyte in a blood meal. The density 
and the ratio of female to male gametocytes in periph-
eral blood are therefore key determinants of infectious-
ness to mosquitoes, the dynamics of transmission, 
transmission epidemiology in endemic settings, and 
for evaluating the efficacy of transmission blocking 
interventions such as drugs and vaccines [1–6]. Thus, 
techniques to accurately detect and quantify male and 
female gametocyte densities are required [7].

Successful transmission has been reported to occur 
at sub-microscopic gametocyte levels both in endemic 
areas during asymptomatic infections, and in volunteer 
infection studies (VIS), also referred to as controlled 
human malaria infection (CHMI)-transmission studies 
[6, 8, 9]. Understanding the contribution of sub-micro-
scopic infections to the human infectious reservoir 
would greatly assist elimination efforts. Gametocyte 
densities have traditionally been measured by thick or 
thin film microscopy; however, both methods have lim-
ited sensitivity and cannot accurately measure gameto-
cyte densities below 10,000 gametocytes per mL [10]. 
To overcome the limited sensitivity of microscopy, 
quantitative reverse transcription PCR (qRT-PCR) 
and quantitative nucleic acid sequence based amplifi-
cation (NASBA) assays targeting gametocyte specific 
mRNA transcripts have been developed [6, 11–15]. 
The highly conserved pfs25 gene transcript is present 
in abundance in female gametocytes and is, therefore, 
commonly targeted for quantification by qRT-PCR [7, 
14]. More recently, male-specific gametocyte mRNA 
transcripts have been described [5, 16, 17], and among 
them pfMGET (Pf3D7_1469900) shows an abundant 
transcription profile [5] making it an appropriate can-
didate for quantitation of male gametocytes. The use 
of both female- and male-specific assays allows evalu-
ation of the gametocyte sex ratio, a parameter of inter-
est in quantifying infectivity to mosquitoes, particularly 
at lower gametocyte densities [5, 18–21]. The Pfs25-
PfMGET combination for sex ratio determination was 
recently validated by immunofluorescence assays on 
field samples from  gametocyte  donors [22]. This ratio 
may be particularly important for assessment of game-
tocytocidal drug activity, as the less abundant male 
gametocytes may be more readily sterilized or killed by 
some anti-malarial drugs [14, 23, 24].

qRT-PCR methods have superior sensitivity over 
microscopy allowing the quantification of gametocyte 
densities across the epidemiologically relevant range 
[1]. These assays require the use of reference standards 
to generate standard curves for quantification. These 
ideally consist of biological reference standards, namely 
pure populations of female and male gametocytes. 
However, preparation of such material requires labori-
ous approaches to culture and FACS-sort gametocyte 
reporter lines that are not readily available to all labo-
ratories [25]. An alternative method for generation of 
standard curve material is the use of synthetic stand-
ards such as cRNA, which can be prepared by any labo-
ratory. Although this approach permits quantification 
of the absolute number of mRNA transcripts, the assay 
does not allow the quantification of gametocyte num-
bers unless the number of copies of the target mRNA 
transcript expressed per gametocyte are known. As the 
number of mRNA transcripts expressed per gameto-
cyte differs for each target [5, 25], the expression level 
of each must be known in order to convert transcripts 
per mL to gametocytes per mL. By determining these 
conversion factors it would significantly improve the 
assessment of gametocyte density and sex ratios by 
qRT-PCR using synthetic cRNA standards.

This study describes the validation of two qRT-PCR 
assays that enable the accurate and sensitive detec-
tion and quantification of female (pfs25) [11] and male 
(pfMGET) [5, 6] gametocytes in whole blood samples 
without the need for purified female and male gameto-
cytes reference standards.

Methods
RNA extraction
250  µL of packed red blood cells (pRBCs) from each 
clinical trial participant (see below) were stored (1:5) 
in 1250  µL RNA Protect Cell Reagent (Qiagen, Aus-
tralia) at − 80  °C until RNA extraction. Prior to RNA 
extraction, 5 µL of equine arteritis virus (EAV) culture 
(which gives a Cq of ~ 30) was spiked into each sample 
as an internal control to monitor extraction efficiency 
and qRT-PCR inhibition as detailed below [26]. RNA 
extraction was performed on the whole sample using 
RNeasy Plus Mini Kit (Qiagen, Australia) following 
manufacturer’s instructions with treatment of DNase 
on-column digestion using RNase-Free DNase set (Qia-
gen, Australia) to eliminate genomic DNA. 100  µL of 
RNA extract was eluted.

Keywords:  Malaria, Gametocytes, VIS, CHMI, QRT-PCR, Droplet digital PCR, Transmission blocking, Pfs25, PfMGET
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Female and male gametocyte qRT‑PCR assays
Sex-specific qRT-PCR assays were used to measure 
RNA transcripts specific to female and male gameto-
cytes (Table 1). The previously described female marker 
assay was designed to target the Plasmodium falciparum 
gametocyte surface protein (pfs25) mRNA (Genbank 
accession number AF154117) [11]. The male marker 
assay targeted the exon–exon junction of the P. falcipa-
rum PF3D7_1469900 mRNA transcript (Genbank acces-
sion number XM_001348805) recently characterized as 
male gametocyte-enriched transcript (pfMGET) [5, 6].

All qRT-PCR assays were conducted with One-Step 
RT-PCR mix (Qiagen, Australia) using methods previ-
ously described [6, 11] with 0.45 µM of each primer and 
0.18 µM of Taqman probe in each PCR reaction. Ampli-
fication was performed in a Rotorgene 6000 or Q instru-
ment (Qiagen, Australia) under the following cycling 
conditions: 50 °C reverse transcription for 30 min, 95 °C 
incubation for 15 min, followed by 45 cycles of 95 °C for 
15  s and 60  °C for 60  s. Additional PCR reactions with 
heat inactivated reverse transcriptase were included 
to ensure genomic DNA was undetected in each qRT-
PCR reaction. RNA extraction efficiency was monitored 
through the use of EAV RT-PCR assay (Table 1) [6, 26]. 
From each batch of extractions the mean Cq ± 2 standard 
deviations (SD) of EAV samples were calculated and used 
as the acceptable range for extraction quality. If EAV 
Cq values fell outside this range, extraction was consid-
ered inhibited and a repeat extraction and PCR was per-
formed. For each batch, mean Cq values typically range 
from 28 to 30 with an SD of ~ 0.5 (SD values exceeding 
1 suggest highly variable extraction efficiency in that 
batch).

Synthetic complementary RNA (cRNA) standard 
preparation and standard curve construction
Standard curves were generated from serial-diluted syn-
thetic cRNA controls. Synthetic linear double stranded 
DNA fragment containing qRT-PCR target sequences 
with T7 promoter (Thermo Fisher Scientific, Australia) 
(Table  1) was in  vitro transcribed to cRNA using HiS-
cribe™ T7 High Yield RNA Synthesis Kit (New England 
BioLabs) following the manufacturer’s instructions, and 
then subjected to two cycles of DNase digestion (RNase-
free DNase set, Qiagen, Australia) to eliminate synthetic 
DNA contamination. cRNA was then purified using the 
Qiagen RNeasy mini kit (Qiagen, Australia). Quantity 
(copy numbers) of neat cRNA control was calculated 
based on molecular weight measured by the High Sen-
sitivity RNA Qubit assay (Thermo Fisher Scientific) [6]. 
Seven concentrations of the cRNA standards were pre-
pared by making tenfold serial dilutions (pfs25: 1.59 × 106 
to 1.59 copies/µL; pfMGET: 2.16 × 105 to 2.16 × 10−1 
copies/µL) in uninfected human whole blood extracts to 
reflect similar matrix specimen type to clinical trial sam-
ples. These seven concentrations constitute the cRNA 
standard curves for each assay and were run in repli-
cates (n = 6) to generate an ‘external standard curve’ for 
each assay. Aliquots of the seven concentrations for each 
standard curve were also run with every qRT-PCR assay 
in singlet during clinical trials. The highest concentra-
tion standard in each assay run was used as a calibrator 
for quantification using the external standard curves. 
This was done by importing the linear regression model 
from the external standard curve (pfs25 slope: − 3.395, 
pfMGET slope: − 3.236) into all qRT-PCR runs within 
Rotorgene software with fixing the intercept to the Cq 

Table 1  List of oligonucleotides and synthetic cRNA used in this study

Oligo/synthetic cRNA name Sequences Target References

pfs25 (female gametocytes) Forward: 5′-AAA​TCC​CGT​TTC​ATA​CGC​TTG​TAA​-3′
Reverse: 5′-CAG​TTT​TAA​CAG​GAT​TGC​TTG​TAT​CTA​ATA​TAC-3′
Probe: 5′-FAM-ACC​AAA​TGA​ATG​TAA​GAA​TGT​AAC​TTG​TGG​TAA​CGG​T-BHQ1-3′

P. falciparum pfs25 mRNA [11]

pfMGET (male gametocytes) Forward: 5′-AAA​ATT​CGG​TCC​AAA​TAT​AAA​ATC​CTG-3′
Reverse: 5′-CTT​CAT​CAA​TTA​AAA​ATC​CCT​TTT​TTGT-3′
Probe: 5′-FAM-CCT​GGT​AAA​AAA​CAG​CTC​CAGCA-BHQ1-3′

P. falciparum PF14_0063 
(PF3D7_1469900) 
mRNA

[5, 6]

EAV (extraction control) Forward: 5′-GGC​GAC​AGC​CTA​CAA​GCT​ACA-3′
Reverse: 5′-CGG​CAT​CTG​CAG​TGA​GTG​A-3′
Probe: 5′-FAM-TTG​CGG​ACC​CGC​ATC​TGA​CCAA-BHQ1-3′

EAV ORF7 [26]

pfs25 cDNA with T7 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGA​ACA​AAT​CCC​GTT​TCA​TAC​GCT​TGT​AAA​TGT​AAT​
CTT​GGA​TAT​GAT​ATG​GTA​AAT​AAT​GTT​TGT​ATA​CCA​AAT​GAA​TGT​AAG​AAT​GTA​
ACT​TGT​GGT​AAC​GGT​AAA​TGT​ATA​TTA​GAT​ACA​AGC​AAT​CCT​GTT​AAA​ACT​GTT​
T-3′

This study

pfMGET cDNA with T7 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGA​ACA​AAA​TTC​GGT​CCA​AAT​ATA​AAA​TCC​TGT​TCA​
GAA​GAA​AAA​AAA​AGT​ATC​CTG​GTA​AAA​AAC​AGC​TCC​AGC​ATT​AAA​AAC​ACA​
AAA​AAG​GGA​TTT​TTA​ATT​GAT​GAA​GTT​T-3′

This study
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value of the highest concentration standard to calculate 
RNA copies in test samples. The remaining six standards 
acted as positive controls, and were used for confirming 
adequate PCR efficiency (> 90%). Long-term monitoring 
of drift and stability of cRNA standards was conducted 
using Levey-Jennings plots (acceptable range set to mean 
Cq ± 2SD).

Assay sensitivity
To determine limit of detection (LOD) and intra-assay 
variability neat cRNA was serial-diluted in uninfected 
human blood extracts to produce 14 concentrations of 
pfs25 cRNA (1.59 × 106 to 0.05 copies/µL) and 11 concen-
trations of pfMGET cRNA (2.16 × 105 to 0.07 copies/µL), 
with emphasis on closer dilutions in the lower range to 
ensure enough data points for accurate estimation. Rep-
licates (n = 5–8) of each dilution and a negative control 
(uninfected human blood extracts) were analysed on sep-
arate qRT-PCR runs on separate days (6 for pfs25 and 3 
for pfMGET) on a Rotorgene Q instrument (Qiagen, Aus-
tralia) with the same batch of mastermix used for each 
assay. The experiments and validation of the pfs25 assay 
occurred before repeating the process with the pfMGET 
assay. These data sets are hereafter referred to as data set 
A (pfs25) and data set B (pfMGET).

Assay specificity
Analytical specificity was determined by comparing the 
sequence of the nucleic acid target (primer and probe 
sequences) to sequences available on publicly accessible 
databases using BLAST search tool (NCBI) to check its 
specificity to P. falciparum pfs25 and PF3D7_1469900 
(pfMGET) transcripts. No cross reactions were observed 
for other malarial mRNA transcripts and human genomic 
DNA or mRNA transcripts. Blood from malaria-naïve 
volunteers enrolled in clinical trials (pfs25 n = 66, 
pfMGET n = 11) was assessed for assay specificity.

Female and male gametocyte ddPCR
Since no “gold standards” were available for RNA quan-
tification, ddPCR was utilized to generate absolute quan-
tification of RNA copy numbers to confirm the accuracy 
of RNA estimates in both cRNA standards and infected 
blood. The female and male gametocyte qRT-PCR assays 
were adapted to the droplet digital PCR (RT-ddPCR) for-
mat. cRNA controls and RNA extracts from participants 
(see below) were analysed on QX200 ddPCR system (Bio-
Rad, Australia). The RT-ddPCR reactions were prepared 
using One-Step RT-ddPCR Advanced Kit for Probes 
(BioRad, Australia). Each 20  µL of ddPCR reaction 
contained 5  µL of 1× One-Step RT-ddPCR Supermix, 
0.45 µM of each primer, 0.18 µM of Taqman probe, and 
5  µL of RNA template. The RT-ddPCR mix was loaded 

onto the QX-200 AutoDG automated droplet generator 
(BioRad, Australia) to partition the reaction into nano-
litre-sized droplets before being transferred to a 96 well 
plate for thermal cycling. Amplification was performed 
on a C1000 Touch thermal cycler (BioRad, Australia) 
with the following conditions: reverse transcription at 
50 °C for 1 h, enzyme activation at 95 °C for 10 min, 40 
cycles of 95  °C for 30  s and 60  °C for 1  min with ramp 
rate settings to 2 °C/s, with final step of enzyme deactiva-
tion at 98 °C for 10 min and 12 °C forever. Amplification 
products were read on the QX-200 Droplet Reader (Bio-
Rad, Australia) and quantification was determined using 
the associated QuantaSoft analysis software (BioRad, 
Australia). Reactions containing uninfected human blood 
extracts were used to determine the negative amplitude 
threshold for quantification analysis of samples. Quanti-
fication results by ddPCR were compared to the results 
by qRT-PCR.

Female and male gametocyte reporter lines
Gametocytes were cultured and maintained using the 
PfDynGFP/PfP47mCherry reporter line as previously 
described [5, 25], and were sorted using the Coulter Epics 
Elite flow cytometer (Beckman Coulter) or the BD FACS 
Aria SORP flow cytometer keeping cells at 4  °C in SA 
buffer at Radboud University (Nijmegen, Netherlands) 
[25]. The sorted female and male gametocytes (106 game-
tocytes/mL) were stored in RNA Protect Cell Reagent 
and then frozen (Qiagen). Gametocytes were thawed and 
RNA extracted using methods described above. A tenfold 
dilution series of the extracted RNA was made ranging 
from 106 to 10 female gametocytes/mL and 105 to 1 male 
gametocytes/mL for calculation of the conversion factor 
for each assay. The male and female dilution series were 
run in duplicate on 3 separate occasions (a total of 36 
PCR reactions per assay using aliquots of the same dilu-
tion series). The pfs25 and pfMGET mRNA transcript 
numbers were determined in these samples using the 
qRT-PCR assays with cRNA standards. These data sets 
are hereafter referred to as data set C (pfs25) and data set 
D (pfMGET). The study design was a randomized block 
design with the dilution series as treatments, daily runs 
as blocks and technical replicates used to estimate intra-
assay variability.

Gametocyte positive human blood samples
Gametocyte positive human blood samples (pfs25 n = 33, 
pfMGET n = 36) were obtained from previously reported 
CHMI-transmission studies. These studies were sin-
gle-centre, open-label clinical trials run concurrently 
between 2015 and 2016 at Q-Pharm Pty Ltd (Brisbane, 
Australia) [6]. Participants were healthy, malaria-naïve 
adults aged between 18 and 55  years. Participants were 
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inoculated with ~ 2800 parasite infected RBCs on day 
0 and were treated with 480 mg piperaquine 7 or 8 days 
after inoculation to clear asexual parasitaemia. Whole 
blood samples were collected before and after pipe-
raquine treatment and were analysed by female- and 
male- specific qRT-PCR and subsequently ddPCR for 
verification of quantification as described above. These 
clinical trials were approved by the QIMR Berghofer 
Medical Research Institute Human Research Ethics 
Committee, and all participants gave written informed 
consent before inclusion in the study. The clinical trials 
are registered with ClinicalTrials.gov (NCT02431637 and 
NCT02431650). This data set is hereafter referred to as 
data set E.

Statistical analysis
Statistical analysis of the conversion factors for both 
assays, reportable range, precision and sensitivity was 
conducted in SPSS version 22 (IBM Corp, Armonk, NY). 
Data sets A and B (described above) were used to assess 
linearity, calculate the LOD95% and intra-assay variability, 
and validate the reportable range. The LOD95% is defined 
as the concentration at which cRNA template can be con-
sistently detected in 95% or more of samples with accept-
able precision as indicated by the 95% confidence interval 
and was calculated using Probit regression. The intra-
assay SD for each concentration was calculated using 
analysis of variance accounting for day using all technical 
replicate data. The overall SD is the pooled SD estimates 
across all concentrations. The reportable range is the 
set of standards used for the final qRT-PCR assays dur-
ing clinical trials and the limits at which the calibration 
curve can be used to accurately and precisely estimate 
copy numbers while preserving the linearity of estima-
tion from the regression equation used for statistical 
calibration was validated here. A linear regression model 
was used to estimate the relationship between log10 
concentration of standard and Cq value. For this model 
technical replicates were averaged within days. Only the 
data for concentrations within the range of 5.71 × 106 
to 5.71 female gametocytes/mL for the pfs25 assay and 
1.73 ×  × 107 to 1.73 × 101 male gametocytes/mL for the 
pfMGET assay were used in the linear regression analysis. 
The slope estimate was used to calculate qPCR efficiency 
for the reportable range of gametocyte densities.

The inter-assay variability was determined using stand-
ard curve data from historical records of 17 runs of 7 
study cohorts for pfs25 and 29 runs from 15 study 
cohorts for pfMGET. These data sets are hereafter 
referred to as data set F (pfs25) and data set G (pfMGET). 
The inter-assay SD for each concentration was calculated 
using analysis of variance accounting for study cohort. 
The overall SD is the pooled SD estimates across 

concentrations, spooled =

√

(n1−1)s2
1
+(n2−1)s2

2
···+(nk−1)s2k

n1+n2+···nk−k
 . 

Relative variability was measured as the percent coeffi-
cient of variation (%CV) of Cq for each standard concen-
tration. A linear regression model was used to estimate 
the relationship between log10 concentration of standard 
and Cq value separately for each standard curve. The 
slope estimate was used to calculate qPCR efficiency with 
the range of qPCR efficiencies over clinical trials and 
mean value given for each assay.

The conversion factors for each assay to convert from 
copies/mL to gametocytes/mL were calculated using 
data sets C and D (detailed above). An analysis of vari-
ance on the residual difference in log10 copies per game-
tocyte between log10 copies/mL and log10 gametocytes/
mL accounting for day, sample (concentration) and their 
interaction was used to obtain the mean for each assay 
conversion factor. The 95% confidence intervals (CI) were 
calculated using the t distribution and relevant degrees 
of freedom. The inter-assay SD is the square root of the 
mean squares value for the interaction term. The intra-
assay SD is the square root of the mean squared error.

Accuracy was assessed using intraclass correlation 
coefficient (ICC), paired t test and Passing-Bablok regres-
sion to examine differences in log10 gametocytes/mL of 
whole blood between qRT-PCR and ddPCR (data set E) 
using R Studio (ver. 1.1.442, R version 3.4.4). The refer-
ence standard was ddPCR in these analyses.

Results
Estimating transcript numbers per gametocyte using 
purified in vitro cultured female and male gametocytes
Two dilution series of purified female and male game-
tocytes of known concentration obtained from the 
PfDynGFP/PfP47mCherry reporter line were analysed 
by qRT-PCR (data sets C and D), and used to calculate 
the number of copies of each mRNA target expressed per 
gametocyte for converting copies/mL to gametocytes/
mL. The conversion factors were determined to be 279.3 
copies/female gametocyte (95% CI 253.5–307.6) for the 
female-specific marker pfs25 and 12.5 copies/male game-
tocyte (95% CI 10.6–14.9) for the male-specific marker 
pfMGET. The pooled inter-assay SD of the log10 copies/
gametocyte was calculated to be 0.105 (pfs25) and 0.180 
(pfMGET). The pooled intra-assay SD of the log10 copies/
gametocyte was calculated to be 0.044 (pfs25) and 0.080 
(pfMGET).

Female and male gametocyte qRT‑PCR assay performance
Sex-specific qRT-PCR assays were validated to quantify 
mRNA transcript levels specific to female (pfs25) and 
male (pfMGET) gametocytes. Both assays showed reli-
able amplification across a large linear range with good 
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precision, sensitivity and specificity. The linearity, accu-
racy and precision of the reportable range, (5.71 × 106 to 
5.71 female gametocytes/mL for pfs25, and 1.73 × 107 to 
1.73 × 101 male gametocytes/mL for pfMGET) was vali-
dated. Template was also  detected at 0.18 gametocytes/
mL for pfs25 and to 5.59 gametocytes/mL for pfMGET, 
however  standards below the reportable range showed 
increasing variability amongst the samples detected and 
some loss of linearity which  would result in inaccurate 
quantification below the reportable range. The ampli-
fication efficiency over the reportable range was 96.8% 
for pfs25 and 98.1% for pfMGET. No amplification was 
observed in the negative control extracts (pfs25 n = 33, 
pfMGET n = 6) from uninfected human blood extracts.

The LOD95% for these assays was determined to be 3.9 
female gametocytes/mL of whole blood (95% CI 2.5–8.2) 
for pfs25, and 26.9 male gametocytes/mL of whole blood 
(95% CI 19.3–51.7) for pfMGET when a starting volume 
of 250  µL of packed RBCs (equivalent to 500  µL whole 
blood) was analysed.

There was a tendency for both intra- and inter-assay 
variability to increase at lower dilutions but the %CV of 
the Cq was less than 3% for each standard in both assays 
(for both inter- and intra-assay variation). The overall 
intra-assay SD was 0.52 Cq units for pfs25 and 0.51 Cq 
units for pfMGET, indicating minimal variability between 
replicates (Tables  2 and 3; data sets A + B). The overall 
inter-assay SD was 0.50 Cq units for pfs25 and 0.46 Cq 

units for pfMGET (Tables 4 and 5; data sets F + G), which 
indicates minimal variability between qRT-PCR runs.

The range of PCR efficiency values calculated for all 
of the pfs25 assay standard curves (data set F) run dur-
ing clinical trials was 91 to 105% with a mean of 97%. The 
range of PCR efficiency values calculated for all of the 
pfMGET assay standard curves (data set G) was 93% to 
107% with a mean of 100%.

No off target primer or probe interactions were iden-
tified by search of GenBank (BLAST, NCBI) indicating 
good analytical specificity of the two assays. Diagnostic 
specificity for both pfs25 and pfMGET was demonstrated 
using blood samples from malaria-naïve individuals 
(pfs25 n = 66, pfMGET n = 11), all being negative, to give 
a specificity of 100% with lower bounds of 95% confi-
dence of 95.6% and 76.2%, respectively.

Absolute quantification by ddPCR verifies qRT‑PCR 
quantification
To confirm the accuracy of the gametocyte-specific qRT-
PCR assays, gametocyte-positive blood samples from 
two clinical trials were used to compare the quantita-
tive results of the qRT-PCR assays to those from droplet 
digital PCR technology. Only samples with gametocyte 
densities greater than 1 gametocyte/mL as measured 
by qRT-PCR were included in the analysis for pfs25 
(n = 21) and pfMGET (n = 36). ICC values were very high, 
0.998 (95% CI 0.996–0.999) for pfs25 and 0.995 (95% CI 

Table 2  pfs25 (female gametocyte) qRT-PCR assay for assessing intra-assay variability between technical replicates

Cq: quantification cycle, SD: standard deviation, %CV: percent coefficient of variation for detected samples, n/a: not applicable, Negative control: uninfected human 
blood control
a  Could not be calculated due to one positive sample per day
b  Overall SD

Standard (gametocytes/mL) Detected (% positive) Mean Cq (SD) Range Cq %CV Cq

5.71 × 106 36/36 (100.0%) 17.14 (0.19) 16.67–17.62 1.1

5.71 × 105 34/34 (100.0%) 20.53 (0.23) 19.87–20.96 1.1

5.71 × 104 35/35 (100.0%) 23.94 (0.18) 23.60–24.33 0.7

5.71 × 103 36/36 (100.0%) 27.13 (0.19) 26.57–27.49 0.7

5.71 × 102 36/36 (100.0%) 30.57 (0.22) 30.09–31.29 0.7

5.71 × 101 36/36 (100.0%) 33.87 (0.25) 33.10–34.50 0.8

1.15 × 101 21/21 (100.0%) 36.15 (0.45) 35.36–36.94 1.2

7.16 21/21 (100.0%) 37.26 (0.55) 36.40–38.87 1.5

5.71 14/15 (93.3%) 38.09 (0.92) 36.81–39.65 2.4

2.86 18/21 (85.7%) 38.58 (1.09) 37.23–40.96 2.8

1.43 16/21 (76.2%) 39.77 (1.01) 38.43–42.32 2.5

0.72 32/42 (76.2%) 40.07 (0.80) 38.92–41.8 2.0

0.36 8/21 (38.1%) 40.42 (0.80) 38.99–42.17 2.0

0.18 3/20 (15.0%) 40.51 (n/aa) 40.43–40.56 n/a

Negative control 0/33 Not detected

Total 346/395 (87.6%) 33.14 (0.52b) 16.67–42.32
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0.990–0.998) for pfMGET, indicating excellent consist-
ency between methods. Overall qRT-PCR had higher 
mean log10 female gametocytes/mL values than droplet 
digital PCR (mean difference 0.21, 95% CI 0.17–0.26) but 
values for pfMGET were similar (mean difference 0.01 
log10 male gametocytes/mL, 95% CI − 0.04–0.05). There 
was no evidence of non-linearity by Passing-Bablok 
regression nor of a systematic difference for each qRT-
PCR assay (pfs25 intercept 0.15 [95% CI − 0.08–0.26], 
pfMGET intercept 0.12 [95% CI 0.00–0.30]) (Fig.  1). 
There was no evidence of a proportional difference for 
pfs25 (slope 1.03 [95% CI 0.99–1.09]); however, there was 
evidence of a slight proportional difference for pfMGET 

between methods at lower concentrations (below 2 log10 
gametocytes/mL) (slope 0.95 [95% CI 0.89–0.98]).

Discussion
A good understanding of the infectious reservoir of 
malaria and malaria transmission dynamics is required 
to inform the development and implementation of 
transmission-blocking interventions. To determine the 
relative contribution of sub-microscopic gametocyte 
densities to transmission [8, 9], molecular assays able 
to accurately detect very low gametocyte densities have 
been developed [5, 6, 15]. This study reports the valida-
tion of qRT-PCR assays for female and male gametocytes 

Table 3  pfMGET (male gametocyte) qRT-PCR assay for assessing intra-assay variability between technical replicates

Cq: quantification cycle, SD: standard deviation, %CV: percent coefficient of variation, Negative control: uninfected human blood control
b  Overall SD

Standard (gametocytes/mL) Detected (% positive) Mean Cq (SD) Range Cq %CV Cq

1.73 × 107 15/15 (100.0%) 16.56 (0.06) 16.44–16.70 0.4

1.73 × 106 15/15 (100.0%) 19.86 (0.06) 19.70–20.08 0.3

1.73 × 105 15/15 (100.0%) 23.19 (0.06) 23.03–23.32 0.3

1.73 × 104 15/15 (100.0%) 26.57 (0.10) 26.41–26.76 0.4

1.73 × 103 15/15 (100.0%) 29.94 (0.20) 29.68–30.52 0.7

1.73 × 102 14/14 (100.0%) 33.28 (0.39) 32.63–33.93 1.2

86.19 24/24 (100.0%) 34.35 (0.40) 33.32–35.08 1.2

43.10 24/24 (100.0%) 35.47 (0.92) 34.09–37.13 2.6

21.55 22/24 (91.7%) 36.47 (0.75) 34.94–37.25 2.1

11.17 14/24 (58.3%) 36.59 (0.49) 35.47–37.21 1.3

5.59 8/24 (33.3%) 36.73 (0.64) 35.89–37.47 1.7

Negative control 0/6 Not detected

Total 181/209 (86.6%) 30.34 (0.51b) 16.44–37.47

Table 4  Pfs25 (female gametocyte) qRT-PCR assay 
for  assessing inter-assay variability between  runs for  7 
clinical study cohorts

Cq: quantification cycle, SD: standard deviation, %CV: percent coefficient of 
variation
a  Overall SD
b  Out of 16 runs

Standard 
(gametocytes/
mL)

n Mean Cq (SD) Range Cq %CV Cq

5.71 × 106 17 16.73 (0.27) 15.66–17.43 1.6

5.71 × 105 17 19.93 (0.36) 18.71–20.82 1.8

5.71 × 104 17 23.32 (0.31) 22.47–24.63 1.3

5.71 × 103 17 26.60 (0.45) 25.12–27.87 1.7

5.71 × 102 24 30.04 (0.45) 29.07–31.21 1.5

5.71 × 101 11 34.02 (0.38) 32.94–34.97 1.1

5.71 × 100 13a 37.14 (0.87) 35.79–38.42 2.3

Total 116 26.29 (0.50b) 15.66–38.42

Table 5  pfMGET (male gametocyte) qRT-PCR assay 
for  assessing inter-assay variability between  runs for  15 
clinical study cohorts

Cq: quantification cycle, SD: standard deviation, %CV: percent coefficient of 
variation
a  Out of 29 runs
b  Overall SD

Standard 
(gametocytes/
mL)

n Mean Cq (SD) Range Cq %CV Cq

1.73 × 107 28 16.42 (0.26) 15.76–17.57 1.6

1.73 × 106 29 19.68 (0.28) 19.11–20.90 1.4

1.73 × 105 29 22.97 (0.28) 22.32–24.13 1.2

1.73 × 104 29 26.32 (0.33) 25.65–28.07 1.3

1.73 × 103 29 29.71 (0.34) 28.85–31.30 1.2

1.73 × 102 29 33.08 (0.64) 32.11–35.42 1.9

1.73 × 101 21a 36.30 (0.90) 34.57–37.67 2.5

Total 194 26.00 (0.46b) 15.76–37.67
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using cRNA standards. Use of these standards overcomes 
previous limitations of qRT-PCR assays that required 
purified and well-characterized female and male gameto-
cyte reference materials to generate standard curves. To 
enable interpretation of such qRT-PCR data, the mean 
copy number of each transcript per gametocyte has been 
determined (279.3 for pfs25 and 12.5 for pfMGET). These 
figures are very similar to the copy numbers per game-
tocyte described by Meerstein-Kessel et  al. who used 
a different batch of the same transgenic NF54 parasite 
line, (pfs25 231.7 (95% CI 199.1–269.8) and pfMGET 
9.8 [95% CI 8.9–10.2)] [20] and to those estimated from 
in  vivo samples (589 pfs25 and 9.8 pfMGET) [6]. These 
estimates vary slightly between studies, likely due to dif-
ferent assay methodologies and statistical methods used 
to determine the conversion factors. However, reassur-
ingly, despite these differences the estimates determined 
here are within the same range and remarkably similar 
considering the resolution that can be obtained with 
PCR. For example, the twofold difference in copy num-
bers between in vivo and in vitro estimates (588 to 279.3) 
correlates to less than a 1 Cq difference, which can com-
monly be observed in PCR in technical replicates of the 
same sample.

The two assays were validated and shown to be highly 
sensitive with their LOD95% for female gametocytes 
determined to be 3.9 gametocytes/mL, and 26.9 gameto-
cytes/mL for male gametocytes. In addition, the specific-
ity and reproducibility of these two assays was confirmed. 
A significant advantage of these assays is that they are 

sufficiently sensitive to quantify sub-microscopic female 
and male gametocyte levels and determine gametocyte 
sex ratios in natural infections or during CHMI-trans-
mission studies. The accuracy of these calculations is 
supported by the fact that absolute quantification of male 
and female gametocytes in clinical samples using ddPCR 
were very close to those derived from qRT-PCR assays. 
Quantification of log10 gametocytes/mL by qRT-PCR and 
ddPCR showed good agreement with little to no evidence 
of systematic or proportional bias by Passing Bablok 
regression. The paired t-test indicated that on average the 
log10 gametocytes/mL for ddPCR was 0.21 log10 gameto-
cytes/mL lower than qRT-PCR for the female assay how-
ever the systematic difference by Passing Bablok, which 
is the median of Yi − 1i, was 0.15 with a confidence inter-
val including 0, indicating that there is a small but non-
significant difference between the methods across the 
range of values. This supports the estimates of transcript 
abundance determined here, as well as demonstrating 
that qRT-PCR is sufficiently accurate where ddPCR is not 
available.

Determining the numbers of transcripts per gameto-
cyte is challenging due to the need for pure populations 
of both female and male gametocytes. These samples 
are difficult to obtain from natural infections due to the 
presence of both gametocyte sexes and ring-stage para-
sites in peripheral circulation during most infections. 
Pure gametocyte samples can be obtained from in vitro 
cultured transgenic parasites; however, it is not cur-
rently possible to efficiently separate the female and male 

Fig. 1  The plots show log10 gametocytes/mL by ddPCR and qRT-PCR. The solid black line represents the fitted Passing–Bablok regression line. The 
95% confidence bounds, in grey, were calculated using the bootstrap quantile method. The female pfs25 assay is shown to the left and the male 
pfMGET assay is shown to the right. The reference standard was ddPCR
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populations from wild type parasite cultures. Therefore, 
in this study a previously described transgenic NF54 
parasite line, PfDynGFP/PfP47mCherry, was used to 
generate gametocytes in vitro [5, 25]. Gametocytes pro-
duced using this line have fluorescent markers in the 
female and male gametocytes enabling purification of the 
two populations by FACS. Although this is currently the 
best method available for generating pure populations 
of female and male gametocytes, there are a number of 
limitations. Firstly, the levels of transcription of the two 
chosen targets may vary with gametocyte age, as seen in 
before with pfs25 being predominantly expressed in stage 
V gametocytes [27]. Although a stage-V gametocyte cul-
ture was used here, low-level contamination of different 
stage gametocytes cannot be ruled out and could poten-
tially result in a slight underestimation in copy numbers 
per gametocyte. In addition, it is plausible that transcript 
levels for pfs25 and pfMGET may differ between in vivo 
and in vitro generated gametocytes or even during a sin-
gle in  vivo infection due to the differences and changes 
in local growth environments, as seen for other Plas-
modium transcripts (recently reviewed by Llora-Batle 
et  al. [28]), though this has not been reported for pfs25 
and pfMGET before. Likewise, it is unknown if there are 
differences in levels of these two transcripts in different 
strains of P. falciparum. These possible variations in num-
bers of transcript copies per gametocyte could therefore 
result in under of over estimation of gametocyte densi-
ties. However, the same caveats are not specific to using 
conversion factors and would also apply to all qRT-PCR 
assays that rely on mRNA transcript quantification. Reas-
suringly, in support of the calculations presented, the 
copy numbers per gametocyte estimated here were very 
similar to those estimated from in vivo samples during a 
CHMI-transmission study [6].

Conclusions
This study presents the validation of P. falciparum male 
and female gametocyte-specific qRT-PCR assays that 
can quantify gametocyte densities with excellent repro-
ducibility, sensitivity, specificity and accuracy. Moreover, 
sex-specific mRNA transcript levels per gametocyte were 
determined, enabling accurate quantification of game-
tocyte densities in the absence of pure female and male 
gametocyte standards. The methodology described here 
can enable the wider use of qRT-PCR assays for detecting 
and quantifying gametocyte densities over a broad range, 
including sub-microscopic gametocytes. This will facili-
tate studies that either evaluate transmission-blocking 
interventions, or aim to improve understanding of the 
infectious reservoir, which will be increasingly more val-
uable as malaria elimination gets closer.
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