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     INTRODUCTION 

 Because of the important economic burden of malaria and 
the failure of classical control measures, significant efforts 
are currently being invested in the identification of parasite 
antigens that may be developed as malaria vaccines to com-
plement current control strategies. Several  Plasmodium fal-
ciparum  antigens are being pursued as vaccine candidates 
and numerous formulations are currently being assessed in 
pre-clinical and clinical studies. 1–  5  Continuous  P. falciparum  
culture systems have significantly facilitated not only the iden-
tification of vaccine target antigens but also have allowed the 
establishment of well-standardized artificial membrane feed-
ing assays (MFA) for mosquito infection and the production 
of live, mature, and infective sporozoites.  Plasmodium falci-
parum  sporozoite challenge methods have been successfully 
developed and routinely used to assess the protective efficacy 
of pre-erythrocytic malaria vaccines. 6,  7  The mosquito species 
used in these  P. falciparum  challenge studies are  An. gambiae  
and  An. stephensi , which are robust mosquitoes considered to 
be highly efficient for sporozoite production. 6,  8  

 Development of a similar challenge model for  Plasmodium 
vivax  has proven more difficult because of the lack of a con-
tinuous culture for this species and therefore the need to use 
freshly collected parasites. Most laboratories conducting vac-
cine studies are all located in non-endemic countries such as 
the United States and Europe and until now, no conditions for 
 P. vivax  malaria challenge trials have been reported in other 
malaria-endemic countries. 

 Previously, we have described the methods for develop-
ing a challenge model for infecting humans with  P. vivax . 
This system regularly produces  P. vivax -infected  Anopheles  
mosquitoes that can be used to assess the protective efficacy 
of  P. vivax  candidate vaccines. Our Center has established 
and maintained  An. albimanus  mosquito colonies in both 
endemic and non-endemic sites of Colombia. 9–  11  This mosquito 

species is widely distributed in the American continent, rang-
ing from southern regions of Mexico to northern Peru. 12,  13  
This mosquito species has been found naturally infected by 
both  P. vivax  and  P. falciparum  and is considered a primary 
malaria vector in Latin America. 12,  14,  15  Some reports indicate that 
 An. albimanus  is a less susceptible vector than several other 
anopheline species, 16  i.e., it has been reported to be experimen-
tally less susceptible to a  P. falciparum  Thai strain than  An. quadri-
maculatus  or  An. freeborni , 17  to NF54 strain than  An. stephensi , 
 An. darling , and  An. vestitipennis  18  and to  P. vivax  Chesson strain 
than several other  Anopheles  species, 19  and it appears to have 
shorter longevity than other  Anopheles  species. 20  However, it is 
a mosquito species easy to colonize and breed, and it has been 
used for several years under laboratory conditions in differ-
ent centers for malaria sporozoite production and transmission 
blocking studies. 10,  19,  21  

 Herein, we describe studies for standardizing the continu-
ous production of mature infective sporozoites in laboratory-
reared  An. albimanus  mosquitoes, taking advantage of easy, 
routine access to blood from  P. vivax  malaria-infected patients. 
In addition, biosafety measures to avoid possible co-infections 
of naive volunteers who were challenged are described. This is 
considered a crucial step toward the development of a  P. vivax  
sporozoite challenge system in human volunteers to evaluate 
subunit or attenuated whole malaria parasite vaccines. 

   MATERIALS AND METHODS 

  Blood samples.    Plasmodium vivax -infected human blood 
samples were collected from patients with acute infections 
who presented at the outpatient clinic at the Immunology 
Institute headquarters in Buenaventura, a city located in a 
malaria-endemic region on the Pacific Coast of Colombia. 
Before enrollment in the study, written informed consent was 
obtained from all patients. The study protocol was previously 
reviewed and approved by the Institutional Review Board of 
the Universidad del Valle. Blood samples for diagnosis were 
collected by finger-prick and then blood was obtained from each 
selected donor volunteer by venipuncture using heparinized 
Vacutainers (10 mL) (Becton Dickinson, Franklin Lakes, NJ). 
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Patients were immediately treated with antimalarials, following 
the standard therapeutic protocol approved by the Colombian 
Ministry of Social Protection. This comprised chloroquine 
(25 mg/kg) and primaquine (15 mg per 14 d). 

   Parasitemia.   Patients were diagnosed by microscopic 
examination of Giemsa-stained thick blood smears collected by 
finger-prick. Patients carrying more than 0.1% of parasitemia 
of asexual  P. vivax  parasites/μL, independently of the number 
of gametocytes, were invited to participate in the study as 
parasite donors. 

 Asexual and sexual stage parasites were counted using as a 
reference a total of 1,000 red blood cells, and both total para-
sitemia and gametocytemia were expressed as a percentage. 
 Plasmodium vivax -infected blood was transported from the 
endemic area (Buenaventura) to the Immunology Institute in 
Cali, a city without malaria transmission. To avoid premature 
parasite exflagellation during transport, infected blood sam-
ples were maintained at 34–37°C using a temperature regu-
lated device. The time required for transport of blood samples 
and the subsequent mosquito feeding process was ~3–4 hrs. 

   Biosafety measures.   Although we had made an extensive 
search and consults with experts on the potential of 
Anophelines to transmit pathogens other than  Plasmodium , 
and none of those included in blood bank screening have 
any chance to be transmitted by this mosquito, we decided to 
perform this screening to provide confidence to the volunteers. 
Blood samples collected to feed mosquitoes were therefore 
subjected to standard blood bank screening for infectious 
agents. Screening included co-infections produced by other 
plasmodia (no commercial polymerase chain reaction [PCR]), 
Hepatitis B (MEIA for HBsAgAbs by ABBOTT, Abbott 
Park, IL; reference value OD ≥ 2.0   ), Hepatitis C (HCV-3 
Antibodies by ABBOTT; OD ≥ 1.0), Syphilis (Flocculation 
of reagin and cardiolipin coated coal particles by Biomerieux 
[Marcy l’Etoile, France] to check for dark aggregates   ), 
PET MicroELISA for gp46-I, p21-I, gp46-II by ABBOTT; 
reference value > cutoff and CHAGAS (MicroELISA for 
 Trypanosoma cruzi  rec proteins by IMMCO (IMMCO 
Diagnostics, INc., Buffalo, NY); reference value > cutoff   ), as 
described before by Herrera and others. 22  Thirty mL of whole 
blood was collected using EDTA, heparin, and plain (without 
anticoagulant) Vacutainer tubes (Becton Dickinson). Next, 
the sample was divided into three aliquots: a 15 mL sample for 
mosquito feeding (Hep); 10 mL (EDTA), and a 5 mL (without 
anticoagulant) samples for routine screening against a panel of 
common infectious agents (viral, bacterial, parasitic) including 
confirmation of  Plasmodium  species ( P. vivax ,  P. falciparum , 
 P. malariae ) by PCR. 23  Blood screening was performed at the 
blood bank of the Clínica Valle del Lili in Cali. Mosquito lots 
that were infected with blood that contained other pathogens 
were euthanized by exposure to a CO 2  atmosphere and 
immersion in 70% alcohol. Other biosafety measures included 
restricted access and handling of mosquitoes only within 
confinement space approved for challenge, biosafety suiting 
to minimize–prevent mosquito bites, and sterilization of 
mosquitoes before discarding them as biohazardous waste. 

   Mosquito infection.   The  An. albimanus  mosquito is easy 
to rear under laboratory conditions, and is susceptible to 
experimental infections with  P. falciparum  and  P. vivax . 9–  11,  21,  24  
 Anopheles albimanus , Buenaventura strain, was reared in 
laboratory conditions under controlled temperature (24–27°C) 
and relative humidity (80–90%) as described previously 9  and 

infections were performed according to a method standardized 
for production of high quality  P. vivax  sporozoites using 
gametocytes derived from infected humans and monkeys. 11  
Briefly, female  An. albimanus,  3–4 d old, distributed in cages 
of 300 mosquitoes/cage, were infected with  P. vivax  parasite 
isolates using the MFA described by Graves. 25  Before feeding, 
mosquitoes were subjected to fasting overnight. Blood samples 
were centrifuged at 500 ×  g  for 3 min at 37°C and autologous 
plasma was removed. Packed red blood cells were washed 
with two volumes of serum-free RPMI 1640 medium (Sigma, 
St. Louis, MO) and were reconstituted to 50% hematocrit 
using equal volumes of pooled AB non-immune human 
serum obtained from the Red Cross blood bank. After blood 
feeding, mosquitoes were fed daily with a 10% sugar solution 
supplemented with 0.05% para-amino-benzoic-acid (PABA) 
to promote the sporogonic cycle. 26  All cages were labeled 
with a code and date of infection. The day after blood feeding, 
females that did not have a blood meal were removed from 
their cages, while the remaining mosquitoes were maintained 
under strict biosafety standards at the temperature and 
humidity conditions described previously. 

   Assessment of mosquito infections.   Seven days after blood 
feeding, a sample of mosquitoes was dissected to examine 
microscopically the presence of oocysts in midgut preparations. 
Midguts were stained with 2% mercurochrome and examined 
as described by Eyles. 27  The remaining mosquitoes were 
kept inside a biosafety room for infected mosquitoes and 
were maintained for another 7-day period. Thirty-six female 
mosquitoes from each batch were randomly grouped into nine 
lots of four each to determine sporozoite load, and frequencies 
and probabilities of obtaining infective mosquitoes. Salivary 
glands (6 lobes) from each mosquito were mounted on a 
glass cover-slip in a drop of phosphate-buffered saline (PBS), 
disrupted by applying pressure and then examined at 400× 
magnification. Sporozoite load was expressed as the weighted 
average of sporozoite load per batch; to calculate the average 
sporozoite loads, parasite density scores were defined as follows: 
1+ (1–10 sporozoites); 2+ (11–100 sporozoites); 3+ (101–1,000 
sporozoites); and 4+ (> 1,001 sporozoites). 28  To assess the 
sporozoite load per batch, salivary glands were dissected and 
pooled to determine the mean sporozoite load. Pooled salivary 
glands were homogenized in a cell tissue grinder with PBS. 
The mixture was then centrifuged at 26 ×  g  for 3 min to extract 
mosquito debris and cells. Supernatant was collected and 
sporozoite load counted using a Neubauer chamber. Positive 
mosquito batches were analyzed to determine the relationship 
between parasitemia, gametocytemia, and mosquito infection. 

   Mosquito probing time.   In anticipation of future human 
challenge trials, we attempted to estimate the time that 
mosquitoes would need to feed for full engorgement. Thus, 
taking into account that study participants would be infected 
using groups of 3, 6, or 9 mosquitoes, a total of 10 trials were 
carried out for each mosquito dose using batches with different 
percentages of sporozoites-infected mosquitoes (55.3%, 
60.5%, and 71.0%). 

 Mosquitoes were placed into small cartons (7 × 7 × 7 cm) 
with meshed windows on three sides and the cover. A water-
jacketed membrane feeder covered with stretched parafilm 
membrane was positioned onto the gauze mesh placed on top 
of each box as described for MFA and kept at 37°C. 25  Mosquito 
biting time was measured immediately after placing the blood 
in the feeder. Mosquitoes and feeder were covered with a 
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black cloth to limit mosquito disturbance. The degree of mos-
quito engorgement was assessed visually every 30 sec during 
5 min until all mosquitoes were engorged. On the basis of pre-
vious observations, we decided to routinely include male mos-
quitoes in each cage to stimulate female feeding. 

   Midgut and salivary gland dissection time.   The time 
required for mosquito dissection to confirm blood feeding 
and presence of sporozoites in salivary glands was estimated. 
These parameters were also determined for groups of 3, 6, 
and 9 mosquitoes and were performed after the probing time 
assessment. 

   Statistical analyses.   To determine mosquito infection and 
oocyst load per batch, the necessary number of mosquito 
dissections was estimated according to the equation for 
population sample size calculation, adjusted with finite 
Cochran’s population formula ( P  = 71%, E = ±10% Z = 1.96). 29  
Results were expressed as the percentage of mosquitoes infected 
and the arithmetic mean of oocysts per batch. To determine 
sporozoite infection, salivary glands were dissected from 38 
mosquitoes in each batch. We used binomial distribution to 
establish the probability of obtaining 2, 3, and 4 sporozoite-
infected mosquitoes in boxes of four mosquitoes, which allowed 
us to predict how many biting rounds were necessary to reach 
the target infective bite dose required. 22  Mosquito batches with 
sporozoite positivity ≥ 50% were randomly divided into nine 
groups of four females and sporozoite-infected mosquitoes 
(50 batches) were scored according to sporozoite infection 
rates: 50–59%, 60–69%, 70–79%, and ≥ 80%. Mosquito biting 
time was compared by analysis of variance followed by all 
pairwise multiple comparison procedure (Student-Newman-
Keuls method); time for sporozoite load assessment was 
compared by Kruskal-Wallis one-way followed by all pairwise 
multiple comparison procedure (Dunn’s method). Correlation 
between variables (parasitemia, gametocytemia, % oocyst-
infected mosquitoes, % sporozoite-infected mosquitoes, mean 
oocyst and mean sporozoite load) was tested by using the 
correlation coefficients of Pearson or Spearman. Significance 
was determined for  P  = < 0.05. 

    RESULTS 

 A total of 119 blood samples collected from the  P. vivax -
infected donors (confirmed positive by thick smears) were used 
for feeding an equal number of mosquito batches. Parasitemia 
in blood donors ranged from 0.1% to 2.1%, whereas gameto-
cytemia ranged from 0.0% to 0.3%. Although we were unable 
to confirm microscopically the presence of gametocytes in 13 
of 119 blood samples, these also resulted in oocyst mosquito 
infections. 

 Significant variability in the blood feeding rate of mos-
quito batches used to optimize the sporozoite production was 
observed (range = 41.7–100%; mean 85.9%). Similarly, the 
survival of infected mosquitoes in those batches was highly 
variable (range = 2.4–96.6%, mean 20.8%). 

 One hundred four blood feedings (87.4%) resulted in oocyst 
infections, whereas the remaining 15 (12.6%) failed to produce 
infections. There was significant variability in the oocyst counts, 
which ranged from a mean of 0.10–70.8 oocysts per mosquito. 
Similarly, there was also considerable variation in percentage 
of both oocyst (range = 1.4–100%) and sporozoites infection 
(range = 2.6–97.4%). Although total parasitemia positively 
correlated with gametocytemia (Spearman coefficient = 0.509, 

 P  = 0.0001), neither total parasitemia nor gametocytemia cor-
related with the percentage of sporozoite-infected mosquitoes 
(Spearman coefficient = 0.15,  P  = 0.13, Spearman coefficient = 
0.11,  P  = 0.26;  N  = 104 samples). 

 Frequency of oocyst and sporozoite infections in the 104 
mosquito batches, and mean values for mosquito infections 
are presented in  Table 1 . On average, 59.5% (±1.86 SE) of 
the mosquitoes were infected with a mean value of 11.6 ± 1.2 
oocysts per mosquito. By Days 14–15, 48.5% ± 2.4 mosquito 
batches had developed sporozoite infection. The percentage 
of mosquitoes carrying oocysts correlated significantly with 
that of mosquitoes developing sporozoites (Pearson = 0.724, 
 P  = 0.0001; 104 mosquito lots). The mean number of oocysts 
per mosquito also had a significant correlation with sporo-
zoite loads (expressed as weighted average of sporozoite per 
mosquito batch) in the corresponding lots (Spearman = 0.525, 
 P  < 0.0001; 89 mosquito lots). 

      To increase the probability of having a sufficient numbers 
of infective mosquitoes at the time of human sporozoite chal-
lenge, lots with > 50% sporozoite-infected mosquitoes were 
selected; 50 of 104 mosquito batches exhibited this grade of 
infection ( Table 1 ). These 50 batches were stratified into four 
levels according to the percentage of sporozoite-infected mos-
quitoes (1+–4+), and it was observed that the mean percent-
age of negative mosquitoes decreased from 44.4% to 11.7% 
in the 104 batches in this group of selected mosquito batches. 
Additionally, the frequency of mosquitoes with 3+ and 4+ 
grades of sporozoites increased ( Table 2 ). Moreover, the cor-
relation between the average number of oocysts and weighted 
average of sporozoite per batch in this smaller group of mos-
quito batches was maintained (Spearman coefficient = 0.332, 
 P  = 0.28;  N  = 44 mosquito batches). Analyses of the frequency 
of sporozoite loads (salivary glands) indicated that 11.9% 
of mosquitoes had a low density (1+); 22.9% had 2+; 21.5% 
had 3+; 14.7% had 4+; ~29% of mosquitoes remained non-
infected. 

      Random selection of a small number of mosquitoes, i.e., 
3 ± 1, was carried out to determine the optimal number for 
human challenge. A total of four mosquitoes were selected 
from batches with a mean of 55–88% infected mosquitoes. 
Cages with 55% infected mosquitoes were confirmed to have 
the greatest probability of having two infected mosquitoes 
(0.4183). For batches with 66–76% infection rates, the great-
est probability was to get 3 infected mosquitoes (0.4630 and 
0.3761, respectively), and when the batch had 88% infected 
mosquitoes, 4 infected mosquitoes were found (0.6031) 
( Table 3 ). 

 Table 1 
   Anopheles albimanus  infection with  Plasmodium vivax  wild-type 

strains  

  *   Values for 104 mosquito batches.  
  †   Values for batches with ≥ 50% sporozoite-infected mosquitoes,  N  = 50 mosquito batches.  

Oocyst infection Sporozoite infection

% Infected 
mosquitoes

Arithmetic mean 
oocyst per mosquito

% Infected 
mosquitoes

Average sporozoite 
number/mosquito

Mean * 59.5 11.6 48.5 1,284
SE * 1.86 0.85 1.86 56.8
Range * 1.4–100 0.10–70.8 2.6–97.4 8.17–8,347
Mean † 75.1 18.8 70.7 1,957
SE † 2.1 1.99 1.95 310
Range † 36.0–100 2.10–70.8 52.6–97.4 49–8,347
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      Mosquito probing time was not affected by the absence, 
presence, or percentage of sporozoite infection (55.3–71%) 
for groups of 3 (F = 1.38;  P  = 0.26), 6 (F = 2.94;  P  = 0.05), and 9 
(F = 0.8;  P  = 0.50). On the basis of these results, probing times 
for groups of 3 mosquitoes were pooled regardless of mos-
quito sporozoite infection; the same procedure was followed 
for groups of 6 and 9 mosquitoes. Probing time was compared 
among groups of 3, 6, and 9 mosquitoes and the average prob-
ing times were 5.72, 9.69, and 18.15 min, respectively ( Figure 1 ). 
These values were determined to be significantly different 
(F = 281.3,  P  < 0.0001, degrees of freedom [df] = 2) followed 
by a multiple-paired comparison (Student-Newman-Keuls 
method,  P  < 0.05).   

 Time required to dissect and microscopically confirm the 
presence of salivary gland infection was < 1 min/mosquito, 
therefore the lots of 3, 6, and 9 mosquitoes required 2.3, 
4.7, and 6.8 min, respectively (Kruskal-Wallis, H = 93.9, 2 df, 
 P  < 0.0001, followed by Student-Newman-Keuls,  P  < 0.05,  N  = 
38). A total of 216 mosquitoes with different degree of infec-
tion were used to determine the time required to assess sporo-
zoite loads. The time needed for determination of sporozoite 
load decreased as the sporozoite density increased (0–4+). 
Significantly more time was required to determine negative 
(5.2 min) or 1+ (2.18 min) sporozoite-infected mosquitoes 
than that needed for mosquitoes with 2+ (1.67 min), 3+ (1.33 
min), and 4+ (1.03 min) infections. 

 On the basis of these results, four mosquito batches were 
chosen for use in two human challenge trials; the first was 
aimed at establishing the minimal number of sporozoite-
infected mosquitoes able to reproducibly induce human 
infections. The trial used cages with 4, 7, and 9 mosquitoes to 
deliver infective bite doses of 3 ± 1, 6 ± 1, and. 9 ± 1. 22  The sec-
ond trial was to determine if infection was dependent on the 
 P. vivax  strain used for mosquito feeding, using doses of 3 ± 1 
mosquitoes shown to be capable of reproducibly infecting 
humans. 30  All four batches produced infection in virtually all 
volunteers. 

 For human challenge trials a total of 33 infected mosquito 
batches were produced. Fifteen mosquito lots were infected 
over a 2-week period and were used in the first trial, which 
corresponded to 2–3 mosquito batches every other day. 22  
For the second trial a total of 18 mosquito batches were 
infected over a similar time period. 30  Eleven batches were 
discarded because parasite donors presented infectious dis-
eases (Hepatitis, Syphilis, and human T-lymphotrophic virus 
[HTLV]) ( Table 4 ). 

       Altogether, for the two sporozoite challenge trials con-
ducted so far by our group in humans, a total of eight lots ful-
filled the criterion of having sporozoite infection ≥ 50% of the 
mosquitoes. Four of these lots were chosen to infect volunteers, 
and the rest were maintained as backup lots. In the first chal-
lenge the batch used had a total of 97.3% of the mosquitoes 
infected, whereas for the second challenge we used batches 
with 55.3%, 84.2%, and 94.7% of their mosquitoes infected 
( Table 4 ). 

   DISCUSSION 

 This study shows that we could systematically infect  An. 
albimanus  mosquitoes with  P. vivax  derived from infected 
patients. More than 100 mosquito batches were infected and 
used to optimize the infection conditions to conduct human 
sporozoite challenge trials. 22,  30  During this process, biosafety 
measures were established and implemented to minimize 
volunteer exposure to mosquito bites and the potential for 
infection by other blood-borne pathogens. Furthermore, con-
ditions for mosquito infection by artificial membrane feed-
ing and mosquito biting of human volunteers were optimized. 
Similarly, conditions for salivary gland dissection to ensure 
that the precise number of mosquitoes and sporozoites used 
for human infection were standardized. 

 Given the lack of continuous  P. vivax  cultures, parasites were 
obtained from donors who presented at an outpatient clinic 
located in an area of unstable low malaria transmission. It had 
been previously demonstrated that sera from infected individ-
uals display variable transmission blocking immunity ranging 
from complete blockage to transmission enhancing may affect 
the outcome of the mosquito infection, however, here we suc-
ceeded to easily and reproducibly infect most  An. albimanus  
batches. 11,  21  Infections could be successfully achieved in most 
cases even though blood was transported from the field to the 
insectary in a non-endemic site, which represented several 
hours of  in vitro  incubation of parasites and serum antibod-
ies. It is likely that because we used gels pre-warmed to 37°C 
during parasite transportation to prevent premature exflag-
ellation, some of the parasites produced lower or no infec-
tions caused by transmission blocking antibodies. Mosquito 

 Table 3 
  Probability of obtaining 0–4 spz-infected mosquitoes in groups of 

4 mosquitoes  

% spz mosquitoes n † 

Probabilities * 

0 1 2 3 4

55% 153 0.0392 0.1699 0.4183 0.2810 0.0915
66% 54 0.0000 0.0741 0.3148 0.4630 0.1481
76% 117 0.0085 0.0256 0.2649 0.3760 0.3248
88% 126 0.0000 0.0079 0.0476 0.3413 0.6032

  *   Probability of obtaining 0, 1, 2, 3, and 4 positive mosquitoes in groups of 4 mosquitoes 
randomly selected.  

  †   Number of tested groups of 4 mosquitoes according to sporozoite load.  

  *   Frequency of mosquitoes with sporozoites load according to rate (1+ = 1–10 spz; 2++ = 11–100 spz; 3+++ = 101–1,000 spz; 4++++ = > 1,000 spz) n = batches number evaluated.  

 Table 2 
  Frequency and sporozoite index in mosquito batches with ≥ 50% of mosquitoes carrying sporozoites  

% spz mosquitoes infection (average) Range (%) n

Sporozoite-infected mosquitoes proportion (frequency) * 

Sporozoites mean/mosquito0 1+ 2++ 3+++ 4++++

55% 52.6–57.9 17 44.4 13.2 23.0 13.8 5.6 1,013
66% 63.2–68.4 6 32.9 16.7 26.4 16.7 7.4 1,289
76% 71.1–79.0 13 25.9 12.4 18.6 24.4 18.8 2,563
88% 81.6–94.7 14 11.7 13.1 23.4 30.2 21.6 3,141
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infections were variable; nevertheless, a significant number of 
mosquito batches (50%) developed infections with > 50% of 
mosquitoes sporozoites positive and thereby suitable for use 
in human challenge trials. 22,  30  

 Although mosquito infections in this study were highly vari-
able, the process can be considered reliable and reproducible 
taking into account that multiple confounding factors, includ-
ing the genetic polymorphism of the  P. vivax  strain used for 
mosquito feeding, variability in gametocytemia levels, and 
degree of gametocyte maturation. Success of infections did 
not seem to depend on the level of parasitemia or gameto-
cytemia, which is in agreement with previous studies using 
 An. dirus  where a poor correlation between infectivity and 
 P. vivax  gametocyte density was observed. 31  Parasite genetic 
analyses to determine the potential parasite selection by mos-
quito were not carried out. Although the criteria that predict 
the degree of infectivity of mosquitoes are unknown 32  despite 
the great variability of  P. vivax  infections in  An. albimanus,  
our results allowed optimal preparation and screening of mos-
quito batches before sporozoite challenge studies. 

 Another important issue was that of blood specimen bio-
safety, which was ensured by using blood bank screening 
for infectious agents. 22  Because mosquito feeding and blood 
screening were performed simultaneously, mosquito lots fed 
on blood samples that presented evidence or risk of concomi-
tant infections, such as  P. falciparum , hepatitis B or hepatitis C 
viruses, syphilis, or others were discarded. 

 The significant positive correlation between percent oocyst 
infection and percent sporozoite infection found is in agree-
ment with a previous report using  An. tessellatus  infected 
with  P. vivax . 33  Because of the positive profile of mos-
quito batches with ≥ 50% of mosquitoes infected, both in 
terms of percentage and sporozoite loads, any batches with 
< 50.0% of oocyst-infected mosquitoes and < 7.55 oocysts per 

mosquito were withdrawn. Oocyst level of infection (percent-
age of infected mosquitoes and oocyst mean) as determined 
on Day 7 was in general used as a predictor for scheduling a 
sporozoite challenge trial a week later. However, percentage 
of infected mosquitoes and sporozoite loads were confirmed 
on Day 14 and only mosquito lots with ≥ 50% of sporozoite-
infected mosquitoes for human challenge studies were con-
sidered, i.e., 52% and 97% for the first and second challenge 
trials, respectively. Although sporozoite inoculum is likely 
to be independent of gland sporozoite load, 34  we arbitrarily 
decided to select only mosquito lots with ≥ 2+. 

 Small numbers of mosquitoes required significantly differ-
ent feeding times to full engorgement. Groups of 2–10 mosqui-
toes spent from 5 to 18 min feeding; this time was similar for 
infected and non-infected mosquitoes that had been described 
previously for  An. stephensi . 35  These parameters were impor-
tant to guarantee successful human infections within the short-
est possible probing time. However, to facilitate the challenge 
procedure we decided not to attach to a fix biting dose, but to a 
range, e.g. (3 + 1), so that even with suboptimal infection rates 
(< 80%) one could attain the target biting dose within a single 
mosquito biting round. In the first sporozoite challenge trial, 
a mosquito lot with 97% infection rate, most volunteers com-
pleted their biting dose during a single biting round. 22  

 Total time invested in salivary gland dissection and sporozo-
ite load confirmation ranged from 2.3–6.8 min, thus the lower 
the sporozoite loads the longer the microscopic examination. 
Therefore, the time required for challenge of volunteers with 
groups of 3, 6, and 9 mosquitoes was ~9, 16, and 26 min, respec-
tively (without sporozoite load determination). 

 In conclusion, this study has confirmed the high susceptibil-
ity of  An. albimanus  to co-indigenous  P. vivax  infections and 
its effectiveness in infecting malaria-naive volunteers after 
appropriate standardization of methodology. 

  Figure  1.    Probing time (min) of groups of 3, 6, and 9  Plasmodium vivax -infected  Anopheles albimanus  (mean and SD values,  N  = 40 data for 
each group, 5.72, SD 1.97; 9.69, SD 2.35; 18.16, SD 2.79).    
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