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Abstract

Background: When rearing morphologically indistinguishable laboratory strains concurrently, the
threat of unintentional genetic contamination is constant. Avoidance of accidental mixing of strains
is difficult due to the use of common equipment, technician error, or the possibility of self
relocation by adult mosquitoes ("free fliers"). In many cases, laboratory strains are difficult to
distinguish because of morphological and genetic similarity, especially when laboratory colonies are
isolates of certain traits from the same parental strain, such as eye color mutants, individuals with
certain chromosomal arrangements or high levels of insecticide resistance. Thus, proving genetic
integrity could seem incredibly time-consuming or impossible. On the other hand, lacking proof of
genetically isolated laboratory strains could question the validity of research results.

Results: We present a method for establishing authentication matrices to routinely distinguish and
confirm that laboratory strains have not become physically or genetically mixed through
contamination events in the laboratory. We show a specific example with application to Anopheles
gambiae sensu stricto strains at the Malaria Research and Reference Reagent Resource Center. This
authentication matrix is essentially a series of tests yielding a strain-specific combination of results.

Conclusion: These matrix-based methodologies are useful for several mosquito and insect
populations but must be specifically tailored and altered for each laboratory based on the potential
contaminants available at any given time. The desired resulting authentication plan would utilize the
least amount of routine effort possible while ensuring the integrity of the strains.

Background

Experimental research often relies on the use of geneti-
cally similar animals to ensure that results can be general-
ized and are repeatable. A research animal's value, or its
"uniqueness", consists of its known genotype and pheno-
type. Inadvertent contamination could call into question
the validity of research conducted with the same strain
over the course of time: genotypic changes can create dif-

ferent phenotypic properties [1,2]. Thus, research results
reliant on the genotypic or phenotypic nature of the strain
could be invalidated.

Concurrent maintenance of multiple genetically similar
laboratory strains requires much attention to detail along
with a strict program for guaranteeing that they are reared
without contamination. Even with meticulous handling
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and rearing practices, the possibility of inadvertent con-
tamination still exists [3]. Researchers often consider con-
tamination events only after deviations in research results
occur [4,5]. However, by the time laboratory strains are
found to be contaminated, research time and effort have
already been consumed. Thus, using routinely authenti-
cated strains with a known genetic pedigree is worthwhile.

Anopheline colonies may be highly genetically diverse
when initially established, but over time diversity
decreases [6,7]. Continual inbreeding of a population
inevitably leads to loss of genetic diversity, or genetic dete-
rioration [8]. Therefore, after a number of generations,
laboratory strains could be considered unique "mono-
morphic" entities representing a specific time, place, and
phenotype. In the laboratory, establishment of near mon-
omorphic lines, or phenotypic and genotypic homogeni-
zation has importance in reproducible research and is also
of great benefit when attempting to establish discrimina-
tion methods. The colonization process often results in
fixed differences in highly conserved genes that can be
used as genetic markers: for example, single nucleotide
polymorphisms (SNPs) or established chromosomal
arrangements emerging from an originally polymorphic
wild population.

Some genetic methodologies to differentiate colonized
research animal strains earned publication [9-11], yet
none for routine discrimination of conspecific mosquito
laboratory strains exist. We present a simple methodology

Table I: Authentication table example for An. gambiae

http://www.biomedcentral.com/1472-6750/9/91

for the routine authentication of laboratory strains reared
in the same space involving a combination of standard-
ized techniques that, when applied together, provide
assurance of the absence of strain contamination. We
illustrate with a specific example of 16 standard lines of
Anopheles mosquitoes housed at the Malaria Research and

Reference Reagent Resource Center (MR4, http://
www.mr4.0rg).
Results

Development of authentication matrix

To develop an authentication matrix, a survey of all strains
for known, available distinguishing characteristics is done
initially. Considering the MR4 holdings, many strains are
morphologically distinct from all others maintained such
as An. dirus, An. minimus, or An. freeborni. For those,
authentication standards were prepared based upon adult
morphology. The remaining strains were sorted by species
(i.e. An. gambiae s.s. - henceforth referred to as An. gam-
biae) and their known (as observed over time in our labo-
ratory) genotypic/phenotypic traits were compiled. As an
example, if the red-stripe character was noted in one strain,
the remaining strains were surveyed for that character.

To create a matrix, the authentication methods initially
identified were ordered from least to greatest in terms of
cost and/or time consumption (see Table 1). Once the
techniques applied generated a unique resulting combi-
nation, it was then possible to distinguish a cohort from
all others available in the repository and to consider

Morphological Assay

Insecticide Assay

Molecular Assay

Test mel eye ctlcc Perm Diel DDT Prop 2La:TEPI GA/rDNA white
Marker | 2 3 4 5 6 7 8 9 10
4ARR no pink
M2 no white
RMOSP no mosaic
MALI yes wild ct no no no no 2La/2La:r GA/M Mali
RSP-ST yes wild ct yes no no no 2L+3/2L+2:s
AKRON yes wild ct no no no yes
SUA yes wild ct no no no no 2La/2Lla:s
PIMPER yes wild ct no no no no 2L+3/2La:r/s Pimper
MOPTI yes wild c+/cc no no no no 2La/2Lar GA/M Mopti
ZAN/U yes wild c+/cc no no yes Zan/u
G3 yes wild ctlcc no no no no 2L+2/2La:s GA/MS
IN22C+ y/n* wild ctlce no yes
RSP yes wild c+/ec yes
KISUMU yes wild ctlcc no no no no 2L+2/2La:s GA/S
ASEMBO yes wild cc no no no no 2L+3/2L+2:s
L3-5 yes wild cc no no no no 2L+2/2L+2r

Authentication table for MR4 An. gambiae s.s. colonies detailing morphological and molecular characteristics useful for differentiation. Order of
tests from left to right: mel: Homochromy (larval cuticular darkening), eye color (pupal or adult), c+/cc (collarless trait), permethrin resistance,
dieldrin resistance, DDT resistance, propoxur resistance, PCR: 2La and TEPI, PCR: An. gambiae species identification and rDNA, PCR: white gene.

*IN22C+ population is polymorphic for this trait.
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authentication complete for that strain. The objective of
any authentication should be confidence to the level of
the individual, rather than cohort, when possible. Meth-
ods were then analyzed to see where assays could be com-
bined to save time and resources, aiming to complete
authentication in the least number of steps (or in the least
amount of time/cost) with a high degree of confidence.

Once the matrix is completed, each line of the table (see
Table 1) represents an authentication method for a partic-
ular strain. Additionally, a flow chart was created that rep-
resents how an unknown cohort of An. gambiae reared at
the MR4 can be distinguished (Figure 1). This decision
tree presents a different way of thinking about the same
authentication scheme. Of note, authentications must be
conducted on a cohort, see discussion.

/RMOSPW

eye B —pi —<44ARR
color

http://www.biomedcentral.com/1472-6750/9/91

Phenotypic discrimination

Phenotypic markers are highly useful in routine strain
authentication, when available, because phenotypic
examination is quick and inexpensive. Even if these mark-
ers are not practical as a unique strain identifier, in com-
bination with other methods, they may limit the total
number of steps necessary. We employed only phenotypic
traits that had been observed over years in our laborato-
ries and had been previously reported and described by
other researchers. Development of new phenotypic mark-
ers as identifying characteristics requires extensive knowl-
edge about the inheritance of characters. The traits
employed in the MR4 authentication matrix follow.

Homochromy (cuticle darkening)

Non-wild eye strains (i.e. eye color mutants) will not mel-
anize when cultured in a dark-bottomed pan while the
opposite is true for wild eye strains [12,13]. The MR4 cur-

\Mz 2la/Te®— = qRgp.ST
"

COHORT melanizati
n

Morphological
technique

Molecular
technique

®Decision node

< Strain confirmed

Figure |

< AKRON
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Lol Whlg ol qMAL

SUA

whit@—-zan/u——4 ZAN/U

<IN22C+

/KISUMU

1, White
——@——mopt——<qMOPTI

GA ID/rD

ASEMBO

Flow chart for authentication of An. gambiae s.s. strains housed at the MR4. This chart starts from an unknown
cohort of mosquitoes. Insecticide testing is always conducted on a subset. All groups are scanned morphologically for confir-
mation of An. gambiae features. susc. = susceptible, res. = resistant.
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rently houses several eye color mutants therefore all An.
gambiae were reared in a dark-bottomed pan parallel to
counterparts reared in a white-bottomed pan until the
fourth instar. At this point, the larvae from the dark bot-
tomed pan were transferred to a white-bottomed pan and
the two groups were compared. Among the stocks kept at
MR4, the larval cuticles of 4ARR, M2 and RMOSPW (eye
color mutants) reared in dark pans were not different in
appearance to those reared in white pans while all the
remaining strains display homochromy save one. (Figure
2A &2B). The MR4 maintains IN22C+ which has wild eye
individuals which do not melanize necessitating further
screenings (c+ individuals are typically resistant to diel-
drin and melanize while cc individuals which are suscep-
tible to dieldrin and do not melanize).

Eye Color

All An. gambiae strains were examined for eye color in the
pupal or adult stages because both wild type and mutant
strains are reared in this facility. The eye color mutants
reared at the MR4 are not genetically dominant; therefore
any introgression of foreign DNA would lead to a rever-
sion of the eye color phenotype to the wild-type state.
Among the stocks kept at MR4, 4ARR, M2, and RMOSPW
have unique eye color mutations compared to a wild-type

http://www.biomedcentral.com/1472-6750/9/91

strain exhibiting pink, white, and mosaic (red and white
mixed) colors respectively.

Collarless

Following the method of Benedict et al [14], the collarless
trait was employed as an additional phenotypic marker.
The collar trait presents as a white spot on the dorsal side
of the larval thorax and is easy to observe in a black-bot-
tom pan (Figure 2C). This phenotypic character was used
to separate the strains into three groups: c+: all larvae dis-
play the distinctive white patch (SUA2La, RSP-ST, MALI-
NIH, PIMPERENA, and AKRON), c+/cc: on the cohort
level, some larvae have the white patch and others do not
(RSP, ZAN/U, IN22C+, KISUMU, MOPTI, G3), and pure-
breeding for cc: the white patch is absent from all larvae
(L3-5 and ASEMBO1).

Insecticide resistance

The use of insecticide resistance assays serves the purpose
of authentication as well as guaranteeing resistance
thresholds. Over time, resistance levels in a strain can
decline therefore routine treatment is necessary. After
authentication, only individuals surviving the treatment
are used for strain propagation.

Figure 2
Phenotypic characteristics in some MR4 An. gambiae colonies. Example of homochromy of wild type larvae when
reared in a black-bottom pan (A) as opposed to a white-bottom pan (B); c+ or collared individual (C); black diamond trait
(shown just below collar, D); red stripe (E), only on female larvae.
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Genotypic discrimination

Screening for genetic markers is more time consuming
and costly than the previously mentioned methods. How-
ever, for many of the strains housed at the MR4, the value
of the strain depends on fixed genetic characters; so this
method of screening is logical and necessary. The first cri-
teria for molecular characteristics in our scenario were
those that were of distinct importance to the value of our
strains such as the refractory nature of the thioester-con-
taining protein gene for L3-5 or the 2La chromosomal
arrangement for SUA2La. It was determined that these
two established PCR methods (TEP1 [15] and 2La [16])
could be multiplexed reducing the time, cost, and effort
(Figure 3). Similarly, SNPs commonly associated with the
Mopti/Savanna (M/S) IDNA types were previously used to
create a molecular assay combined with an established
method for An. gambiae species identification assay as
described in Wilkins et al. [17] (Figure 4). The white gene
was also useful in separating genetically similar MOPTI,
MALI and ZAN/U, PIMERPENA using strain-specific SNPs

(Figure 5).

Quantities required for establishment of traits and routine
testing

The colonies illustrated in this example have been main-
tained for many years and the traits tested extensively. For
initial screenings of new colonies, it is recommended that
100% of the individuals be examined for each characteris-
tic for no less than 5 sequential generations and continu-
ing in a recurring pattern (every nth generation, based on
laboratory constraints) to ensure stability and reproduci-
bility of characters and testing mechanics. For each labo-
ratory and situation, the quantity of individuals to test

Figure 3

2La and TEPI combined PCR assay. Gel electrophore-
sis of combined 2La and TEPI assays. Lanes: (I and 8) | kb
ladder marker, (2) TEP| refractory and 2L+2(L3-5), (3) TEPI
refractory/susceptible and 2L+2 (4ARR), (4-5) TEPI refrac-
tory and 2La (MOPTI), (6) TEPI susceptible and 2L+2
(ASEMBOI), (7) TEPI refractory and 2L+2 (L3-5). Not all
possible combinations shown.

http://www.biomedcentral.com/1472-6750/9/91

Figure 4

Combined An. gambiae species identification and
mopti/savanna rDNA assay. Gel electrophoresis of An.
gambiae species identification combined with Mopti - Savanna
rDNA assay. Lanes: (I and 5) Ikb ladder marker, (2) An. gam-
biae MOPTI, (3) An. gambiae KISUMU (Savanna), (4) An. gam-
biae ASEMBO (mixed Mopti and Savanna types [38].

routinely should also be based on frequency of testing and
laboratory constraints. For morphological traits or insecti-
cide resistant strains, we screen 100% of the individuals
every fifth generation due to ease of inspection. Screening
all individuals provides the most confidence but is not
necessarily imperative if testing occurs frequently. For
molecular traits, no less than 48 individuals are tested
every fifth generation in our laboratories. Required num-
bers were chosen somewhat arbitrarily by our group based
on laboratory constraints, feasibility, and the animal of
interest. However, recurring and frequent testing over the
course of generations is most important.

Figure 5

White gene SNP PCR assay. Gel electrophoresis of An.
gambiae white gene PCR assay. Lanes (| and 6) Ikb ladder
marker, (2) MOPTI, (3) ZAN/U, (4) MALI, (5) PIMPERENA.
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Record keeping

An authentication record of laboratory strains is useful for
historical assurance that uniqueness has not been com-
promised. Conversion of the chosen authentication meth-
odologies into records is important. At the MR4, each line
of Table 1 was converted into a stock-specific authentica-
tion form including dates, generation number, and spe-
cific criteria (how many individuals should be viewed,
expected result, etc.). The observer is responsible for sign-
ing and dating a record log after the completion of each
assay. If any result is incomplete or ambiguous, the proc-
ess begins anew with the next generation. Once all assays
are completed, the paperwork is archived and available
for future researchers. A full evaluation of each strain
should be conducted in a recurring fashion determined by
the individual researcher. Storing individual insect sam-
ples after each authentication evaluation may be useful in
the future for determining the timeline of any genetic
changes. Archived material may also be valuable for future
determinations of whether newly discovered alleles have
always been present or if, and possibly when, a strain's
genetic makeup may have changed, for example.

By employing an assortment of markers, an authentica-
tion matrix such as this one (Table 1, Figure 1) can be
established to discriminate large or small numbers of
strains. At the MR4, similar matrices are kept for all mor-
phologically indistinguishable strains.

Discussion

Phenotypic characteristics are most commonly employed
for strain discrimination due to ease and cost efficiency.
Knowledge of how strains normally behave (larval resting
postures, growth rate, size, feeding preferences) serves as
an ongoing incomplete authentication process. Observa-
tion is also an important part of colony health mainte-
nance as observable factors such as slow growth are a
quick indicator of unhealthy conditions or potential con-
tamination. For both reasons, regular monitoring of all
strains being housed should be performed by trained per-
sonnel, and any unexpected behavioral observations
should be evaluated with authentication testing. Nitzki et
al. [5], for example, showed practical application of phe-
notypic markers alerting of genotypic introgression
between laboratory populations.

Fixed phenotypic characteristics such as insecticide resist-
ance or visible traits can be used to easily, inexpensively,
and routinely scan for contamination events if available
in the strains. For example, larvae of An. gambiae often
express visible characteristics such as collarless, red-stripe,
and black diamond [18] (Figure 2) which may be unique to
certain strains. These same characteristics can be selected
out of a polymorphic group as a strain-specific marker
[19]. It is important to note that deviations in phenotypic

http://www.biomedcentral.com/1472-6750/9/91

expression are not always a result of inter-strain contami-
nation but can be caused by changes in the rearing envi-
ronment, for example. Also, the expression of some traits
can be variable making it difficult to use for routine
authentication. For example, the collarless trait can be
weakly expressed, making it more difficult to confirm. For
these reasons, using genetic markers in concert with phe-
notypic markers is advisable where possible. Detailed
information about the phenotypic characteristics of An.
gambiae at the MR4 is not presented here but was consid-
ered in the development of these methods.

Routine challenge of an insecticide resistant strain
removes any potential susceptible contaminants and
maintains the strain's insecticide resistance levels which is
of particular interest to our laboratory's research apart
from authentication methods making it a very useful tool
since we would be conducting this selection process any-
way. Exposing larvae to an insecticide is an advantageous
method of treatment as the concentration is more uni-
form in solution and all individuals remain in constant
contact with the insecticide eliminating the threat of indi-
vidual underexposure. Resistant populations should
always be tested concomitantly with susceptible popula-
tions as a control, and if susceptible strains are reared
alongside resistant populations, their susceptible nature
should be monitored as well.

PCR was our chosen method for genetic discrimination
because it can be standardized and reproduced in most
laboratories, and it was, therefore, favored over more
complicated (Luminex) or technical (karyotyping/alloz-
yme) methods evaluated.

In many animal groups, the use of isogenic lines, or
clones, are employed to overcome inter-laboratory varia-
tion since individuals tested are genetically homogenous.
However the development of these lines involves sibling
inter-mating resulting in inbreeding depression [2,3]. The
deleterious effects on longevity and fecundity are undesir-
able in routine colony maintenance [20]. Standard lines,
including phenotypically unique strains as well as "wild
type" strains, are more often chosen due to their ease in
maintenance and higher fitness levels. In higher orders,
there is some debate of whether research employing
standard lines is valid due to variable genotypes [3]. This
is also of concern for culicids [21,22]. However, with alter-
nate technologies such as microarray expression analyses,
genetic function can be directly linked regardless of
knowledge of the individual's genotype [23].

Hii et al. [6] and Dejong et al. [24] reported inter-labora-
tory genetic variability in sub-populations of anopheline
strains. Although these differences may be due to genetic
drift and selection, contamination cannot be initially
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Table 2: MR4 Anopheles gambiae s.s. strains
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Strain name Catalog no. Origin Donor

4ARR MRA-121 T Frank Collins

AKRON MRA-913 Benin Martin Akogbeto

ASEMBO MRA-186 Kenya Francis Atieli

G3 MRA-1 12 Gambia William Collins

IN22C+ MRA-I15 T Mark Benedict

KISUMUI MRA-762 Kenya Vincent Corbel

L3-5 MRA-1 14 T Frank Collins

M2 MRA-105 T Mark Benedict

MALI NIH MRA-860 Mali Nora Besansky

MOPTI MRA-763 Mali Greg Lanzaro

PIMPERENA MRA-861 Mali Nora Besansky

RMOSPW MRA-111 T Mark Benedict

RSP MRA-334 Kenya John Vulule

RSP-ST MRA-698 I Frank Collins/Hilary Ranson
SUA2La MRA-765 Liberia Alessandra della Torre
ZAN/U MRA-594 Zanzibar Frank Collins/Hilary Ranson

Strains mentioned are presented with MR4 catalog reference numbers, origin, and donor information.  derived from G3; } derived from RSP.

excluded. Since genetic contamination can occur without
complete mixing of the chromosomes, an assay only
detecting one marker on a single chromosome could miss
this type of contamination. Therefore, assays should
employ multiple markers on multiple chromosomes
where possible for a higher level of confidence in results.
In the example presented in this paper, we chose molecu-
lar markers located on the X, 2L, and 3L chromosomes.

Alternate methods
We analyzed Luminex technology as an alternative
method for authentication. With this technology, large

Table 3: Primer sequences

numbers of SNP sites can be simultaneously detected in a
gene(s) [25]. By multiplexing a PCR with several genes of
interest, we were able to create a successful Luminex pro-
cedure for screening samples for authentication (data not
presented). However, the PCR plus Luminex procedure
was more time consuming and expensive than the 1 or 2
PCR methods required as presented here. If more cost- or
time-efficient, Luminex technology could be a valuable
authentication tool, assuming adequate SNP sites were
available for discrimination. The different genes of inter-
est would need to be limited as well to avoid many pre-
liminary PCR steps.

Molecular Assay Primers

An. gambiae species IDIrDNA PCR

(5' to 3') Fragment size (bp)

IMP-UN* GCTGCGAGTTGTAGAGATGCG F

QD-3T* GCATGTCCACCAACGTAAALCC R An. quadriannulatus 637
ME-3T* CAACCCACTCCCTTGACGaTG R An. melas and merus 529
GA-3T* GCTTACTGGTTTGGTCGGCAtGT R An. gambiae 464

AR-3T* GTGTTAAGTGTCCTTCTCCgTC R An. arabiensis 388

IMP-MI TAGCCAGCTCTTGTCCACTAGTLTT R Mopti 333

IMP-S| CCAGACCAAGATGGTTCGCcTG R Savanna 221

An. gambiae white gene PCR

UFOR ATTATCTGATGAAGCTTGGAGTCTTTT F

UREV ATGAAAATAAGGAGCTTCCTGGCAT R positive control 478

MOPR CTGTTGTCTTACAGTAGGGTTAGT R An. gambiae MOPTI 413
MOP2R AACGTACGACGTATGATCTAACtGA R An. gambiae MOPTI/ZAN/U 350
MALR CTCATATTCAAGGATGAACACAALAC R An. gambiae MALI 292
PIMPR TCAATGACATGACGTTATAATCTGTCLTT R An. gambiae PIMPERENA |16

Primers indicated with (¥) obtained from Wilkins et al [17]. F and R indicate forward and reverse orientation. Lower case indicates site of

intentional mismatch. Bold nucleotides show the site of the SNP.
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Allozyme analyses and karyotyping are successfully used
to discriminate between conspecific laboratory strains
[6,26,27]. These methods, however, require extensive
training in sample preparation and analyses making rou-
tine usage difficult, especially if simpler, less expensive
methods are available.

We also considered insertion patterns of transposable ele-
ments (TEs) (i.e. mobile genetic units capable of replicat-
ing and spreading in the host genome) which have
recently been applied to study genetic differentiation
between An. gambiae molecular forms [28-32]. Among
TEs, Short INterspersed Elements (SINEs) have been
extensively used as phylogenetic and population genetic
markers in primate taxa and An. gambiage [28,30,32].
Despite the discriminative value for our strains detected in
a few loci during preliminary research (data not pre-
sented), we did not pursue this approach for a number or
reasons. Most loci tested were polymorphic in most
strains and therefore only a few presented fixed variants
with discriminative value. Moreover, most loci presented
a high percentage of PCR failure (6-49%). For routine
screenings, this was especially important as the absence of
any amplification product for a particular sample could
indicate the presence of a particular mutation in the
primer binding sequence or simply a PCR failure. Also,
using this method, common "stutter" bands and shadow
bands made routine scoring quite difficult. In addition,
the few strains that could be classified with this approach
could also be authenticated using other techniques with
greater reliability.

Conclusion

In many laboratories, multiple, conspecific strains are
often reared simultaneously with limited separation.
Physical separation of strains and their associated rearing
instruments is the simplest method to prevent inter-strain
contamination. However, implementing this level of per-
fect separation is often not feasible due to space limita-
tions or other constraints. Routine genetic-based
validation protocols are highly recommended, but few
laboratories report routinely employing such methods
[2,5].

Table 4: SNP sites used in white gene discrimination PCR

http://www.biomedcentral.com/1472-6750/9/91

Ultimately, development of routine methods requires a
thorough review of which potential contaminants are
available in an individual laboratory and what is known
about each strain. Tests can then be organized by ease of
implementation, cost efficiency, availability of equip-
ment, transferrable protocols, and most importantly,
what is important to the particular group. Combining the
tests for strain-specific outcome combinations yields a
matrix for assurance of genetic isolation. Authentication
implementation should occur at a frequency that fits the
laboratory environment. Authentication procedures and
endpoints, however, should never be considered fixed.
Revision may be necessary based on the discovery of new
phenotypes, genetic markers, or other methods that could
be used to discriminate between strains as well as intro-
duction of new genetically similar colonies into the labo-
ratory.

Methods

Mosquito rearing and manipulation

Mosquitoes were obtained from the MR4 (CDC Atlanta,
GA USA, Table 2). Larvae were reared at 27°C using a
standard method [33] with larval diet from Aquaricare™
(Koi Floating Blend). Two cohorts of approximately 300
second instar larvae from each strain were reared concur-
rently in white and black bottomed pans in order to elicit
the homochromy response as described by Benedict et al
[13].

Insecticide treatment

Cohorts of 600 fourth instar larvae were treated with
insecticides as described in the MR4 Methods in Anopheles
Research Training Manual (section 4.3.1) [34] with final
concentrations and exposure times as follows: Permethrin
(1 ppm, 24 h), Propoxur (20 ppm, 1 h), Dieldrin (1 ppm,
1h), DDT (0.4 ppm, 24 h).

PCR

Mosquito samples were prepared for PCR by the method
of Rafferty et al [35]. PCR products were observed by sep-
aration on 0.5x TBE agarose gels run in 0.5x TBE bulffer at
12 v/cm and fragment sizes were estimated using a 1 kb
ladder marker (Invitrogen ®). Thermal cycling for all anal-
yses was performed in a Bio-Rad iCycler®. Go-Taqg DNA

# SNP site 11591 11767 11825-6 11885

U29485 TTACTATGAC GATTTCTTGT GCTTGTTAGA GACGCTTTAC
Mopti TTACTATGAC GATTTCTTGT GTICTGTTAGA GACACTTAAC
Mali TTACTATGAC GATGTCTTGT GCTTGTTAGA GACGCTTTAC
Pimperena TTACAATGAC GATTTCTTGT GCTTGTTAGA GACGCTTTAC
Zan/u TTACTATGAC GATTTCTTGT GICTGTTAGA GACGCTTTAC

Specific SNP sites in some MR4 strains of An. gambiae white gene. Numbers of SNP sites are based on Genbank U29485. SNP sites shown in bold/

underlined.
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polymerase and the manufacturer's (Promega®) recom-
mended buffer at 1x concentration was used for all reac-
tions. PCR reactions consisted of 0.75 U of Go-Taq
polymerase, 1 mM MgCl,, all primers at 1 uM, 0.08 mM
dNTPs and a 25 pl total volume.

An. gambiae 2La inversion and TEP| multiplex PCR (Figure 3)

2La primers (23A2 Universal, 27A2 2La, DPCross5 2L+2)
were as reported by [16] and TEP1 Primers were as
reported by [15] (TEP1Rev, TEP16Rev, TEP1For modified
by author Blandin (personal communication) as AAA
GCT ACG AAT TTG TTG CGT CA). PCR cycling was as
reported by [15] consisting of melting at 95°C for 5 m fol-
lowed by 40 cycles of 95°C for 30 s, 52°C for 30 s, and
72°C for 45 s, followed by one cycle of 72°C for 7 m.

An. gambiae identification and rDNA discrimination PCR (Figure 4)
Primers used in this assay were described by Wilkins et al.
[17] with the addition of two unique primers to detect
SNP sites commonly associated with M/S type [36] as
listed in Table 3. PCR cycling consisted of melting at 95°C
for 5 m followed by 30 cycles of 95°C for 30 s, 58°C for
30s, and 72°C for 30 s, followed by one cycle of 72°C for
5m.

White gene PCR (Figure 5)

Primers used to discriminate SNP sites for MOPTI, MALI,
ZAN/U, and PIMPERENA are listed in Table 3. PCR
cycling consisted of melting at 95°C for 5 m followed by
35 cycles of 95°C for 30's, 56°C for 30 s, and 72°C for 30
s, followed by one cycle of 72°C for 10 m.

Sequencing of white gene

In order to obtain SNP sites to discriminate MOPTI from
MALI and ZAN/U from PIMPERENA, the white gene from
these mosquito strains was amplified using primers WG2
and WGS5 and conditions as described by Mukabayire et al
[37]. PCR products were sequenced and matched those of
Genbank:U29485 with the exceptions of SNP sites shown
in Table 4. SNP sites were used to design primers using the
intentional mismatch primer (IMP) method [17] as
shown in Table 3.

Authors' contributions

EW developed the unique molecular assays presented,
participated in the creation of the authentication matrix,
produced the Tables, and co-drafted the manuscript. PM
tested the SINEs as an authentication method and wrote
the portion of the paper covering that topic. AS partici-
pated in the sequencing of the white gene and the creation
of several Figures. PH participated in the creation of the
authentication matrix and co-drafted the manuscript. All
authors read and approved the final manuscript.

http://www.biomedcentral.com/1472-6750/9/91

Acknowledgements

We appreciate the American Type Culture Collection and the NIAID-
funded contract NO|-Al-85355 for their financial and moral support for the
operation of the MR4 and their cooperation in developing and implement-
ing the subcontract to the CDC Foundation that makes this research pos-
sible. Thanks to Zhijian Tu and Tovi Lehmann for their insight into different
methodologies. Thanks to Mark Benedict who established the original
experiments and authentication methodologies and urged us to produce
this document. A special thanks to all the donors of mosquito stocks to the
MR4.

References

1. Beck JA, Lloyd S, Hafezparast M, Lennon-Pierce M, Eppig JT, Festing
MF, Fisher EM: Genealogies of mouse inbred strains. Nat Genet
2000, 24(1):23-25.

2.  Trevarrow B, Robison B: Genetic backgrounds, standard lines,
and husbandry of zebrafish. In The Zebrdfish: genetics, genomics
and informatics Volume 77. 2nd edition. Edited by: Detrich Ill HW, Zon
LI, Westerfield M. San Diego: Elsevier Academic Press; 2004:599-616.

3. Sharp ], Sargent EE, Schweitzer PA: Genetic monitoring. In Labo-
ratory Animal Medicine 2nd edition. Edited by: Fox JG, Anderson LC,
Loew FM, Quimby FW. San Diego: Academic Press; 2002:1111-1128.

4. Kent R, West A}, Norris DE: Molecular differentiation of colo-
nized human malaria vectors by 28S ribosomal DNA poly-
morphisms. Am J Trop Med Hyg 2004, 71(4):514-517.

5. Nitzki F, Kruger A, Reifenberg K, Wojnowski L, Hahn H: Identifica-
tion of a genetic contamination in a commercial mouse
strain using two panels of polymorphic markers. Laboratory
animals 2007, 41(2):218-228.

6. Hii JL, Chew M, Vun YS§, Nasir M, Chang MS: Enzyme polymor-
phism of the malaria vector, An. balabacensis (Diptera: Culi-
cidae) revisited--why sample natural populations? Southeast
Asian | Trop Med Public Health 1988, 19(4):689-701.

7. Norris DE, Shurtleff AC, Toure YT, Lanzaro GC: Microsatellite
DNA polymorphism and heterozygosity among field and lab-
oratory populations of Anopheles gambiae ss (Diptera: Culici-
dae). | Med Entomol 2001, 38(2):336-340.

8.  Woodworth L, Montgomery M, Briscoe D, Frankham R: Rapid
genetic deterioration in captive populations: Causes and
conservation implications. Conservation Genetics 2002, 3:277-278.

9.  Bryda EC, Riley LK: Multiplex microsatellite marker panels for
genetic monitoring of common rat strains. | Am Assoc Lab Anim
Sci 2008, 47(3):37-41.

10. Reddy KD, Abraham EG, Nagaraju |: Microsatellites in the silk-
worm, Bombyx mori: abundance, polymorphism, and strain
characterization. Genome 1999, 42(6):1057-1065.

Il. Tsang$, Sun Z, Luke B, Stewart C, Lum N, Gregory M, Wu X, Suble-
ski M, Jenkins NA, Copeland NG, et al.: A comprehensive SNP-
based genetic analysis of inbred mouse strains. Mamm Genome
2005, 16(7):476-480.

12.  Benedict MQ, Besansky NJ, Chang H, Mukabayire O, Collins FH:
Mutations in the Anopheles gambiae pink-eye and white
genes define distinct, tightly linked eye-color loci. JHered
1996, 87:48-53.

13.  Benedict MQ, Chang H: Rapid isolation of anopheline mosquito
eye-colour mutants based on larval colour change. Med Vet
Entomol 1996, 10:93-96.

14.  Benedict MQ, McNitt LM, Collins FH: Genetic traits of the mos-
quito Anopheles gambiae: Red stripe, frizzled, and
homochromyl. JHered 2003, 94:227-235.

I15. Blandin S, Shiao SH, Moita LF, Janse CJ, Waters AP, Kafatos FC,
Levashina EA: Complement-like protein TEPI is a determi-
nant of vectorial capacity in the malaria vector Anopheles
gambiae. Cell 2004, 116(5):661-670.

16.  White BJ, Santolamazza F, Kamau L, Pombi M, Grushko O, Mouline
K, Brengues C, Guelbeogo W, Coulibaly M, Kayondo JK, et al.:
Molecular karyotyping of the 2La inversion in Anopheles gam-
biae. Am ] Trop Med Hyg 2007, 76(2):334-339.

17.  Wilkins EE, Howell PI, Benedict MQ: IMP PCR primers detect
single nucleotide polymorphisms for Anopheles gambiae spe-
cies identification, Mopti and Savanna rDNA types, and
resistance to dieldrin in Anopheles arabiensis. Malar | 2006,
5:125.

Page 9 of 10

(page number not for citation purposes)


http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=U29485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10615122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15516651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15516651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15516651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17430621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17430621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17430621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3238482
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3238482
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11296845
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11296845
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18459711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18459711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10659770
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10659770
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16151692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16151692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8834748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8834748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15006349
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17297045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17177993

BMC Biotechnology 2009, 9:91 http://www.biomedcentral.com/1472-6750/9/91

18. Mason GF: Genetic studies on mutations in species A and B of
the Anopheles gambiae complex. GenetRes, Camb 1967,
10:205-217.

19.  Benedict MQ, Seawright JA: Changes in pigmentation in mosqui-
toes (Diptera: Culicidae) in response to the color of the envi-
ronment. Annals Entomol Soc Am 1987, 80:55-61.

20. Armbruster P, Hutchinson RA, Linvell T: Equivalent inbreeding
depression under laboratory and field conditions in a tree-
hole-breeding  mosquito. Proc  Biol  Sci 2000,
267(1456):1939-1945.

21. Knols BG, Njiru BN, Mathenge EM, Mukabana WR, Beier JC, Killeen
GF: MalariaSphere: a greenhouse-enclosed simulation of a
natural Anopheles gambiae (Diptera: Culicidae) ecosystem in
western Kenya. Malar | 2002, 1:19.

22. Munstermann LE: Unexpected Genetic Consequences of Colo-
nization and Inbreeding - Allozyme Tracking in Culicidae
(Diptera). Annals Entomol Soc Am 1994, 87(2):157-164.

23. Aguilar R, Dong Y, Warr E, Dimopoulos G: Anopheles infection
responses; laboratory models versus field malaria transmis-
sion systems. Acta Trop 2005, 95(3):285-291.

24. DeJongR|, Miller LM, Molina-Cruz A, Gupta L, Kumar S, Barillas-Mury
C: Reactive oxygen species detoxification by catalase is a
major determinant of fecundity in the mosquito Anopheles
gambiae. Proc Natl Acad Sci USA 2007, 104(7):2121-2126.

25. Dunbar SA: Applications of Luminex xMAP technology for
rapid, high-throughput multiplexed nucleic acid detection.
Clin Chim Acta 2006, 363(1-2):71-82.

26. Coluzzi M, Di Deco M, Cancrini G: Chromosomal inversions in
Anopheles stephensi. Parassitologia 1973, 15(1):129-136.

27. van Driel JW, Sluiters JF, Kaay H) van der: Allozyme variation in
Anopheles stephensi Liston from Pakistan (Diptera: Culici-
dae). Biochem Genet 1987, 25(11-12):789-802.

28. Barnes M, Lobo N, Coulibaly M, Sagnon N, Costantini C, Besansky N:
SINE insertion polymorphism on the X chromosome differ-
entiates Anopheles gambiae molecular forms. Insect Mol Biol
2005, 14:353-363.

29. Boulesteix M, Simard F, Antonio-Nkondjio C, Awono-Ambene HP,
Fontenille D, Biémont C: Insertion polymorphism of transposa-
ble elements and population structure of Anopheles gam-
biae M and S molecular forms in Cameroon. Mol Ecol 2007,
16:441-452.

30. della Torre A, Tu Z, Petrarca V: On the distribution and genetic
differentiation of Anopheles gambiae s.s. molecular forms.
Insect Biochem Mol Biol 2005, 35:755-769.

31. Esnault C, Boulesteix M, Duchemin |B, Koffi AA, Chandre F, Dabiré
R, Robert V, Simard F, Tripét F, Donnelly M}, et al.: High genetic dif-
ferentiation between the M and S molecular forms of Anoph-
eles gambiae in Africa. PLoS ONE 2008, 3:e1968.

32. Santolamazza F, Mancini E, Simard F, Qi Y, Tu Z, Della Torre A:
Insertion polymorphisms of SINE200 retrotransposons
within speciation islands of Anopheles gambiae molecular
forms. Malar | 2008, 7(1):163.

33. Benedict MQ: Care and maintenance of anopheline mosquito
colonies. In The Molecular Biology of Insect Disease Vectors Edited by:
Crampton JM, Beard CB, Louis C. New York: Chapman & Hall;
1997:2-12.

34. MRA4Staff: Larval Insecticide Resistance Assays.
Anopheles Research. Atlanta, GA st edition. 2007.

35. Rafferty C, Campbell S, Wirtz R, Benedict M: Polymerase chain
reaction-based identification and genotyping of Anopheles

Methods in

mosquitoes with a 96-pin bacterial replicator. Am | Trop Med
Hyg 2002, 66(3):234-237.

Publish with Bio Med Central and every
scientist can read your work free of charge

36. Gentile G, Slotman M, Ketmaier V, Powell JR, Caccone A: Attempts
to "'I'°|eCl;\:|aTIg ';I'ngg;gll"os(hl)c;yspg'zc taxa in Anopheles gambiae "BioMed Central will be the most significant development for
s.s. Insect Mol Bio :25-32. ; PR ; ; ; g
: d ting th Its of b dical h lifetime.
37. Mukabayire O, Caridi J, Wang X, Toure YT, Coluzzi M, Besansky NJ: Isser.nlna fng the results or blomeaical research in our firetime
Patterns of DNA sequence variation in chromosomally rec- Sir Paul Nurse, Cancer Research UK
ognized taxa of Anopheles gambiae: evidence from rDNA and Your research papers will be:
single-copy loci. Insect Mol Biol 2001, 10(1):33-46. ) pap o ) )
38.  Wilkins EE, Howell PI, Benedict MQ: X and Y chromosome inher- « available free of charge to the entire biomedical community

itance and mixtures of rDNA intergenic spacer regions in
Anopheles gambiae. Insect Mol Biol 2007, 16(6):735-741.

« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here:

O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 10 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11075705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11075705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11075705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12537599
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12537599
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16011828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16011828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16011828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17284604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16102740
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16102740
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4788354
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3450272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3450272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16033429
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17217356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17217356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17217356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15894192
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18414665
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18724871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18724871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12139213
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12139213
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11240634
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11240634
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11240635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11240635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18093002
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Development of authentication matrix
	Phenotypic discrimination
	Homochromy (cuticle darkening)
	Eye Color
	Collarless
	Insecticide resistance

	Genotypic discrimination
	Quantities required for establishment of traits and routine testing
	Record keeping

	Discussion
	Alternate methods

	Conclusion
	Methods
	Mosquito rearing and manipulation
	Insecticide treatment
	PCR
	An. gambiae 2La inversion and TEP1 multiplex PCR (Figure 
	An. gambiae identification and rDNA discrimination PCR (Figure 
	White gene PCR (Figure 

	Sequencing of white gene

	Authors' contributions
	Acknowledgements
	References

