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SYNOPSIS

The development of several DDT-resistant strains of Anopheles
atroparvus is described. They were selected by larval treatment
only (RL), selection of larval and adult females (RLAF), and selec-
tion of adult females and males (RAFM). Their rate of DDT-
resistance was measured in the larval and adult states (mainly in
the 32nd generation). The results were compared with those of a
dieldrin-selected strain (R/dieldrin) and several normal and semi-
normal reference strains. In the larval assay DDT-resistance was
ofthefollowingorder: RL> RLAF> RAFM> R/dieldrin. Topical
application to adults gave: RLAF> (RL?)> RAFM> R/dieldrin;
while adult tarsal contact gave: RAFM> RLAF>RL> R/dieldrin
These different orders of resistance are discussed.

The strains were subjected to cytological examination by the
method of Frizzi. The percentages of heterozygous inversions found
were as follows: R/dieldrin, 77.4%; RL, 55.3%; RLAF, 54.0%;
RAFM, 24.4%; all normal and semi-normal strains about 12%-
21%.

The rate of DDT-resistance could not be correlated with the
percentages of heterozygous inversions found in the various strains.

In the previous work of this series (Mosna et al., 1958; henceforward
referred to as Part 1), the chromosomal arrangement in larvae of a dieldrin-
selected strain of Anopheles atroparvus was investigated. It was found
that this strain contained a high percentage (77.4%) of the heterozygous
arrangement in the left arm of the third chromosome, as opposed to only
20.8 % in the susceptible reference strain. Since, however, the resistance of
the dieldrin-selected strain was comparatively low, it was deemed necessary
to commence an investigation on the influence of the mode of selection
on chromosome arrangement in A. atroparvus.
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Experimental 1

Description of A. atroparvus strains

Susceptible reference strains and semi-sensitive strains
L Sens.-Roma-an Italian susceptible strain originating from Ferrara,

which has already been described in Part 1.

II. Sens.-Hamburg-obtained in February 1958 through the courtesy
of Professor F. Weyer, Hamburg. Details on the previous history of this
susceptible strain are given in Kuhlow (1957) and Progress Report No. 1
(24 January 1956) of the Malaria Section of the World Health Organization
(unpublished).

III. Palermo-obtained from Professor G. D'Alessandro, Palermo, in
December 1957; susceptible strain, described by D'Alessandro, Frizzi
& Mariani (1957, 1958).

IV. Romania-a strain collected from Parlita, a village sprayed with
BHC from 1949 to 1952. The strain has been cultured at Bucharest since
1957 and was obtained in February 1958 through the courtesy of Professor
E. Ungureanu.

Laboratory strains selected with insecticides

All these strains originate from the Sens.-Roma strain (strain No. I)
and have been selected by Dr Mosna and his assistant Dr Palmieri since the
end of 1955.2 At the time of writing (August 1958), selection has been
going on for 35 generations. The main part of the present work was done
on the 32nd generation.

V. RAFM-in this strain the adult females and males (AFM) were
separated within 24 hours of hatching. The females, given two blood
meals (about 48 hours old) and the males, fed on glucose (one day old) were
exposed to DDT by the Busvine & Nash (1953) method. Different doses
were chosen for females and for males, to give a kill of 50 % or more. The
surviving mosquitos were then transferred into breeding cages.

VI. RL-a strain treated in the first and third larval (L) stage with
DDT selection doses.

VII. RLAF-this strain was selected in the larval (L) stage in the same
way as RL, while in the adult stage thefemales only (AF) were selected with
the modified Busvine & Nash method.

'Development of strains and Busvine & Nash assays by E. Mosna and C. Palmieri; larval assays, topical
application and cytological examinations by K. R. S. Ascher, L. Rivosecchi and I. Neri.

2 Further information on the development of these strains is given in the unpublished Progress Reports
Nos. 1, 2, 3 and 4 (1956 and 1957) of the Malaria Section of the World Health Organization.
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VIII. R/dieldrin-this strain, selected with dieldrin larval pressure, has
been described in Part 1.

The rearing conditions were the same as those described in Part 1.
All conceivable efforts were made to rear all the strains under the same
conditions of temperature, feeding, etc.

Assessment of response of strains to DDT

Adult resistance (determined by the modification of the Busvine &Nash
technique mentioned in Part 1) and larval resistance (method described in
Part 1), have been followed up by Dr Mosna and Dr Palmieri in nearly
every generation of selection up to the time of writing (35th generation 1).
It was found, however, to be of significant interest and importance to
retest the strains in the 32nd generation, i.e., parallel to the- cytological
investigation, using different test methods.

The larvae and adults of strains RL, RLAF and R/dieldrin used in the
resistance assays were taken from a generation not subjected to insecticidal
treatment.

Insecticidal tests with larvae

The method used for assaying larval resistance in the 32nd generation
of selection and concurrently in the sensitive and semi-sensitive strains
was essentially Wharton's (1956) procedure. For each experiment six
concentrations were used, in two replicates simultaneously. Twenty late
third stage larvae were put in 250 ml of distilled water in 600-ml beakers.
The only deviation from Wharton's method was that larvae were not
collected before the test in 5 ml of water. Instead of this, they were trans-
ferred in bulk with a sieve from the breeding bowls into a beaker with
distilled water, thence fished out with a spoon with a metal screen bottom,
and dropped into the experimental beakers containing the insecticide
suspensions. The beakers were then placed into a thermostat at 27°C.
Observations on mortality were taken 24 hours later, moribund larvae being
counted as dead (reaction with teasing needle). From the data (after
correction for control mortality by Abbott's formula, whenever necessary)
log-dosage/probit lines were drawn (fitted visually). In the 32nd generation
each strain was tested at least six times on different days.

Insecticidal tests with adults

Tarsal contact. The method used was that of Busvine & Nash (1953)
as modified by Mosna (Part 1). The females for test were collected within
24 hours of hatching, fed a first blood meal, and 24 hours later a second

1 Information up to the 20th generation is given in the unpublished Progress Reports Nos. 1, 2, 3 and 4
(1956 and 1957) of the Malaria Section of the World Health Organization.
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one; 2-3 hours later they were exposed to the DDT residues at 27°C. After
the contact they were transferred into cages, provided with 10% glucose,
and kept in incubators at 27°C and at least 60% relative humidity. The
number of mosquitos used for the tests in each generation may be seen
in Table 1.

In the DDT-selected strains, the highest concentration of the Busvine
& Nash method (4%), at the conventional exposure time of one hour,
produced a kill lower than 50% even after a few generations of selection
(RAFM in the third, RLAF in the sixth, and RL in the seventh generation of
selection). Prolonging exposure time to two hours proved to be a short-
lived remedy. It was found necessary to utilize a 24 hours' exposure in order
to reach mortalities above 50 %, as early as in the fifth generation of RAFM,
the tenth generation of RLAF and the twelfth generation of RL. It was
therefore necessary to retest, for the purpose of this study, all our strains
with the topical application method.

Topical application. Females, 2-3 days old and fed on 10% glucose,
werc treated with 0.4 mm3 of DDT solutions of various strengths in ethanol,
applied on the mesonotum. After being put in cages provided with glucose,
they were transferred to a 270C thermostat.

After preliminary experiments, at least five concentrations were chosen.
Each experiment, accompanied by a control (alcohol only), was repeated
at least five times on different days in the 32nd generation.

Cytological examinations
The special rearing conditions of larvae for these examinations and the

procedure followed during the staining and sealing of the preparations
have been described in Part 1. As with the 28th generation of R/dieldrin
(Part 1), no insecticide was added to the larvae of strains RL and RLAF
in the examined 32nd generation.

Results

The results of toxicological and cytological examinations are summarized
in Table 1.

Since among the heterozygous inversions in the R/dieldrin strain there
had been found three types of " rings ", this line was followed up in the
present investigation (Table 2).

It is of interest to note, that among the small number of heterozygous
inversions found in normal and semi-normal strains, the " big-ring " type
seems to be absent. In the DDT-resistant strains there is a low percentage
of the " big-ring " type, while in the R/dieldrin strain it is the most common;
in the normal and semi-normal strains and the DDT-resistant strains, the
" small-ring-near-terminal-end " type is the most commonly encountered.

'The females for these experiments were fed glucose in order to avoid the. risk of variations in suscep-
tibility following a blood meal (Hadaway & Barlow, 1956, 1957).
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TABLE 2. DISTRIBUTION OF RING TYPES IN DIFFERENT STRAINS

Number of Percentage of ring type
Strain . h.tinversoions bi ring "small ring near "small ring near

examined (44i 7/48)rg terminal end" centre-base"examined (44.47/48) (46-4/48) (44-46)

1. Sens.-Roma 18 | 64.7 35.3
1'

II. Sens.-Ham.
burg 18 _ 64.3 35.7

IV. Romania 18 - 83.3 16.7

V. RAFM 49 21.7 58.7 19.6

VI. RL 100 15.5 60.8 23.7

VII. RLAF 82 11.0 79.3 9.7

VIII. R/dieldrin 106 41.8 20.2 38.0

* Data taken from Part I (Mosna et al., 1958).

Discussion of Results

Toxicological results (Table- 1, left and centre)

Sensitive and semi-sensitive strains. Of all the four reference strains
available, the Sens.-Hamburg strain is the most normal one, as evidenced
from results with topical application and the Busvine & Nash method.
It is closely followed by Sens.-Roma, which is somewhat more hardy in
the adult stage,1 though it has about the same LC50 in the larval stage.
The Romania strain-though still practically sensitive in the larval assays-
and especially the Palermo strain have to be considered slightly resistant
(or semi-normal) strains. Thus Palermo gave only 36.6% mortality at the
highest dosage of the Busvine & Nash method (4% at one hour's contact).
Only Sens.-Hamburg, Sens.-Roma and Romania were checked as to their
response to DDT in the larval stage.

Resistant strains. On assaying RAFM in the 32nd generation by topical
application, it was noted that the results were very constant. Indeed in
5 replications an LD50 of 0.24 y/? was obtained in every experiment. On
the other hand, in the strains in which larval selection with DDT takes
place (RL, RLAF), replications with topical application tend to give
fluctuating results. This may be noted to some degree from the range of

1 It is of significant interest that Sens.-Roma has become increasingly hardy to DDT in the laboratory
since it was first tested in 1955. The LC5*'s (Busvine & Nash method; I hour) have been as follows (the
number of females used in the tests is given in parentheses): September 1955, 1.0% (1050); March 1957, 2.2%
(1100); October 1957, 3.0% (900); March 1958, 3A4% (900); August 1958, 3.4°% (900). Similar increases in
hardiness in unexposed normal laboratory colonies of anopheline mosquitos have also been noted by other
workers (Davidson, 1958; Brown, 1958, p. 157). We do not feel that these changes could be ascribed in our
case to improved rearing conditions. Rather, they may be due to selection of " vigour " factors in our labo-
ratory cultures. On the other hand, we cannot entirely negate the possibility of contamination of the larval
food (fine bran) with traces of DDT before its arrival in the laboratory. Although our wheat bran comes
from small rural mills which use no DDT, such a danger can never be entirely excluded in the DDT era.
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results with RLAF. But it is even more conspicuous in the RL strain where
results fluctuated to such a degree that no mean could be calculated. Indeed,
the LD50's of replications in the 32nd generation were 0.2, 0.3, 0.27, 0.29
and 0.4 y/9. (A tentative arithmetical mean would be 0.29). The points of
these log-dosage/probit lines in the RL strain are heterogeneous and demon-
strate a great variance in the strain. Thus larval selection only, with DDT,
seems to cause a rather strong variance in the adults towards DDT topically
applied. Interestingly enough, the R/dieldrin strain (its data with dieldrin
are given in Part 1) shows a very stable response towards DDT on topical
application. Topical application of DDT gives the following order of DDT-
resistance: RLAF (> RL?) > RAFM > R/dieldrin (- Palermo!).

It is of great interest to compare these results with those of tarsal contact
(Busvine & Nash method). Here RAFM is the most resistant strain,
followed by RLAF > RL, i.e., a different order from that found in topical
application. Let us consider for a moment that resistance to DDT is
composed of (a) Wiesmann's " lipoid barrier " mechanism (see, for instance,
Wiesmann, 1957), (b) Kearns' enzymatic dehydrochlorination mechanism,
and (c) various other mechanisms. It would seem indeed that in tarsal
contact assays, in which the " lipoid barrier ", especially in the tarsi, may
play an important role by blocking the toxicant, the strain RAFM is better
endowed as regards resistance than the other two DDT-resistant strains.
It is conceivable, indeed, that tarsal selection induces a strong disturbance
in the lipoid metabolism, especially in the tarsi. This is more evident in a
strain in which both females and males are subjected to selective tarsal
contact (RAFM) than in a strain in which only the females are selected in
the adult stage (RLAF). However, not unexpectedly, RLAF is slightly
more resistant than RL in the Busvine & Nash tests. It goes without saying
that also in the RL strain there might be an enhanced lipoid content, but its
importance as a resistance factor for tarsal contact would be less than in
the two afore-mentioned strains. A study on the lipoid content in some
resistant and normal strains will appear in a forthcoming special issue on
insecticide resistance of the Indian Journal of Malariology (as Part 3 of
this series).

In topical application, a detoxication mechanism (such as through the
action of DDT-dehydrochlorinase) is most probably of greater importance
in blocking the toxic effects of DDT than the " lipoid barrier" (especially
the tarsal barrier). Here RL and RLAF appear to be more resistant than
RAFM.

Some light is shed on this problem by the results of the larvicide tests,
but at the same time there arise new problems. In larvae, the lowest DDT-
resistance is shown by the R/dieldrin strain (nearly normal). Then follows
RAFM (about 4.5 times normal), then RLAF (20 times normal) and
finally-rather surprisingly-RL with the highest resistance (63 times
normal). Thus both the RL and RLAF strains are more resistant in the
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larval stage than RAFM, which seems again to indicate that RAFM has
much less of an over-all detoxication mechanism present in all stages (most
probably DDT-dehydrochlorinase) than strains RL and RLAF.

Most incomprehensible is the higher larval DDT-resistance of RL as
compared to RLAF, in view of the identical selection history of both strains
in the larval stage. The higher larval resistance of RL has been confirmed
in countless replications, and has been verified also by using the different
larvicide testing method described in Part 1. It would seem almost as if
in the RLAF strain, the AF part of selection antagonizes the RL part of it,
as regards larval resistance.

It is rather unfortunate that strains of type RLAM, RLAFM, RAF and
RAM could not be developed for this investigation. It has to be considered,
however, that even the maintenance of uninterrupted selection pressure and
the testing procedure in every generation of the resistant strains mentioned
in this paper are quite a heavy drain on personnel.

It is of great interest to compare the slope of the log-dosage/probit
curves in the different strains, especially of Sens.-Roma and the various
resistant strains (RAFM, RL, RLAF, R/dieldrin) developed from it.
Mosna and Palmieri (see Brown, 1958) had noted that in RL, RLAF and
RAFM the slope of the log-dosage/probit lines remained parallel to that
of the Sens.-Roma strain; this phenomenon was noted from the very first
generations of selection when tested with the Busvine & Nash method.
This simple shift of the lines without any change in slope has remained a
constant feature of our selected strains until now. In topical application
(the assays done at the 28th to 32nd generations), the same characteristic
was noted: the slopes of the log-dosage/probit lines of RAFM, RL, RLAF
have remained parallel to that of Sens.-Roma. Unfortunately, no data are
available on topical application assays on the first generations of selection;
thus we do not know whether topical application log-dosage/probit lines
became flatter in the first generations and then steeper again with the
development of resistance, or whether there was only a parallel shift with
this method as well. Since at least with the Busvine & Nash method, which
was done on very great numbers of individuals in every generation, there
was only the parallel shift, we should speak, according to Hoskins &
Gordon (1956) of " vigour tolerance " only. The uncommonly high resist-
ance leVel, by the Busvine & Nash method, in our DDT-resistant strains,
the high larval resistance in the case of strains RL and RLAF, etc., indicate
clearly that here the term "vigour tolerance" would be utterly misplaced,
and perhaps a redefinition of the term might be indicated.

There are two other indications about strain RAFM which show
clearly that it does not belong to the " vigour tolerance " category. A
subcolony in which selection was discontinued (named strain FM) was
established from the 21st generation of RAFM. Strain FM was maintained
for 15 generations and DDT-resistance was checked in each generation.
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During this entire period there was not the slightest loss in resistance, which
remained constant at about 3.5 % (Busvine & Nash method, 24 hours'
contact). The second indication was obtained when we investigated strains
RAFM and Sens.-Roma by exposing adults to tarsal contact with filter
papers impregnated with dry DDT residues from acetone solutions (i.e.,
instead of residues of DDT in Risella oil as in the Busvine & Nash method).
With this modified procedure, the LC50 of RAFM was more than 1000 times
that of Sens.-Roma.

The slope of the R/dieldrin strain in topical application was somewhat
flatter than that of Sens.-Roma and the DDT-selected strains. This might
perhaps indicate a mechanism (or mechanisms) of resistance to DDT
different in this strain from that (or those) in the DDT-selected strains. We
can hardly say, according to Hoskins & Gordon, that this is a case of
incipient true resistance (as opposed to " vigour tolerance " in the strains
RAFM, RL, RLAF), since in the R/dieldrin strain resistance is rather low.

The slopes of strains Sens.-Hamburg and Romania, in topical application
assays, are somewhat steeper than that of Sens.-Roma; they may be different
geographical races. The slope of the log-dosage/probit line of Palermo
in the Busvine & Nash method and topical application is the same as that
of Sens.-Roma.

As regards slopes in larvicide tests, the slopes of all selected strains,
R/dieldrin, RAFM, RLAF and the most resistant one, RL (about 63 times
normal), are steeper than that of the original Sens.-Roma strain. This
could be hardly construed as being due only to elimination of the most
susceptible phenotypes.

Cytological examinations and their comparison with the toxicological data
(Table 1, right)

The lowest number of heterozygous inversions was shown by the most
susceptible strain, Sens.-Hamburg, followed by the Romania (semi-sensitive)
strain and finally by the Sens.-Roma strain. On passing to resistant strains
we should expect a certain correlation between the degree of resistance and
the frequency of heterozygous inversions (see D'Alessandro, Frizzi &
Mariani, 1957, 1958). In our selected strains such a correlation seems to be
more than dubious, since RAFM, which according to the Busvine & Nash
method is the most highly resistant, has only slightly more heterozygous
inversions than its susceptible parent strain. This means that 32 generations
of adult selection with DDT leave the frequency of heterozygous inversions
practically unchanged.

Both RL and RLAF have about the same increased percentage of hetero-
zygous inversions. We have to conclude that the adult, female (AF) part
of selection in RLAF has no part in the increase of heterozygous inversion in
this strain.
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The R/dieldrin strain, which has only a comparatively low adult resist-
ance towards DDT, and which is only slightly resistant towards dieldrin
(2.5 times on tarsal contact; see data in Part 1), has by far the highest
percentage of heterozygous inversions. Evidently, the percentage of hetero-
zygous inversions cannot be related satisfactorily to adult resistance as
assayed by tarsal contact (and by topical application) in our series of resist-
ant strains, all of which stem from the same normal strain (Sens.-Roma).

An attempt was therefore made to correlate the percentage of hetero-
zygous inversions with the degree of larval resistance. But here again no
correspondence exists, since RL and RLAF have the same percentage of
heterozygous inversions, but have larval DDT-resistance in the ratio of
approximately 3: 1. Moreover, again the findings of the highest percentage
of heterozygous inversions in the R/dieldrin strain, which is nearly normal to
DDT in the larval state, and only slightly resistant to dieldrin (3 times; see
Part 1), do not support such a correlation. It is evident, however, that in all
our strains selected by larval pressure, there occurs an increase in the
frequency of heterozygous inversions, irrespective of the degree of resistance.
A similar tendency might perhaps be discerned on examining the data of

D'Alessandro, Frizzi & Mariani (1957, 1958). In the first paper, three genera-
tions of DDT-selection in A. atroparvus gave the greatest percentage of hetero-
zygous inversions (63.7 %) in a strain (No. II) kept in contact with DDT
during its whole pre-imaginal life. It was followed by a strain (No. I),
whose larvae had been briefly exposed to DDT in the first and third stages
(51.4%) and finally by a strain selected by adult selection only (No. III)
with 50.8 %. Unfortunately, the normal parent strain, with its 47% hetero-
zygous inversions is dangerously close to the resistant strains, especially
to strains I and III. In the second paper, the development of these strains
was abandoned in favour of a strain IV, in which both larvae and adults
were treated in each generation. The 12th generation of this strain gave
74.8 % heterozygous inversions, as compared, interestingly enough, with
only 19.27% this time in the corresponding generation of the parent strain.
From perusal of this paper it appears that the results on 895 individuals
of A. atroparvus have been compiled by the summing up of adult and larval
chromosomal data. In view of selection of strain IV in both adult and
larval stages, no conclusions can be drawn as to whether its enhanced
number of heterozygous inversions is due to larval selection only. The
announced isolation of a standard homozygous strain (D'Alessandro,
Frizzi & Mariani, 1958) will be most helpful in clearing up the problems
in this field. We have, however, to ask ourselves in the meantime whether
a high percentage of heterozygous inversions may not be a response to any
larval elimination (killing) pressure (i.e., by which a large number of larvae
in a certain population is eliminated). Such a pressure could be of any
sort, physical or chemical, and would not necessarily lead to resistance.
In order to exclude such a possibility, it might be advisable to kill a high
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percentage of larvae of a normal strain containing a low frequency (e.g.,
20%) of heterozygous inversions with abiotic temperatures (cold or heat),
or inorganic poisons such as KCN or CuS04, and to follow up the chromo-
somal arrangements of the survivors and their offspring. It is indeed very
suggestive that Frizzi & Holstein (1956)-in a comparative study of two
lots of larvae of A. gambiae hatched from the same subcolony of eggs, one
developed at 24°C (the general rearing temperature used in the study) and
the other at 31°C-found the following frequencies of heterozygous inver-
sions (sum of inversions in all arms): 11.4% at 24°C and 68 % at 31°C.
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RltSUMIt

Des recherches ant6rieures sur l'arrangement chromosomique avaient montre que
77,4 % des individus d'une souche d'Anopheles atroparvus resistante A la dieldrine pr6-
sentaient une inversion h6terozygote du bras gauche du chromosome III qui ne se ren-
contrait que chez 20,8 % des individus de souches normalement sensibles.

Cette etude porte sur l'influence du mode de selection sur l'arrangement chromoso-
mique de A. atroparvus. La selection des souches resistantes au DDT a ete etudiee sur
les larves (RL), sur les larves et adultes femelles (RLAF) et sur les adultes males et femelles
(RAFM). La r6sistance au DDT a ete evaluee en g6n6ral sur la 32e gen6ration. Les
resultats ont 6te compares a ceux obtenus avec une souche resistante A la dieldrine (R/diel-
drine) et des souches normales et semi-normales.

La gradation de la resistance de ces diverses formes 6tait la suivante: essai sur les
larves - RL> RLAF>RAFM> R/dieldrine; essai d'application locale de l'insecticide
aux adultes - RLAF> (RL ?)>RAFM> R/dieldrine; contacts tarsiens des adultes
avec l'insecticide - RAFM> RLAF> RL> R/dieldrine. Les auteurs commentent
ces r6sultats.

L'examen cytologique (selon la methode de Frizzi) a donn6 les pourcentages suivants
d'inversions h6t6rozygotes: R/dieldrine 77,4 %; RL 55,3 %; RLAF 54,0 %; RAFM
24,4 %; souches normales et semi-normales 12 %-21 %.

Aucun rapport n'a pu etre etabli entre le taux de resistance au DDT et le pourcentage
d'inversions h6t6rozygotes trouve dans les diverses souches.
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