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The Salivary Gland Chromosomes
of Anopheles occidentalis *

RICHARD H. BAKER & JAMES B. KITZMILLER

Increasing emphasis is being placed on the study of the genetics of insect vectors of
disease, and, although Anopheles occidentalis is not itself a malaria vector, study of its
salivary gland chromosomes is important as part of investigations into the phylogenetic
and evolutionary relationships of anophelines, especially in view of this species' close
morphological similarity to other members of the A. maculipennis complex.

The authors of this paper provide a map of the salivary chromosomes ofA. occidentalis,
and discuss the many points ofresemblance of those chromosomes to those ofA. freeborni
in particular. However, they point out that at least ten different paracentric inversions
must be postulated to derive the A. occidentalis chromosomes from those of A. freebomi.

The World Health Organization is placing
increasing emphasis on the study of vector genetics,
and a global programme on the cytogenetics of
mosquitos, including mapping of salivary gland
chromosomes, is under way.

Salivary gland chromosome maps are now
available for several species of Anopheles, including
A. atroparvus, A. albimanus, A. gambiae, A. aquasalis,
A. quadrimaculatus, A. earlei, A. aztecus, A. freeborni,
A. punctipennis and A. stephensi. Maps are also
being prepared for all the North American anophe-
lines. All North American species so far studied may
be distinguished cytologically on the basis of the
salivary X chromosomes. Thus it has been possible
in certain cases to use salivary preparations as
taxonomic tools. Although Anopheles occidentalis
is not a malaria vector, the study of its salivary
chromosomes is important from the points of view of
phylogenetic and evolutionary relationships. The
use of salivary chromosomes has made it possible
not only to distinguish some of the above species
cytologically but also to identify populations of
doubtful or mixed ancestry.

Anopheles occidentalis is considered to have the
most restricted distribution of any of the North
American mosquitos in the maculipennis complex.
At present it is restricted to the Pacific coast, west of
the coastal mountain ranges, with its southern limit
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probably at the north shore of the San Francisco Bay
area. The northern extent is in doubt. In the older
literature A. occidentalis included the forms now
considered to be A. earlei, and therefore the known
distribution of A. earlei across southern Canada and
the northern USA must include many of the sup-
posed A. occidentalis records. The Alaskan dis-
tribution is in question; Carpenter & La Casse
(1955) in a footnote (p. 44) offer the suggestion that
the Alaskan form is actually A. earlei.
Whatever the actual distribution, it is a very

restricted one, and therefore of interest in any
attempt to investigate the phylogenetic and evolu-
tionary relationships of this species. Its close
morphological similarity to A. earlei and to the other
members of the maculipennis complex make the
study of its salivary gland chromosomes all the more
interesting.
The chromosomes described in this paper were

prepared from individuals of a laboratory popula-
tion, which in turn was begun from females collected
near Freestone, California, in December 1963. The
laboratory population was successfully maintained
for six generations by means of induced copulation
and removal of wings to induce oviposition. Some
cage mating did take place, and probably this species
may respond to selection for laboratory conditions.

DESCRIPTION OF THE CHROMOSOMES

The salivary chromosomal complement is very
similar to that of others of the North American macu-
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lipennis complex, consisting of a short X chromo-
some and two pairs of autosomes (Fig. 1). The
banding pattern is excellent and the paired chromo-
somes usually show very few asynaptic areas.

Average measurements for the salivary components
are as follows: X, 68 ,u; 2R, 158 ,t; 2L, 158 p; 3R,
200 ,u; and 3L, 129 ,. Thus, as in its relatives, the
X is the shortest chromosome, and 2 and 3 are of
approximately equal total lengths, again, however,
varying in arm-length ratios. Chromosome 2 has
arms of approximately equal lengths. In chromo-
some 3 the right arm is typically longer than the
left; our slides show a 1.5 : 1 ratio.
The chromosomes normally appear attached at a

chromocentre. These connexions appear to be
easily broken, and the chromosomes often spread
separately. As in the other species, the bands vary
in intensity of staining. All preparations were made
from late fourth-instar larvae.

X chromosome

The X is the shortest of the chromosomes in the
salivary complement. It is remarkably similar to the
X of A. freeborni in many respects. Region 1 is
identical, or almost so, with that of A. freeborni.
The curved free end is not seen as often, but the series
of three bands in 1A and another series of three in 1B
are almost identical to those of A. freeborni. The
puff in IC contains light dotted bands, followed by a

darker series of bands in 1D. In region 3, a single
heavy band in 3B stands out, as do two heavy bands
in 3C. A large puff occupies 4C and 4D. The
centromere end of the chromosome, region 5, is
characterized by a series of five darkly stained,
evenly spaced bands.
The striking similarity of the free end of the X,

plus similarities of banding patterns in other areas,

plus the location of the large puff near the centro-
mere, suggested the possibility that the X chromo-
somes of A. occidentalis and A. freeborni might differ
in relatively simple inversions.

Detailed study of the banding pattern shows that
regions 2 and 3 of the A. occidentalis map (Fig. 2) are

identical with regions 3 and 4 in A. freeborni, in the
same order, not inverted. The puffin A. occidentalis,
region 4, appears also to be identical, in the non-

inverted order, to region 2 in A. freeborni.
This arrangement would be possible, assuming

three paracentric inversions. First, the entire
region 2A through 4C of the A. freeborni chromo-
some was inverted. Next, regions 3A through 4C
(A. freeborni) was reinverted, to produce areas 2 and

3 of A. occidentalis. Finally, a third inversion 2A
through 2D (A. freeborni) was reinverted, to produce
region 2 of A. occidentalis. These three relatively
simple inversions would have produced essentially
the arrangement now found in A. occidentalis.
There are minor difficulties with this explanation.

Regions 2A and 2B in A. freeborni would have to
correspond to regions 4A and 4B of A. occidentalis, a
relationship which is not immediately obvious.
Furthermore, region 5, although very similar in
banding pattern is not identical, but it must be said
that the centromere end of the X, as well as the
centromere region in all chromosome arms, is the
most variable region and the most difficult to study.
The chromosomal heterozygotes resulting from

crosses between these species (Fig. 3) clearly indicate
some pairing in the expected areas, and also clearly
show the similarities of banding patterns.
The non-identical areas are close, and involve

relatively few bands. Therefore the hypothesis of a
sequence of three inversions is an attractive one.
Also, the three inversions need not have occurred in
the sequence stated above. All that is required is that
one of the three must have involved the whole
segment 2A-4C at one time. The 2A-2D inversion
could have occurred first, then 2D-4C, then 4C-3A.
Any other combination is also possible, with the
sole condition that one of the inversions involved
the whole segment 2A-4C. It seems most likely that
this large inversion might have been the first to
occur, but this is by no means certain. Furthermore,
the time sequence is unknown. Any sequence of
inversions, however separated in time, would
produce the same arrangement.

Chromosome 2, right arm
The right arm of chromosome 2 is also very

similar to that of A. freeborni. The free end up to and
including zone 7B has the same bands, in the same
order, as do both A. freeborni and A. earlei (Kitz-
miller & Baker, 1963, 1965). This area is also very
similar in A. punctipennis (Baker & Kitzmiller,
1964a). Some characteristics are the flared tip, the
three puffs in 6A, 6C, 7A and 7B, the two heavy
bands in 6B, the dark band at the end of 6C and the
three heavy bands in 7A and 7B. Other easily
recognized areas in the A. occidentalis chromosome
are as follows: the elongated puff in 8A and 8B, with
the 2-1 series of dark bands in 8A, followed by a pair
of dark bands in 8B; a heavy band at the end of 9A
followed by two dark bands in 9B; a characteristic
light puff in 9C; the long puff bounded by dark

576



SALIVARY GLAND CHROMOSOMES OF ANOPHELES OCCIDENTALIS

bands in 9D, 9E and 9F. This area is the best
recognition area for the right arm of chromosome
2, and occurs in all species of the maculipennis
complex thus far studied. In A. occidentalis it
appears as three dark bands in 9D, a light puffed
area containing a single dark band in 9E, and five
heavy bands in 9F. Other consistent landmarks are
the two dark bands in 10A, the heavy band near the
end of IOD, the two double bands in lOE, the series
of dark bands in section 11, and the two heavy
double bands in 12A. These latter bands also occur
in all species of the complex. Following the paired
double bands in 12C is a very characteristic area in
12D and 13A. The puff in 13A is almost always
broken, flattened or otherwise altered, but the thin
dark bands which bound it are always identifiable.
The area from 1 3B to the centromere is often
variable, the principal characteristics being the two
dark bands in 13C and a heavy dark band at the
end of 13D. The two heavy bands in the centre of
14A and the dark band at the end of this region are
usually present.

It appears almost certain that the major portion of
2R in A. occidentalis has been derived from A. free-
borni. As mentioned above, the free end through 7B
is identical. Most of the internal part of the A. occi-
dentalis chromosome is identical in banding pattern
with that of A. freeborni, assuming an inversion of
the region 7C-12A of A. freeborni, which now
becomes 7C-12A of A. occidentalis. Only three
small regions in 9B, 1OD and lOE do not exactly fit
this interpretation, and even these regions are close.
Another simple paracentric inversion involves
regions 12C through 1 3B of A. freeborni, which now
appear as 12C through 13A of A. occidentalis. This
leaves only 12B and the variable centromere region
(13B to the centromere) which cannot be securely
homologized.

Chromosome 2, left arm

The free end of the left arm of chromosome 2
appears to be consistent in pattern throughout the
maculipennis complex. The arrangement in A. occi-
dentalis is no exception. Region 21 through 20A is
almost identical with the same region in A. freeborni
and A. earlei. Most characteristic is the curved,
flared tip with a series of thin dark bands, and the
ubiquitous heavy dark band in 21C. The dark
double band in 20A is also a consistent feature.
Regions 20A and 20B always appear twisted or weak;
the dark bands in 20B always appear to lie at an acute
angle over the rest of the region, and almost never

appear to have a " proper " orientation. This area
may be counted on to appear twisted or irregular,
and therefore the four bands in 20B may often
appear to be missing. The four thin dark bands in
20C are consistent, as is the 1-2-1 series of dark
bands in the puff in 20E. Four dark bands mark
section 19A. One of the most consistent features is
the pair of dark bands in 19B; these always are
heavy, curved and distinct and serve as a reference
area for this portion of the chromosome. They are
followed by a pair of dark single bands in 19B and a
pair of dark doubles in 19C. At the end of 19D are
three thin, dark bands, usually in the narrower
region of the chromosome; these bands always
appear dotted. In 18B are two thin dark double
bands which always appear " wavy ". The end of
18B is marked by four dark bands, the last two of
which appear heavier.

In 18C two pairs of dark bands usually occupy a
thinner area of the chromosome. The puff in 17A is
usually twisted, broken, and weak in appearance.
The heavy bands which mark either end are distin-
guishable, but the puff itself is almost never intact.
The three fairly dark bands in 17B are often weak,
broken, or displaced at an angle. Regions 17D and
17E are difficult to follow. In the proximal portion
of 17D five thin dark bands are followed by a clear
space, then a long series of weakly staining bands.
This area is always variable, but the thin bands in
17D are always darker than those in 17E. Regions
16A, 16B and 16C are marked by a series of heavy
bands. The five in 16A are consistent, and 16B and
16C are suspected of being a duplication. As in the
other arms, the centromere region is stretched and
difficult to follow. The best reference points are
the three heavy bands in 15A, a dark series in 15B,
three heavy bands in 1 SC and a series of three
prominent bands in 1 5D.

In common with the right arm, the left arm of
chromosome 2 appears to share much of its banding
pattern with A. freeborni. Almost all the bands in
the left arm of A. freeborni are to be found in
A. occidentalis; in addition there is added material in
A. occidentalis not found in A. freeborni, resulting
in a longer arm.
At the free end of the arm the banding patterns of

these two species are identical through zone 20A.
The centromere end corresponds remarkably well,
considering the usual difficulty with this area. The
homology is excellent from the centromere through
1SB, and reasonably good all through area 16,
although it is very probable that small inversions,
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duplications and reverse repeats occur in this
area. Zone 16B in A. occidentalis, for example, is
probably a duplication of 16C; in A. freeborni the
same bands are present but one of the sections of the
duplication is inverted, resulting in a reverse repeat.
Most of the rest of the A. freeborni chromosome
(zones 19B through 17C) is represented by two
inversions in the A. occidentalis chromosome. The
first of these begins at 20E of the A. occidentalis map
and runs through 19B. The second begins at 19B
and continues through 18C. They share a common
break point at the end of 19B and the beginning of
19C. The first segment, 20E-19B, represents the
regions 19B, 19C and 19D, 18A and part of 18B of
the A. freeborni map. The second inversion, con-
taining zones 19C through 18C, contains the same
banding pattern as 18B (part) through 17D of the
A. freeborni map.

Chromosome 3, right arm
As in all other maculipennis species studied,

this arm is the longest of the complement. The free
end is very similar in all species, marked by a widely
flared tip with two heavy double bands and a series
of four puffs with characteristic bands. Three dark
bands in 22B, three in 22C, two in 23A and three
in 23B are found in A. earlei, A. punctipennis and
A. freeborni. As far as can be determined, zones 22,
23 and 24 of A. occidentalis are identical in the
smallest detail with those of A. earlei.

This long arm has many characteristic features,
the most important of which are listed here. Zone 23
is usually in the form of a wide puff, preceded by a
heavy dark band. Two fairly dark bands toward
the end of 24C are followed by a long series of dark,
heavy bands in 24D and 24E. A single dark band
begins 24F. Five heavy bands in 26A, two heavy,
usually dotted bands at the end of 26B and a heavy
double in 26C are excellent characteristics. As in the
other species, the double series of dark bands in
26D and 26E form probably the best reference point
for the central region of 3R. Between these two
heavy series is a lightly staining puff with one dark
band and several fainter ones. The barrel-shaped
puff in 27B, bounded by single dark bands, the puff
in 27C containing three thin dark bands, and the
series of thin bands at the end of 27D are all typical,
as are the heavy bands in 28B and 28C. In region 29
two heavy bands are prominent at the beginning of
29B. Following is a single heavy band in 30A and
then a long series of heavily staining bands in 30C,
30D and 30E and section 31. The " wavy " bands in

31C are almost always sinuous. Two heavy double
bands in 32A and a single heavy band at the end of
32B mark the region nearest the centromere.
Almost the entire length of 3R may be homologized

in banding pattern with that of A. freeborni and/or
A. earlei. Regions 22, 23 and 24 through 24C are
identical with those of A. earlei and very close to
those of A. freeborni, if not identical. Region 24D
through 24F is identical in pattern with 29A through
30E of A. freeborni; this region has therefore been
shifted from near the centromere to an area nearer
the free end of the arm. Region 25B through 28C is
identical with this same region in A. freeborni. Such
homologies account for about three-quarters of the
A. occidentalis arm and slightly more than three-
quarters of the right arm of 3 in A. freeborni.
Assuming that regions 22 through 24C are com-

mon to A. occidentalis, A. earlei and A. freeborni, the
major part of the rest of the arm has probably been
derived through a series of three inversions. One of
these had to involve the entire region 25B through
28C, so as to shift the area 29A-30E towards the
free end of the chromosome, so that it was inserted
immediately following section 24C. Then two
separate, subsequent inversions restored 29A-30E
and 25B-28C to their original A. freeborni orienta-
tion in the chromosome. Again, these three inver-
sions could have taken place in any sequence, as long
as both segments were involved in one of them.
The homologies described above are clear. They

leave regions 29, 30, 31 and 32 of the A. occidentalis
chromosome unhomologized (as well as areas 31
and 32 of the A. freeborni chromosome). There are
some similarities in these regions-for example,
regions 31 and 32 inverted of A. freeborni are some-
what similar to regions 31 and 32 of A. occidentalis-
but the pattern simply is not clear enough for one
to be certain. Furthermore, the extra material in the
longer arm suggests that likenesses might be found
in the similarly long arms of A. earlei, A. puncti-
pennis or both.

Chromosome 3, left arm
The left arm of chromosome 3 appears to be the

most conservative element in the complement. It is
identical in A. punctipennis and A. freeborni, almost
identical in A. aztecus (Baker & Kitzmiller, 1964b),
and differs only by one inversion in A. earlei. In
A. occidentalis it has the A. freeborni and A. puncti-
pennis arrangement, plus the addition of sections 33C
and 33D. These latter areas are extra and have not
been seen in any of the other species. They do not

578



SALIVARY GLAND CHROMOSOMES OF ANOPHELES OCCIDENTALIS

appear to be involved in a pericentric inversion from
3R of A. freeborni, but may represent material in
3R of A. earlei. It is of interest that an extra piece is
also present in the left arm of 3 of A. atroparvus in
comparison with A. freeborni (Frizzi & De Carli,
1954). For a description of the recognition areas in
this arm see Kitzmiller & Baker (1963).

Mitotic chromosomes
The mitotic chromosomes (Fig. 7) in A. occidentalis

have, as in the other species, a diploid number of six.
The X chromosomes are subtelocentric, and the two
pairs of autosomes are metacentric. A detailed study
of the Y chromosome has not yet been made.

DISCUSSION

Anopheles occidentalis is morphologically diffe-
rentiated from A. earlei by relatively minor taxono-
mic characteristics. Superficially it closely resembles
A. earlei, which was separated from it by Vargas in
1943.
The salivary chromosomes show clear, strong and

indubitable affinities with A. freeborni, and only
partially with A. earlei. True, the left arm of 3 differs
only by an inversion from that of A. earlei, and a con-
siderable region of the tip of 3R is similar to A. earlei,
and some other areas will probably be homologized,
but the clear relationship, chromosomally, is to
A. freeborni.
The affinities are not simple ones. In some cases

they involve at least three inversions per arm plus
the minor changes that are probably not being picked
up by the methods now being used.

In the X, two blocks of bands are involved, with
one shifted out of position. The simplest mechanism
to account for the present A. occidentalis arrange-
ment involves three inversions. The order is not
specified; the only requirement is that both blocks
must be involved together in one of the inversions.
These steps are outlined diagrammatically as
follows:

1 2A 2D 3A 4C 5

1 4C 3A|2D 2A 5

1 |3A 4CI2A 2D 5

A. freeborni arran-

gement.
Inversion of both
segments as a unit.
Subsequent reinver-
sion of each seg-
ment separately: A.
occidentalis arrange-
ment.

Although this explanation will account for the
greatest part of the banding sequence, there are

some small areas which must have involved still
further changes.

In chromosome 2, right arm, the changes have
been less complex, and have apparently involved
only two simple inversions. One of these, however,
takes up more than half of the A. freeborni map
(7C-12A). The other is a smaller one, 12C-1 3B.
The left arm of chromosome 2 again is essentially

a rearranged A. freeborni chromosome. The free end
is identical. The centromere end homologizes well
from 15D to 15B, and the segment 15B to 17D is
probably homologous, although not unequivocally
so. Most of the rest of the arm involves two inver-
sions, one from 19B to the middle of 18B, the other
from the same point at the middle of 18B through
17C. These are two simple inversions which, how-
ever, share a common break point, as far as can be
determined. The steps involved may be diagramma-
tically represented as follows:

19B 18B 18B 17C

inversions
18B 19B 17C 18B

equivalent to

-20E 19B| 19C 18C

In A. freeborni.

In A. freeborni.

In A. occidentalis.

The bands in 20B, 20C and 19A of A. freeborni
remain unaccounted for. They may be present in
zones 17 or 16 of the A. occidentalis map but the
homologies are difficult. The zones 16 and 17 of
the A. occidentalis map represent extra material not
present in A. freeborni.

In the right arm of chromosome 3 the A. freeborni
affinities are again apparent. The free end is very
similar, if not identical, through zone 24. At the
centromere end, regions 31 and 32 are of doubtful
affinity, but the rest of the chromosome is involved
in shifts of two blocks of bands. As in the X chromo-
some, the steps must include an inversion of both
blocks together, then individual reinversions of each
block, although again in no set order. The steps are
diagrammatically shown below:
22 25B 28C 29A 30E 32 A. freeborni arran-

gement.
22 130E 29A 28C 25B 32 Inversion involving

- both segments.
22 29A 30E 25B 28C| 32 Subsequent rein-

version of each
segment separa-
tely: A. occiden-
talis arrangement.
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The left arm of chromosome 3 appears to be
identical with that of A. freeborni (and A. puncti-
pennis and A. aztecus) except for an added portion at
the centromere end.

Hybridization of A. freeborni and A. occidentalis
has been successful in the laboratory. The chromo-
somes of such hybrids (Fig. 3, 4, 5, 6) show the same
general pattern as that found in almost all crosses
of the North American species-namely, very
similar banding patterns but almost complete lack of
true synapsis. Somatic pairing is evident: the X lies
close to the X, 3R is parallel with 3R, 3L with 3L,
etc., but inversion loops are not formed, and even
regions in which banding is presumably identical
(i.e., the free ends) do not synapse in the way
anopheline salivary chromosomes usually do. The
separate chromosomes are always visible.
The hybrid chromosomes do, however, offer some

hints of pairing, incomplete though it may be. One

such instance is found in 2R (Fig. 4). The chromo-
somes are asynaptic, but there is evidently strong
enough attraction so that an attempt at an inversion
loop has been made. This involves the area 7C-12A
of the A. freeborni map. The banding pattern shows
certain similarities, although the chromosomes are
orientated in different directions, and the exact
extent of the " paired " region cannot be determined.
This is also true in 3L, where there is reasonably
good pairing in 38A and an attempt in 36E-35A.
Likewise in the X, region 3A in A. freeborni appears
to be paired with 2A in A. occidentalis. These
attempts at pairing are in the regions to be expected,
but the synapsis is never complete, or of the type
usually seen in " normal " inversion heterozygotes.
It appears that the genic changes are substantial
enough to inhibit synapsis, although the banding
pattern itself is very similar.

RtSUMt

On sait l'importance croissante que l'OMS attache aux
6tudes relatives 'a la genetique des vecteurs. Un programme
d'ensemble pour l'6tude de la cytogenetique des mousti-
ques, comportant l'6tablissement de cartes des chromo-
somes des glandes salivaires, est actuellement en voie de
r6alisation. De telles cartes ont deja ete 6tablies pour
plusieurs especes d'anopheles, dont Anopheles atroparvus,
A. albimanus, A. gambiae, A. aquasalis, A. quadrimacula-
tus, A. freeborni, A. punctipennis et A. stephensi. Ces
recherches ont une grande valeur des points de vue
phylogenetique et evolutif, et dans certains cas les
pr6parations salivaires ont permis l'identification taxono-
mique de populations de moustiques d'ascendance
incertaine.

Ceci explique l'interet du present travail ou, les auteurs
donnent la description et dressent la carte des chromo-
somes des glandes salivaires de A. occidentalis, anophele
d'Am6rique du Nord a distribution g6ographique
limitee appartenant au complexe A. maculipennis.

L'6tude des chromosomes de cette espece revvle des
caracteristiques tres semblables a celles des chromosomes
des autres membres du complexe, avec pr6sence d'un
chromosome X court et de deux paires d'autosomes. Le
chromosome X est remarquablement similaire au chromo-
some X de 1'espece A. freeborni sous plusieurs rapports,
suggerant la possibilite que les differences constatees ne
sont dues qu'A des inversions relativement simples. En ce
qui conceme les chromosomes 2 et 3, les similitudes les
plus frappantes s'observent 6galement entre ces deux
especes. Les affinites ne sont cependant pas simples, et,
dans certains cas, elles impliquent au moins trois inver-
sions partielles. Au total, dix inversions au moins sont
n6cessaires pour rapporter les chromosomes de A. occi-
dentalis a ceux de A. freeborni.

Les auteurs decrivent egalement les observations qu'ils
ont pu effectuer sur les chromosomes des glandes sali-
vaires des hybrides obtenus par croisement des deux
especes.
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FIG. 3
X CHROMOSOMES OF Fi HYBRID OF A. FREEBORNI V x A. OCCIDENTALIS d a

FIG. 4

CHROMOSOME 2R OF Fi HYBRID OF A. FREEBORNI V x A. OCCIDENTALIS d a

a F = A. freeborni; 0 = A. occidentalis.
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FIG. 7

MITOTIC CHROMOSOMES (FOURTH INSTAR BRAIN) OF A. OCCIDENTALIS


