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ABSTRACT—Maxillary-palp-elongate (mpe) is a mutant modifying the terminal (5th) segment of the
wild-type palpus to a variable number of divisions, increasing the total number of segments up to 9. The
supernumerary segments sometimes fuse during postembryonic development. The mutant palpi of both
sides of the mouth are often asymmetric in length and in the number of segments. The mutant palpus
occasionally carries a prominent bristle, never found in wild type. It resembles bristles on legs and
occurs exclusively on the 4th segment, a homologous segment to the tibia of legs. The percentage of
bristle-bearing palpi increases during nymphal development, and exceeds 50% in the last instar. A few
mutant palpi bear more than one bristle on the 4th segment. Amputation experiments were carried out
at various levels on mpe maxillary palpi. The right palpus was operated in the 2nd instar, and the
regenerate was examined in the 4th and 6th instars. Irrespective of amputated levels from the 1st-2nd to
the 6th-7th segment, the total number of segments of a regenerated palpus was irrelevant to that before
operation. This suggests that the stump does not regenerate new segments according to a “memory” of
the original number of segments. The number of segments of a regenerate was also irrelevant to that of
the contralateral palpus, which suggests that the stump does not use the contralateral palpus as a
“reference” for the number of segments to be regenerated. As shown in unoperated palpi, regenerated
segments sometimes fused during subsequent molts. The bristle was occasionally found in the
regenerated 4th segment.

dages have been mainly on the thoracic legs [2]. It

INTRODUCTION is puzzling that regenerated cockroach legs always

Maxillary-palp-elongate (mpe) is a simple auto-
somal recessive in the German cockroach, Blattella
germanica. The locus lies within a group of closely
linked loci on chromosome 9 [1]. This mutant
modifies the terminal (5th) segment of the wild-
type palpus to a variable number of divisions,
increasing the total number of segments up to 9.
The mutant palpus often carries a prominent bris-
tle exclusively on the 4th segment, the segment
homologous to the tibia of legs. These facts
support homology of the maxillary palpus with the
leg, and suggest that some distal segments of the
mutant palpi correspond to the tarsal segments of
legs.

Regeneration experiments with insect appen-
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have tetramerous tarsi and never pentamerous as
in the normal legs [3-7], although exceptionally
pentamerous after amputation distal to the 2nd
tarsomere [8-10]. In this situation, it was of
interest to carry out regeneration experiments with
the mpe mutant, since maxillary palpi are homolo-
gous to legs and mpe maxillary palpi show a
variable number of segments [1]. Here we report
(i) further description of mpe maxillary palpi fo-
cused on the fusion of segments during nymphal
development, bilateral differences in the number
of segments, and the percentage of bristle-bearing
segments, and (ii) regeneration experiments with
amputation at various levels on mpe maxillary

palpi.
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MATERIALS AND METHODS

Observations on mpe maxillary palpi

Maxillary-palp-elongate (mpe) is a simple auto-
somal recessive with full penetrance and viability
[1]. Both right and left maxillary palpi were
observed in all nymphal instars, from the 1st to the
6th (last) instar. The total number of palpi
observed was 1386, thus the number in each instar
averaged 231. Two small basal segments were
designated as the 1st and the 2nd, and two suc-
ceeding longer segments as the 3rd and the 4th
segments. The number of segments distal to the
4th varied from 1+ to 44+. “4” denotes that a
palpus has an elongated or incompletely-divided
segment. The total number of segments hence
ranged from 5+ to 84 . In accordance with the
total number, the palpi were classified into follow-
ing seven categories: 5+,6,6+,7,7+,8and 8+.
Maxillary palpi with 9 or more segments were not
found. No significant sex difference was detected
in the number of segments so that the data of both
sexes were combined.

Regeneration experiments

Each nymph was raised in a small plastic con-
tainer (6143 X 17 mm high, Sanplatec, No. 2) as
previously described [7]. Since the 1st instar was
too small to be precisely amputated on the maxil-
lary palpus, the 2nd instar was operated. Prior to
amputation, carbon dioxide was introduced into

the container for anesthetizing the animal. Right
maxillary palpi were amputated with fine scissors
at various levels, i.e., between the 1st and 2nd
segment, the 2nd and 3rd, the 3rd and 4th, the 4th
and 5th, and if available, between the 5th and 6th,
and the 6th and 7th segment. These cutting levels
were abbreviated to 1-2, 2-3, 3-4, 4-5, 5-6, and
6-7, respectively, in this paper. For the controls,
the number of segments were recorded in both
befpre-operation right palpi and contralateral left
palpi.

Some operated maxillary palpi regenerated their
distal segment(s) in the 3rd instar. The regenerat-
ing segment(s), however, were rather small and
often not so clearly segmented. Then we examined
the regenerates in the 4th instar when the seg-
mentation of regenerates became fully recogniz-
able. In order to examine further growth of
regenerates, final observation was made in the 6th
instar when regeneration was almost completed.
Since no significant sex difference was detected in
regeneration experiments, the data were again
combined.

RESULTS

Fusion of segments during nymphal development

Supernumerary segments found in this mutant
were first thought to be retained throughout nym-
phal development [1]. It has been revealed in this
study, however, that the additional segments

TasLE 1. Percentages of segmentation types in mpe maxillary palpi
Instar

I II III v v VI
5+ 6.3 7.5 12.6 17.1 19.4 33.2
6 21.3 16.8 19.1 18.6 254 21.7
6+ 28.1 21.6 28.9 36.2 31.7 28.3
Segmentation type 7 22.5 27.4 23.6 12.9 11.9 8.0
7+ 9.4 11.3 8.9 10.0 8.7 7.1
8 8.1 14.4 6.9 52 2.8 1.8

8+ 4.4 1.0
Av. No. of segments 6.75 6.83 6.59 6.48 6.37 6.20
No. of palpi examined 160 292 246 210 252 226

+ denotes that a palpus has an elongated or incompletely-divided segment and that the value of 0.5 was given to
calculate the average number of segments.
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sometimes fuse during postembryonic develop-
ment. Table 1 shows percentages of segmentation
types, 5+ to 8+, in each nymphal instar. In the
1st and 2nd instar the percentages of palpi with 7
or more segments were relatively high. After the
2nd instar, the percentages tended to decrease as
development advanced. On the other hand, seg-
mentateion type 5+ tended to increase. The
average number of segments decreased by about
0.6 during nymphal development. The average
reduction was caused by the fusion of segments in
some, but not all, palpi during postembryonic
development. Fusion took place between the
segments distal to the 4th segment, and never
between the proximal four segments.

Figure 1 shows various types of mpe maxillary
palpi (b-h) together with a typical wild-type palpus
(a). All specimens are of the 6th (last) instar. The

mutant palpi were always longer than wild type,
showing typical supernumerary segments (b-d) and
various degrees of fusion (e-h). An elongated 5th
segment (Fig. 1e) consisted of three distinct distal
segments in the 2nd instar. Figure 1f shows an
elongated part lying proximal to the last segment.
The elongated part consisted of three distinct
segments in earlier development, which shows that
fusion can take place between intermediate seg-
ments. An incompletely-fused distalmost segment
in Fig. 1g was two separate segments in the 2nd
instar. Another example of incomplete fusion is
presented in Figure 1h.

Asymmetry in the number of segments

A particularly interesting characteristic of this
mutant is an unequality in the length and the
number of segments of the right and left palpi.

FiG. 1.

Various types of maxillary palpi (6th instar). (a) a wild-type palpus showing five typical segments, two small

basal and three succeeding longer segments. (b-h) mpe palpi: (b) 6-segmented, (c) 7-segmented, (d) 8-segmented
with an incipiently-divided 8th-segment, (e) with an elongated Sth segment resulted from complete fusion of three
distalmost segments, (f) an originally 8th segment fusing incompletely to an elongated 5th segment, (g)
incomplete fusion of two distal segments, and (h) incomplete fusion of three distal segments. (X 18)
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The palpi are not always symmetrical, differing
rather frequently in length and number of seg-
ments. Figure 2 shows a correlation of the number
of segments between right and left palpi in the 2nd
instar. Correlations of the other five instars
showed similar tendencies. The correlation was
low although significant (r=0.41, p<0.0001).
Only about 22% (32/146) of the nymphs had right
and left palpi with the same number of segments.
Average difference was 0.65, including nymphs
with the same number of segments.
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Fic. 2. Correlation in the number of segments between
right and left mpe maxillary palpi (2nd instar). In
this and subsequent figures, “+” denotes that a
palpus has an elongated or incompletely-divided
segment and that the value of 0.5 was given when
correlation coefficient was calculated.

Bristles on maxillary palpi

Another point of interest is the existence of
bristles on mpe maxillary palpi, since no bristles
are found on wild-type palpi. Bristles were found
exclusively on the 4th segment of mpe palpi. The
bristle most frequently appeared as a single bristle
as shown in Figure 3a. Double bristles were rarely
encountered, either along the same generatrix
(Fig. 3b) or around the same level (Fig. 3¢) of the
4th segment.

Table 2 shows percentages of bristle-bearing
mpe palpi in each nymphal instar. No significant

Fic. 3. Bristles found on the 4th-segment of mpe maxil-
lary palpi (6th instar). (a) a single bristle, (b) double
bristles along the same generatrix, and (c) double
bristles across the same level of the segment. (x40)

difference in the percentage was detected between
segmentation types. No bristles were found in
new-born nymphs. Bristles first appeared in the
2nd instar, but were very rare. Then the percent-
age of bristle-bearing palpi gradually increased to
become the frequency exceeding 50% in the 6th
instar. Palpi with more than one bristle were
found only in the 6th instar, i.e., two palpi with
double bristles (Fig. 3b, c¢), and only one palpus
with triple brisles.

Regeneration experiments

Regeneration experiments started with 316
nymphs. Out of 316 nymphs, 238 survived until
the 4th instar, and 207 until the 6th instar. The
number of segments was counted in the 4th and 6th
instar and compared with that before operation.
Observations in the 4th instar are summarized in
Table 3. Changes in the number of segments from
the 2nd instar (before operation) to the 4th instar
(regenerated) ranged from —3.0 to +2.5. Irre-
spective of amputated levels, the number of seg-
ments in palpi with fewer segments at the time of
amputation tended to increase. Conversely, the
number tended to decrease in palpi with larger
numbers at amputation.

Correlation was analyzed in the number of seg-
ments between the 2nd instar palpi before amputa-
tion and the 4th instar palpi with regenerated
segments (Fig.4). The data from 1-2 to 4-5
amputation levels were combined in Figure 4 (156
surviving nymphs in total). The data of 5-6 and 6-
7 amputation levels were excluded because of
lacking 5+, 5+ to 6+ segmentation types at the
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TaBLE 2. Percentages of bristles on mpe maxillary palpi

Instar
I II 111 v \'% VI

5+ 0.0 0.0 3.2 19.4 24.5 52.0

6 0.0 2.0 2.1 12.8 359 61.2
64 0.0 0.0 2.8 17.1 32.5 53.1*

Segmentation type 7 0.0 1.3 5.2 14.8 23.3 55.6**

7+ 0.0 0.0 0.0 14.3 36.4 56.3

8 0.0 0.0 5.9 9.1 28.6° 75.0°%
8+ 0.0° 0.0%

Av. 0.0 0.7 33 15.7 31.0 55.3

(0/160)  (2/292)  (8/246)  (33/210)  (78/252)  (125/226)

Bristle-bearing palpi usually had only one bristle on the 4th segment. In the instar VI exceptionally found were
* two palpi with double bristles and ** one palpus with triple bristles on the 4th segment. § denotes that the
number of palpi examined was less than 10. In parentheses are shown the numbers of bristle-bearing palpi/total

palpi.

TaBLE 3. Effects of regeneration on the number of segments of 4th-instar mpe maxillary palpi

Amputated No. of No. of segnients before amputation

evel nymphs 5+ 6 6+ 7 7+ 8 8+
1-2 29 +0.25 +0.25 +0.06 —0.19 —1.00 —1.13

2-3 37 +0.38 +0.71 +0.17 —0.50 —0.75 —1.00 —2.00*
3-4 40 +1.00* +0.67 +0.07 —0.22 —0.63 —0.92

4-5 50 +1.17 +0.95 +0.75 +0.17 —0.08 —0.75

5-6 50 +0.55 —0.14 —0.71 —1.00 —1.81 —3.00*
6-7 32 —-0.71 —1.25 —1.32

Average changes in the number of segments are shown. 1-2 indicates amputation between the 1st and the 2nd
segment, and so on. * Only one nymph was examined.

time of amputation, respectively. The correlation

- . .o . was very low although significant (r=0.24, p<
- 0.01). Only 37 nymphs out of 156 retained the
s oo - same number of segments through regeneration.
2 8 . oo | o oo | o0 | oo . . ;
€ The average difference was 0.69, including nymphs

o 000 | 00 | o0 that regenerated the same number of segments.
= 7+ | @ oo 000 (000 000 fooe . .
© 5o oo Another type of analysis was made in Figure 5.
< «
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0 Y S compared with that of the contralateral unoper-
oo . . . .
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Yo ..1:...':...,...' ce | oo no correlation (r=0.11, p>0.1). Only 29 out of
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s+ | o8 %% | 331 o between regenerates and contralateral palpi. The

s+ 6 6+ 7 2+ 8 o+ FiG. 4. Correlation in the number of segments between
_ . the 2nd instar (before amputation) and the 4th instar
Before amputation, 2nd instar (regenerated). For the symbol “+”, see Fig. 2.
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average difference was 0.77, including nymphs that
had the same number of segments in both palpi.

The final examination was carried out on 207
nymphs that survived until the 6th instar (Table 4).
Irrespective of amputated levels, the number of
segments was mostly unchanged or decreased by
0.5, and less frequently decreased by 1.0 or 1.5
from the 4th to the 6th instar. The average
decrease in the number of segments during the two
instars was about 0.3, which was close to that of
unoperated palpi (Table 1).

Figure 6 shows examples of some right regener-
ated maxillary palpi together with the left unoper-
ated controls in the 6th instar. Regenerated seg-
ments have grown and are almost indistinguishable
from unoperated contralateral segments. The
right palpus shown in Figure 6a was originally
7-segmented in the 2nd instar. After amputation
between the 2nd and 3rd segment (arrow), a
8-segmented palpus was observed in the 4th instar,
and a bilobed segment has finally formed in the 6th
instar. The right palpus in Figure 6b was 7-
segmented and regenerated the same number of
segments after operation. The contralateral pal-
pus, also 7-segmented in the 2nd instar, has fused
into 6-segments. Figure 6¢c shows a right palpus,
8-segmented in the 2nd instar, in which the original
number of segments was restored after operation
and retained thereafter. The left unoperated pal-
pus was also 8-segmented, but three distal seg-
ments had fused by the 6th instar. The right palpus
in Figure 6d was originally 8-segmented, and did
not restore the number until the final instar. In
Figure 6e, the right palpus was also originally
8-segmented. After operation the two distalmost

A. TaNnakAa AND M. H. Ross

segments regenerated in the 4th instar, and were
retained throughout following instars. The left
unoperated palpus, 8-segmented with a subtle
tendency of fusion in the 2nd instar, showed more
advanced fusion in the 6th instar.

The percentages of bristles on regenerated max-
illary palpi are shown in Table 5. Bristle-bearing
palpi usually had only one bristle on the 4th
segment. In experiments with amputation levels
1-2, 2-3 and 3-4, the 4th segment was ablated by
amputation and later regenerated. In this case, no
bristle appeared until the 4th instar. Some palpi
later developed a bristle, but the percentage was
lower than that of the unoperated palpi even in the
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Contralateral, 2nd instar
Fi. 5. Comparison of the number of segments between

contralateral unoperated palpi (2nd instar) and re-
generated palpi (4th instar). For the symbol “+”,
see Fig. 2.

TaBLE4. Decrease in the number of segments in regenerated mpe maxillary palpi from the 4th

to 6th instar

Decrease in No. of segments

Av. No. of segments

Amputated No. of Instar

level nymphs 0 -05 —-10 -—-15 Aw IV VI

1-2 21 10 8 3 0 —0.33 6.50 6.17
2-3 32 14 14 4 0 —0.34 6.56 6.22
34 36 22 11 2 1 —0.25 6.75 6.50
4-5 41 19 18 4 0 —0.32 7.07 6.76
5-6 48 22 20 4 2 —0.35 6.32 5.97
6-7 29 16 12 1 0 —0.24 6.40 6.16
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Fic. 6. Examples of regenerated mpe maxillary palpi (6th instar). Right maxillary palpi were amputated in the 2nd
instar at the indicated levels (arrows): between the 2nd and 3rd segment (a), 3-4 (b), 4-5 (¢), 5-6 (d), and 6-7
(). Left maxillary palpi were unoperated controls. One or two labial palpi are also seen. (aandc, X16;bande,

x12; d, x14)
TaBLES. Percentages of bristles on regenerated mpe maxillary palpi
Amputated Instar

evel v VI

4th segment 1-2 0.0 (0/29) 28.6 (6/21)

regenerated 2-3 0.0 (0/37) 28.1 (9/32)
3-4 0.0 (0/40) 41.7 (15/36)

4th segment 4-5 10.0 (5/50) 51.2 (21/41)

unoperated 5-6 16.0 (8/50) 50.0 (24/48)*
6-7 18.8 (6/32) 58.6 (17/29)*

* In the instar VI exceptionally found were a few palpi with double bristles (two

in 5-6, one in 6-7 amputation) on the unoperated 4th-segment.

In parentheses

are shown the numbers of bristle-bearing palpi/total palpi.

6th instar. On the other hand, the 4th segment was
not eliminated in experiments with amputation
levels 4-5, 5-6 and 6-7. In this case the percent-
age of bristles was similar to that of unoperated
palpi both in the 4th and in the 6th instar.

DISCUSSION

Maxillary palpi clearly evolved through the
modification of leg-like appendanges [11, 12].
However, legs of wild-type German cockroaches
have nine segments whereas maxillary palpi nor-
mally have five segments. Prominent bristles occur

on the tibia but never on wild-type maxillary palpi.
The mpe mutant increases the resemblance of
maxillary palpi to legs by variable increases in the
number of segments up to nine and the presence of
a bristle on the 4th segments, a segment presum-
ably homologous to the tibia [1, 11]. The discovery
here of double and triple bristles supports homolo-
gy of the 4th maxillary-palp segment to the tibia.
Supernumerary segments are apparently a variable
expression of tarsal segments.

The increased resemblance to legs suggests that
mpe expresses a primitive developmental pathway.
It belongs to a group of mutants on chromosome 9
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that apparently express primitive traits [1, 13],
including prowing ( Pw) [14, 15], notched sternite
(st) [16], and stumpy (sty) [17]. Although 8+
segments in mpe palpi suggested a rare expression
of five tarsal segments, four tarsal segments is
probably a more primitive trait than five segments.
A leg mutant, fused tarsi, has 4-segmented tarsi,
i.e., 8-segmented legs [18]. Regenerated cock-
roach legs also have 4-segmented tarsi [3-7]. It
was suggested that archetypical appendages were
midleg-like nonspecific forms with 8 segments [6].

Maxillary-palp-elongate (mpe) is of interest in
that the mutation affects the bilateral symmetry of
body plan. The external morphology of cock-
roaches shows complete bilateral symmetry. The
exact likeness between the opposite sides of the
body has been verified by high correlation coef-
ficients calculated in the length of appendages of
the German cockroach [19]. For example, the
correlation coefficients between right and left
hindleg ranged 0.86-0.98 in the femur and 0.90-
0.99 in the tibia during nymphal instars and adult
stage. These very high correlations suggest the
existence of a regulatory mechanism to make right
and left structures the same in size. The correla-
tion in numbers of segments on right and left mpe
palpi was exceptionally low (Fig.2, r=0.41).
Furthermore, the correlation was even lower when
regenerated palpi were compared with the same
palpi before operation (r=0.24, Fig. 4) or with
contralateral unoperated controls (r=0.11, Fig.
5).

Why is the number of segments frequently differ-
ent between right and left in mpe maxillary palpi?
The fluctuation in the number of segments suggests
a deficiency of regulation for bilateral symmetry.

We suggest that the increase and instability of the
number of segments of mpe maxilary palpi is

caused by a deficiency of function of the mpe+
gene. If so, mpe+ not only suppresses the ex-
pression of leg-like characteristics of maxillary
palpi but also controls the bilateral symmetry in
length and segment number of the palpi.

During postembryonic development of the Ger-
man cockroach, the number of segments increases
in antennae and cerci [20], but is unchanged in legs
[21] and wild-type maxillary palpi. mpe maxillary
palpi are the first appendages found where some

segments fuse with each other to decrease the
number of segments during postembryonic de-
velopment.

In regeneration experiments of wild-type maxil-
lary palpi, the number of segments remained five
after regeneration in Blabera [22], and Blattella
[Tanaka, unpubl.]. This was true with amputation
at any levels from 1-2 to 4-5 in Blattella. In mpe
maxillary palpi regeneration, however, the num-
ber of segments often changed within the range
from 5+ to 8+, including both increases and
decreases. Palpi with fewer segments tended to
increase the number of segments, and vice versa
(Table 3). It was first thought that there might be a
mechanism averaging the number of segments of
regenerated mpe palpi. This idea, however, is
probably wrong, since not only the correlation
between the number of segments before amputa-
tion and the number in regenerated 4th instar was
very low but also the variation of the latter was as
large as that of the former (Fig. 4).

The number of segments of a regenerate was
irrelevant to that of the original unoperated pal-
pus. This fact shows that an amputated stump does
not regenerate new segments accoring to a “mem-
ory” of the original number of segments before
amputation. The number of the segments of a
regenerate was also irrelevant to that of the contra-
lateral palpus. This likewise shows that the stump
does not use the number of segments of contra-
lateral palpus as a “reference” for the number of
segments to be regenerated.

Both the increase in the number of segments and
the presence of bristles in mpe maxillary palpi are
characteristics that increase their resembrance
with legs. Hence we wondered if there might be a
positive correlation between the number of seg-
ments and the frequency of bristles. However, we
failed to detect such a relationship between the
two. Maxillary palpi with more segments did not
always show higher frequency of bristles (Table 2).
Moreover, the frequency of bristles increased dur-
ing development whereas the number of segments
sometimes decreased. There seemed to be an
increase in leg-like characteristics in the segment
corresponding to the tibia (4th segment) but a
decrease in those corresponding to tarsal segments
(tarsomeres). mpe is similar to homeotics and, like
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homeotics, probably controls a battery of genes.
Possibly one that controls bristle formation is not
“turned off” during post embryonic development,
but another controlling segment number is subject
to modifiers that cause fusion or less subject to
control by mpe in later development. In spite of
variability of expression, supernumerary segments
and bristles are evident during post embryonic
development in both unaltered mpe and mpe re-
generates that provide new insight into the charac-
teristics of this mutant and its wild-type allele.
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