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Mitochondrial and Myofibrellar Development in the
. Flight Muscle of Locusta migratoria L.
(Orthoptera: Acrididae)
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King Abdulaziz University, Jeddah, Saudi Arabia

ABSTRACT. The fine structure of the median indirect dorsal longitudinal
flight muscles have been examined throughout the first week of Locusta
migratoria adult life. During this period, muscle colour changed from white
to reddish-brown and the banding pattern, characteristic of mature adult
flight muscles, was established. Associated with these changes, there was an
increase in myofibril size and the mean number of myosin filaments per
myofibril; no significant change was observed in the actin: myosin ratio.
There were indications that the number of myofibrils per muscle fibre in-
creased by “longitudinal splitting” of the myofibrils existing in the first four
days of adult life. A marked increased in mitochondrial size and complexity
was noted with increasing age. The increase in mitochondrial size is proba-
bly attributed, partly,. to fusion of adjacent mitochondria which become
gradually arranged in straight columns between the myofibrils by the Sth
day of adult life. The developmental changes observed in the fine structure
of myofibrils and mitochondria are important in explaining the improve-
ment in flight performance noted in the developing adult locusts.

Introduction

Muscle development has received a considerable interest in the last 25 years.
Goldspink!" suggested that one reason for this is that the muscle affords a good
example for tissue differentiation and growth. This is because they are, apparently,
programmed to produce considerable quantities of specialized proteins in order to
carry out its contractile function. Pringlel?! reported that the form of the arthropod
body and, in particular, the structure of the locomotor appendages is quite different
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from that of a vertebrate, although such muscles appear at the first sight to be similar
both in structure and physiology®l. Flight muscles, for example are analogous to the
muscles of higher vertebrates and also manl*5l. Many researchers, therefore, have
considered the insect flight muscle as a suitable object for the study of developmental
changes; such as the cases of Drosophila melanogaster'®’), Hyalophora cecropial®},
Apis melliferal, Lucilia cuprina!’®), Leptinotarsa decemlineatal!!l, Homoroco-
ryphus nitidulus!'?), Schistocerca gregarial'l, Attagenus megatomal'), Calliphora
erythrocephalal>-161, Musca domesticall’), and Manduca sextal'8). The general conclu-
sion is that, as-development proceeds, there is a marked increase in the size of the
myofibrils and mitochondria, and that the density of the mitochondrial cristae in-
creases. :

The major development of Locusta migratoria flight muscle takes place during the
5th instar and the early part of adult lifel¥l. The precursors of the flight muscles are
formed early in development, probably during embryogenesis!2®!. Similarly, Tiegs(!]
has-shown that, in Chortoictes terminifera, flight muscle was present as an unde-
veloped muscle ‘in the 1st instar larva. In Schistocerca gregaria, the future adult
pterothoracic musculature.is already present at the eclosion from the eggl??l. In
Locusta, Hill and Goldsworthy!?}l showed that the weight of the flight muscle in-
creased more than 2-fold during the 4th larval istar and about 16-fold in the 5¢A instar.
On the basis of weight, Brosemer et al.* and Bucher!'”) have described four phases
in the growth of Locusta flight muscle in the final larval instar and the 1s¢ week of
adult life: “Larval growth”, “the moulting interval”, “the phase of differentiation”
.and “the phase of duplication”. The latter two phases occur in the adult insect during
which the dry weight of the flight muscle increased by some 300%!(251.

The present study has been carried out to determine the developmental changes in
the fine structure of mitochondria and myofibrils of Locusta migratoria which occur
_during the early few days of adult life.

Material and Methods
Stock Animals

A population of Locusta migratoria, R and F phase gregaria was supplied by Philip
Harris Biological Ltd and was maintained at a temperature of 30 = 0.5°C and 60 *
5% relative humidity (Durhan University, England).

A population was prepared for sampliné by removing all Sth instar insects at 9 a.m.
It was examined at 24-hour intervals (9 a.m. each day) and all 5tk instar insects were
removed. Thus, the time of ecdysis must lic between the time the insect was removed
and the previous inspection. The midpoint at this period was taken as the time of ec-
dysis and the insect aged as 12 hours * 12 hours (1st day of 5tk instar) at this time.
When adult locusts were required, the procedure was the same except that all adult
locusts were initially removed from the population. :



Mitochondrial and Myofibrellar Development. 115

Electron Microscopy

Adult male locusts, aged 1-6 days, were killed by twisting their heads 90° in one di-
rection and then 90° in the opposite direction. This broke the “neck” membrane but
allowed the gut to remain attached to the head. The posterior tip of the abdomen was
then severed and the gut drawn out (still attached to the head). The thorax was then
open ventrally and pinned out on a cork board, prior to the application of ice-cold (0-
4°C) fixative, to reduce muscle contraction during fixation. The musculature was co-
vered with 2.5% glutaraldehyde fixative in 0.1 M sodium cacodylate buffer (pH 7.3)
and contain 0.32 M sucrose. After 15 minutes, the median dorsal longitudinal indi-
rect flight muscles of both meso- and meta-thoraces were dissected out and placed in
a fresh cold fixative at 0-4°C overnight. The tissue was then washed in several
changes of cold 0.1 M sodium cacodylate buffer (pH 7.3) for total of 6-8 hours fol-
lowed by post-fixation for 2 hours in 1% osmium tetroxide in 0.1 M sodium cacody-
late buffer (pH 7.3) at room temperature (Ca. 20°C). Following dehydration through
a graded series of ethanol solution, the muscles were passed through propylene oxide
and embedded in Epon 812 epoxy resin. Sections were cut on a Reichert NK ul-
tratome, mounted on uncoated copper grids and stained in uranyl acetate followed
by lead citratel?®l. They were then examined in an AEI 801 electron microscope.

Estimation of Mitochondrial Size

Two different methods were used to measure mitochondrial size :

(i) Mitochondrial size was determined by measuring their maximum and
minimum diameters as seen in electron micrographs of transverse sections through
flight muscles. Similar methods have been used in measuring mitochondrial size in
Calliphora erythrocephala flight inuscles!'®l and Clopodes ethlius fat bodyl?’l. Only
well-fixed mitochondria, with distinct double membranes and cristae, were mea-
sured. Mitochondrial size was expressed as the mean proflle diameter [i.e.
(maximum + minimum diameter)/2].

(i) Mitochondrial size was estimated by tracing mitochondrial profiles from elec-
tron micrographs of transverse sections through flight muscle onto standard paper.
The tracings were then cut out and weighed; a similar method to that used by Forbes
et al.[81. The results were expressed in arbitrary units. This method was also applied
to sections through mitochondrial pellets.

Estimation of Myofibril Size

Myofibril size was estimated using essentially the same method described in (ii)
above.

Tracings from electron micrographs of transverse sections through flight muscles
were cut out, weighed and the myofibril size expressed in arbitrary units.

Sarcomere lengths were determined from measurements made on electron mic-
rographs of longitudinal sections through flight muscles.



116 Ali Al-Robai

Relative Composition of Flight Muscle

The relative volumes of the various organelles (excluding nuclei) present in
Locusta flight muscle (viz. myofibrils, mitochondria and sarcoplasmic reticulum plus
the T-system) and the tracheoles present within the muscle fibres were estimated
using essentially the same method as (ii) above. The results were expressed in terms
of the percentage of total muscle volume.

Results

No difference in either the histological or the fine structural appearance of the
muscle of the meso- or meta-thoraces. Similar results have been observed in the
flight muscle of Homorocoryphus nitidulus!'?l. Consequently, the results presented
will not distinguish between dorsal longitudinal flight muscles from those two divi-
sions of the thorax.

The flight muscles of newly emerged adult Locusta are relatively small and charac-
teristically “white” in appearance. As growth and development proceed, the colour
changes gradually to reddish-brown. Associated with this change in colour, there
was an increase in the mass of the flight musculature.

Examination of light micrographs (Fig. 1) of transverse sections through the me-
dian dorsal longitudinal indirect flight muscles of Locusta shows that the shape and
size of each individual fibre profile vary considerably even within the same bundle of
fibres. Tracheae are clearly seen running between the fibres. In high power light mic-
rographs (Fig. 2), whilst it appears that the majority of myofibrils are less regular,
some seem to be arranged in a more-or-less radial fashion. The peripheral position of
the nuclei and their presence under the cell membrane is clearly seen in Fig. 1 and 2.
This represents the normal position of these organelles in the vast majority of muscle
cells examined. However, occasionally one nucleus was encountered being
positioned within the muscle fibre (Fig. 3). In the early stages of muscle develop-
ment, nuclei are situated in the middle of the myoblast, and as growth and develop-
ment proceed, the increase in muscle cell components tends to push the nuclei to a
peripheral positionl!l. The above observation would seem to suggest, therefore, that
all muscle differentiation is not complete at this stage (3-day old adult).

Myofibrils

The myofibrils and mitochondria represent the bulk of the muscle fibre with the
nuclei situated in a peripheral position. The arrangement of the myofibrils is irregu-
lar (Fig. 4) and, as described, as closed-packed!'?). In longitudinal sections of muscle
fibres from 6-day old adult animals (Fig. 5) the myofibrils are usually in almost per-
fect parallel register, as witnessed by the relatively straight rows of Z-bands, which
divide the myofibrils into sarcomeres. These sarcomeres exhibit the band pattern
typical of striated muscles. Distinctive I-bands can be seen on either side of the Z-
band: the maijority of the sarcomere length being represented by the A-band (Fig. 5).
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FIG. 2. A high power p'hotémicrograph of a transverse section through a part of the median dorsal lon-’
gitudinal flight muscle from an animal aged 6 days. Note that myofibrils (MF) are arranged in a
more-or-less radial fashion. M : mitochondria; N : nucleus. Scale 20 pm.
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FiG. 3. An‘electron miérograph of a transverse section through a portion of a muscle fibre from an ani-
mal aged 3 days. Note the position of the nucleus (N) in the middle of the muscle fibre. M
mitochondrion; MF : myofibril; D : dyad; NM : nuclear membrane. Scale 0.5 pm.
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F]G 4. A transverse section through a muscle fibre from a 6-day old locust. Note the variation in size and

-+ shape of the myofibrils (MF) and mitochondria (M). A layer of amorphous material forms the

basement membrane (BM) of the muscle fibre and one nucleus (N) is seen lying immediately be-

neath the cell membrane (CM). Invagination of the cell membrane can be seen to give rise to the
T-system (T). Tr : tracheole, Scale 2.5 pm. :

There is a light H-band in the A-band, within which one can see a localized scattering
of small granules. Similar granules have been observed in the flight muscles of
Tenebrio molitor®), Aeshna sp.*) and Homorocoryphus nitidulusi'?. These
granules are thought to represent the M-hne which is normally absent from msect.
synchronous flight muscle.

There was considerable variation in the shape of the myoflbrlllar profiles as seen in’
transverse sections. This was so for all ages studied (cf. Figs. 6, 7 and 8). The shapes
ranged from more-or-less circular to oblong in the first 4 days following the final ec-
dysis, whilst in 6-day old adults most myofibrils were polygonal (Fig. 4). This finding
differs from that of Bucher!!®l, who reported that the variation in myofibrillar profile
shape dlsappears after the final ecdysis. By the 3rd day of adult life, there was a ten-
dency for some of the peripheral myofibrils to be somewhat larger in size than the.

-more centrally placed ones (Fig. 7).

Exammatlon of. F1g 9,10, 11 and 13, clearly mdlcates that “longltudmal sphttmg
took place in the flight muscle of 1-4 days old adult Locusta. Furthermore, this pro-
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FiG. 5. A longitudinal section through the muscle fibre from a 6-day old locust. The sarcomere is deli-
mited by Z- bands. The I- and A-bands are clearly defined at this stage. Dyads (arrow-heads) can]
be seen normally in identation of adjacent mitochondria midway between the H-band, which is
characterized by a localized scattering of small granules at the centre of the A-band, and the I-
band. Note also that individual: mitochondria extend more than 4 sarcomere lengths. M :

" mitochondrion; MF : myofibril; SR : sarcoplasmic reticulum; G : glycogen. Scale 1.5 pm..

cess appears to be more or less complete by the 4th day of adult life. Hdv'vever

“myofibrillar splitting” was occasionally observed in 4-day old locusts where it ap-
peared to be restricted to the more peripheral myofibrils. This is shown in Fig. 13
where a dyadic junction is present in the middle of a myofibril. '

The typlcal hexagonal arrangement with 6 actin filaments around each myosin, is
clearly seen in transverse sections of 5 and 6-day old locusts (Fig. 12). Each thin fila-
ment is equidistant between adjacent pairs of thick filaments. A similar arrangement
has been described elsewhere in insect flight muscle, for example, in Periplaneta
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FiG. 7. Anelectron micrograph of a transverse section through a muscle fibre from a 3-day old adult lo-
cust. The peripheral region of three fibres is shown. Note the variation in size and shape between
the peripheral (arrow-heads) and more centrally placed myofibrils (MF). The latter tend to be
smaller in size and more circular in outline. Mitochondrial shape ranges from oval to circular. N
: nucleus; M : mitochondrion; Tr : tracheole; CM : cell membrane; BM : basement membrane;

TR : trachea. Scale 2.5 p.
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FIG. 9. A longitudinal section through a muscle fibre of a 3-day old adult locust. Note the indication of
splitting (SP) of a single myofibril (MF). The normal banding pattern is clearly seen. SR : sarcop-
lasmic reticulum; M : mitochondria; D : dyed; Tr : tracheole; Z : Z-band. Scale 1 pm.
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FIG. 10. A longitudinal section through a muscle fibre of a 1-day old adult locust. Mybfibrillar splitting
(SP) as indicated in figure 9 is apparent. Note the position occupied by the dyad (D) and its ob-
lique arrangement in relation to the myofibril (MF); SR : sarcoplasmic reticulum. Scale 0.5 pm.

FiG. 11. A longitudinal section through a muscle fibre of a 1-day old adult locust. Note once again that
myofibrillar splitting (SP) is taking place in single myofibril. M : mitochondrion; MF : myofibril;
G : glycogen. Scale 0.8um.

FiG. 12, A transverse section through a myofibril of a 5-day old adu}t locust at the level of the A-band.
Note the presence of actin (thin) and myosin (thick) filaments. The peripheral myosin filaments
. appear to have a less dense core (arrow-heads). D : dyad. Scale 0.25pm.

americana®] and Neoconocephalus®). However, occasionally, 6-9 actin filaments
were observed around each myosin filament. Examination of Fig. 14, 15, 16 and 17
indicates that following the increase in the number of myofibrils, there is an increase
in the number of actin and myosin filaments per myofibril as the later increase in size.
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Fic. 14.

A transverse section through a muscle fibre from a 1-day old locust showing its typical appear-
ance. Mitochondria (M); myofibril (MF), dyad (D), triad (TD) and sarcoplasmic reticulum
(SR). Note the size and shape of the mitochondria and the presence of relatively few cristae.

. Tracheolar cell (Tr) situated in a dilation of the T-system (T). Scale 0.5 pm.
: )

FiG. 15.

FiG. 16, .

A transverse section through a muscle fibre from an animal aged 2 days illustrating the typical ap-
pearance;, size and shape of the muscie components. It can bé seen that the mitochondria (M)
still contain relatively few cristae. Tr : tracheole; SR : sarcoplasmic reticulum; S : non-fenes-
trated sarcoplasmic reticulum; T : T-system; MF : myofibril; M : mitochondria. Scale 0.5 um.

A transverse section through a muscle fibre from an animal aged 3 days showing the typical ap-
pearance, size and shape of the muscle components at this age. Note the increase in myofibril
(MF) size, myosin number-and the variation in mitochondrial (M) size. D : dyad, SR : sarcoplas-
mic reticulum; T : T-system. Scale 0.5pm.
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This observation is confirmed by counting the number of myosin filaments per
myofibril, the actin to myosin ratio and by measuring myofibrillar profile size at dif-
ferent ages (Fig. 18). There was a 4-fold increase in myofibrillar size and the number
of myosin filaments per myofibril over the first 6 days of adult life. This indicates a
close relationship betwen the number of myosin filaments per myofibril and myofib-
rillar size. The proportion of total muscle volume occupied by the myofibrils in-
creased with age (Table 1); being 52.26 + 1.5% and 59.66 * 2.31% (P > 0.001)in 1-
'day old and 6-day old adult, respectively.
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Fic. 18. Effect of age on the myofibrillar size and the number of myosin filaments per myofibril (data
taken from Table 2).
e myofibril size,
A myosin number
The figures in parentheses indicate the number of myofibrils measured or the number of myofib-

rils from which the myosin filaments were counted.

In longitudinal sections of muscle from one day adult Locusta (Fig. 19) the cross-
striations are poorly defined and the Z-bands are irregularly arranged. Similar obser-
vations have been noted in larval flight muscle of Manduca sexta'8l. In Locusta, ad-
jacent to the Z-band is a lighter region which represents the early appearance of the
I-band (Fig. 19). During this stage, the H-band is difficult to recognize. Similar ob-
servations have been reported in’ Leptinotarsa decemlineatal''l. Gradually, these
fetaures undergo developmental changes and the typical structural pattern of
Locusta flight muscle is established by day 6 of adult life (cf. Fig. 19, 20, 9 and 5).
Over the period studied there was a significant increase in the average sarcomere

length (see Table 2).
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TABLE 1. The effect of age on the relative propomon of the flight muscle components of Locusta mig-

ratoria.
‘:ge m Mybfibril' Mitochondria e Tracheoles
ays - _ reticulum .
U1t ) sEa6a 1510 24.66+1.38 15.98+0.93 7.15+1.43
: B ks (8 ®) )
‘270 | 59.54 213 22.87+2.25 1B71£1.22 3.50+1.01
A ey e (6) A ©) v - (6
37| 6476 1.66 22.04+1.76. 12.36+0.78 1.53+0.04
o5 Al @ =2 ® 6) ‘ -(6)
s | etssx1a3 | 2640x146 | 11142070 | 146092
TS ®. |- ® - . ® (®
6 999231 | “2852+170 | 10832094 0.96 +0.61
. v ey M » ) )

The data represent the mean percemage + S.E.M. of total muscle volume occupied by each component and were ob-
tained by welghmg componcnt proﬁles traced from E.M. graphs (see Material and Methods).

The figures in parentheses indicate the number of determinations.
*p > 0.001

TABLE 2. Effect of age on myofibril size, sarcomere length, myosin number and actin/myosin ratio of
flight muscle of adult Locusta migratoria.

A Myofibril® Sarcomere Myosin number Actin/ myosin
: ge size length (pum) per myofibril ratio
1| se9x020 | 284x004 95+ 3 | 328+0.12
: ‘ (72) : - (82) (38) . Y
2 | saezo | 299x001 | 1a1= 4 R
' (92) (51) - (36) -
3 1120039 3.06+0.04 00+ 6 - | 2972013
Y - (30) (41) )
4 18.29+0.42 291+0.22 24810 _
@ w |l T
5| 2165065 3182004 | - 346 9 B
o SN () @7 S
G Bl T T TR 3.19:002 | 301=12 | 201=004
i3 (35) 2] -9 - M

® Determined by tracing myofibrillar profilés from electron micrographs onto standard paper. These were then cutout,
" weighed and expressed in arbitrary units. )

*Not significantly different. -~

The figures in parentheses indicate the number of determinations.
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FiG. 20. A longitudinal section through the muscle fibre of a 2-day old adult locust. Note that the
mitochondria (M) are more-or-less arranged in columns between the myofibrils (MF), the Z-
bands are more regular and so are the I-bands. D : dyad; Cr : cristae; Scale 0.5 pm.
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Mitochondria

Mitochondria are abundant in muscle fibres at all ages studied and are packed be-
tween the myofibrils (Fig. 14, 15, 16 and 17). The mitochondrial arrangement is
clearly shown in longitudinal sections where they-appear as columns of different sizes
(Fig. 21 and 22). As reported for Homorocoryphus!!2], there is no obvious alignment
with the striation pattern of myofibrils. This is in contrast to the finding of Smith(33]
who reported that in the fibrillar flight muscle of wasp, Polistes sp., the mitochondria
are aligned with each half sarcomere. Michejdal®! reported that, in Hyalophora cec-
ropia flight muscle, there is a single row of mitochondria situated between adjacent
myofibrils in the proportion of three mitochondria per sarcomere.

The main changes observed in the mitochondria, associated with development, in-
volved increased size, number and density of cristae. Transverse sections through
flight muscles of 1-day old adult locusts are.characterized by the presence of numer-
ous small elliptical or circularly shaped mitochondria packed between the myofibrils
(Fig. 6 and 14). They contain cristae and their matrices are relatively large (Fig. 23).
In longitudinal sections (Fig. 24), the mitochondria are seen between the myofibrils
and their non-overlapping arrangement in columns is incomplete. It can be also seen .
that, at this stage, there is more than one mitochondrion between the adjacent
myofibrils. By the 3rd day of adult life, the mitochondria are arranged in columns
with little or no indications of overlapping (Fig. 22). However, examination of trans-
verse sections from this stage indicates that aggregated mitochondria occur in the
peripheral regions of the fibres suggesting that the development of single mitochond-
rial column between myofibrils is not complete at this stage (Fig. 25). This phenome-
non disappears as growth proceeds and by the 5th and 6¢h day of adult life, the
mitochondria exhibit marked changes in their internal structure (Fig. 5). At this
stage, single mitochondrial columns become so compressed between adjacent
myofibrils that they appear polygonal in transverse sections (Fig. 4). In addition, the
number of mitochondria per sarcomere length changed with age; up to three
mitochondria per sarcomere length can be seen in 1-3-day old adult (Figs. 22 and 26),
but by the 5¢th day of adult life single giant mitochondria are observed extending over
the length of two or more sarcomeres (Fig. 27). This elongation is continued, such
that in the 6-day old locusts, a single mitochondrion may extend the lengthof upto 5
sarcomeres (Fig. 5).

The results shown in Table 3 summarize the change in mitochondrial size with de-
velopment. The mean mitochoridrial diameter in situ showed little change during the
first 4 days of adult life. However, by day 6, the mean diameter was approximately
double that of newly ecdysed adult. A similar result was obtained when mitochond-
rial mean size was estimated by tracing their profiles onto standard paper, followed
by their being cut out and weighed. The overall increase in size was even more appa-
rent by this method. Agam little change was noted over 1-3 days- “of adult life, but by
the 4th day an increase in size was apparent whilst by day 6 there had been a 4.4 fold
increase in mitochondrial size compared with newly ecdysed insect. Figure 28 shows
the variation in mitochondrial size at various ages. The trend towards increasing
mitochondrial size with age, is again clearly visible.



FiG6. 21. A longitudinal section through a muscle fibre of a 2-day old adult locust. Note the columns of
“mitochondria of different sizes between the myofibrils. M : mltochondnon, MF : myofibril; Z :

~Z-band; D : dyad; Tr: tracheole Scale 2.5 pm.
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FIG. 22. A longitudinal section through a muscle fibre of a 5-day old adult locust. More than two
mitochondria (M) are present per sarcomere. Note also that the sarcoplasmic reticulum (SR) at
this age separates each myofibril (MF) completely (two sheets of it in some cases). Cr : cristae; D
: dyad; G : glycogen; Tr : tracheole. Scale 1um.
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FiG. 23. A transverse section through a muscle fibre of a 1-day old adult locust. Note that the mitochon-
dria (M) contain few cristae and some of the mitochondria appear to be in close contact with the
adjacent ones. Note also the close association between a dyad (D) and a triad (TD). and a
mitochondria. MF : myofibril; T : T-system; Tr : tracheole. Scaie 0.4pm.
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FiG. 25.

A transverse section through a muscle fibre of a 3-day old adult locust. Note the aggregation of
mitochondria (M) in the peripheral region of the fibre. D : dyad; MR : myofibril; Tr : tracheole.
Scale 0.5 pm. )
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FI1G. 26. A longitudinal section through a muscle fibre of a 3-day old-adult locust. The number of
mitochondria (M), per sarcomere, varies and it can be seen that there are up to three mizochon-
dria per sarcomere length (arrow-heads) at this age. Z : Z-band; H : H-band; MF : myofibrils;
SR : sarcoplasmic reticulum; G :glycogen. Scale 1 pm.
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1G. 27. A longitudinal section through a muscle fibre of a 5-day old adult locust. Note that a single

mitochondrion (M) extends for more than two sarcomere lengths whilst others extend less than
one sarcomere length. Note also the dayd (d) is midway between the I- and H-band. Sarcoplas-
mic reticulum (SR) is also seen between the mitochondria (M) and the myofibril (MF). G : glyco-
gen; H-band; Z : Z-band. Scale 1pm.
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FiG. 28. Histograms showing size distribution of flight muscle mitochondria from Locusta migratoria at
different ages. The data were obtained by tracing the mitochondria from electron micrographs.
These were then cut out and weighed. The results were expressed in arbitrary units.

TaBLE 3. Effect of age on mitochondrial size in situ.

i = I
Agein MltOC.h ondnal.sue @Mitochondrial diameter in situ
(in arbitrary units)
days
in situ maximum (pm) minimum (pm) mean
1 2.62+0.17 0.50 = 0.02 0.36 = 0.01 0.43 +0.01
(42) @) .. (80) (80)
2 2.28+0.15 0.49+0.02 0.34+0.01 "0.42+0.01
(M) @) o (86) '(86)
3 : 2.96+0.18 057+0.01 0.43+0.01 0.51 %0.01
. (80) - (87) (®7) o - BT .
4 6.23+0.42 0.55+0.02 0.36 = 0.01° 0.46'+0.02
G0 (38) - (38) )
5. 896+055 | 105001 0.68=0.01 0.86+0.02
(55) 59 -39 (39)
6 11.50 + 0.83 1.22+0.03 0.75 +0.05 0.99 + 0.02
%) (95) . %) %95)

The results are expressed as mean * S.E.M. The figures in parentheses indicate the number of determinations.

(Determined by tracing mitochondrial profiles from E.M. graphs onto standard paper etc. (see Material and Methods).
(PDetermined bv direct measurement from E.M. graphs.
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. The proportion of total muscle volume, occupied by mitochondria, changed a little
over the period.studied, being Ca 24.7% ‘on the first day and 28.5% on the 6th day
adult life (Table 2) However, a slight decrease in muscle mitochondrial volume was
noted in 2 and 3-day old adult; this change was not statistically significant.

Discussion

The ‘present ‘study. has shown. that marked changes take place in flight muscle.
mitochondrial fine structure during the first 6 days of adult life. These changes in-
clude an increase inthe mitochondrial size and number, and density of their cristae.
Similar changes have been reported by Brosemer et al.*] and Bucher!*). Further-
more, it has been shown that these structural changes were associated with an in-
crease in mitochondrial enzymes2*]; those enzymes are important in the catabolic
pathways(3]. In the present study, the mltochondrla in situ, showed a little change in
size during the first 2-3 days of the adult life. However, by day 6, the mitochondria
were-approximately 4-fold larger than in 1-day old insects, and their diameter had
been more-or-less doubled. Mitochondria constituted Ca. 28.5% of the total muscle
volume in 6-day old locusts compared with Ca. 24.7% in 1-day old adult. These val-
ues compare well with those of Brosemer et al.?* and Bucher!!l who reported that,
in Locusta, the relative volume, occupied by the mitochondria, increased from 6% to
23% between the 8th day before and the 1s¢ day after the final ecdysis. By the 8th day
after the final ecdysis, the mitochondria attained their maximum relative volume of
30%. Bucher!19 demonstrated that in Locusta, the total flight muscle mass increased-
by a factor of 10 during the entire developmental period. Thus, the total increase in
the muscle chondriome is about 50-fold. Similarly, Richard et al.!!*l reported that, in
Schistocerca gregaria, the mass of the flight muscle increased 13- fold between the be-
ginning of the 5th instar and the onset of sexual maturity, and that the increase in
mitochondrial volume was comparable with that of Locusta. It is interesting to note
that, in mature flight muscle of different insect species, there are variations in the
proportion. of the total muscle volume occupied by mitochondria. For example,
mitochondria occupy 44% of the total flight muscle in Neoconocephalus robus-
tus3236]; 28 5% in the present material and 30%!!% in-Locusta migratoria, 40% in
Aeshnal® and 30% in Leptinotarsa decemlineatal!!). In general, it seems that, in syn-
chronous flight muscle, the more active the flight muscle is, the more mitochondria it
contains!¥’l. v

Similar changes, to those described above, have been reported elsewhere, for
example, in~ Phormia regina® in Musca domestica®* and Calliphora eryt-
hrocephalal®él, Levenbrook and Williamst*!l reported that, in Phormia regina, the
wing-beat frequency is maximum by.about the 7th day of adult life, and that the
number of mitochondria is independent of age (6.7 X 108/thoracic flight muscle).
However; this improved flight performance was associated with a 3—fold increase in
mitochondrial dry weight in the first week of adult life.

Several researchers have reported the presence of mltochondna of differing fine
structure in the flight muscles of insects. For example, Gregory et al.1% have de-
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scribed two types of mitochondria in the flight muscle of Lucilia cuprina; one type
present in the pupa, in which both tubular and lamellar cristae were observed and a
second type, found in the adult, in which only lamellar cristae occur. Elder*! has re-
ported two distinct mitochondrial configurations (normal and vesiculated). in the
very fast contracting synchronous flight muscle in mature Neoconocephalus robus-
tus. Similarly, Simon et al.*2] described two types of mitochondria (Type A and B) in
Musca domestica flight muscle. In contrast, only one mitochondrial type was ob-
served in 6-day old adult in the present study. These possessed characteristically
dense matrices, numerous densely packed cristae and are not too different from type
B mitochondria described by Simon et al.[*2], Type A mitochondria which are charac-
terised by less dense matrices and a few cristae were only observed in 1-day old adult
Locusta. Similar observations have been reported in Homorocoryphus nitidulus!1?]
and in Attagenus megatomal*l.

At no time in the present study, on adult flight muscle, were any structures ob-
served which might be taken to represent incomplete mitochondria, or mitochondria
precursors. The observations are consistent with those reported by Bucher!!! that
the increase in the chondriome, in Locusta flight muscle, is mainly due to the growth
of existing mitochondria. However, Brosemer et al.[?] and Richard et al.["3] have re-
ported mitochondrial division in developing flight muscle of Locusta migratoria and
5th instar Schistocerca gregaria. Similarly, De Kort!'!] reported a significant increase
in mitochondrial numbers in the flight muscles of Leptinotarsa decemlineata during
the first few days after the final ecdysis. He concluded that this was due to
mitochondrial division. The latter finding has-also been reported in the fat body of
Calpodes ethlius!?’). However, no signs of mitochondrial division were observed in
the present study. It must be concluded, therefore, that if mitochondrial division
takes place in the flight muscle of Locusta, it does so prior to the final ecdysis, as in
Schistocerca gregarial3.

It was noted, in Locusta, that as development proceeded, there was a decrease in
the number of mitochondria per sarcomere indicating mitochondrial elongation. A
similar phenomenon has been reported in Apis mellifera, by Herold?], who
suggested that this was achieved by the fusion of adjacent mitchondria. Such
mitochondria fusion, at various stages of development, has been suggested
elsewhere, e.g. Hyalophora cecropial®, in Lucilia cuprina® in Musca domes-
tica'740.3.4] in Calliphora erythrocephalal'l, and Attagenus megatal'¥l. Tribe and
Ashhurst!1¢l showed that mitochondrial size in Calliphora flight muscle increased
from 1.66 pm in 2-day old adult to 2.28 wm by the 10th day of adult life. However,
during this period, they found no increase in the relative volume of the muscle
mitochondria. Furthermore, autoradiographic studies revealed that newly synth-
esized protein could account for only 4-8% increase in mitochondrial size, whilst a
25% size increase was noted in electron microscopial and Coulter Counter studies.
They concluded that these observations were best explained by mitochondrial fu-
sion. A similar conclusion was recorded by Sohall'”} with Musca domestica. He re-
ported that whilst the number of mitochondria was reduced by more than 44% bet-
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ween the 1st and 9tk day of adult life, the mean area of individual mitochondrial pro-
files increased by 143% and the relative area of the sarcoplasm occupied by
mitochondria increased by 43%. Moreover, Sohall'’l described the formation of
highly elongated and irregularly shaped mitochondria, which are often referredto as
“giant” mitochondria by side-to-side and end-to-end, as well as oblique fusion. On
the basis of the present study, it appears that in Locusta, end-to-end fusion is the
major mechanism by which mitochondrial elongation is affected. The structural
mechanism of fusion has been described by Sohall'7]. Initially joining of the outer
mitochondrial membranes into a single thick membrane occurs, followed by the de-
velopment of regularly patterned cristae at the site of fusion. The nature of the fac-
tor(s) causing mitochondrial fusion is unknown. However, Tandler ez al. 145 have
suggested that mitochondrial fusion may be related to the intracellular distribution
of membrane components such as phospholipids.

The change in the ratio of mitochondrial size to myofibrillar size suggests that the
growth of these organelles s not constant (Fig. 29). The ratio decreased from 0.45 on
day 1 to 0.27 on day 3 of adult life and then increased to a value of 0.53 by day 6 of
adult life. This latter value is similar to that reported by Michejdal®! in Hyalophora
cecropia. When the relative proportions of total muscle volume occupied by
mitochondria and myofibrils (see table 1) were compared, a similar patterned.
emerged, i.e. an initial decrease in the ratio followed by an increase. On this basis,
one can deduce that myofibrillar growth proceeds mitochondrial enlargement, but
the latter subsequently restores the original relationship between the contractile
machinery and the organelles supplying the energy for contraction.

06

|
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Ratio

02 -

01 4
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29. Effect of age on the ratio between mitochondrial size and myofibriliar size in flight muscle of
Locusta migratoria. The ratios were calculated from the mean values shown in Tables 2 and 3 for
mitochondrial and myofibrillar size, respectively.



Mitochondrial and Myofibrellar Development. 147

Richard et al.["3 have shown that the actin and myosin fractions constitute the
major protein present in the flight muscle of Schistocerca gregaria. Furthermore, the
relative proportion of these proteins increase from 50.9% of the total muscle protein
in 1-day old adults to 59.5% by the 4tk day of adult life before stabilizing at this level.
Bucher!! has reported that there is a substantial increase in the number of myofibrils
in individual muscle fibers (from Ca. 30 to 1000) during the “phase of duplication”
from the 3rd - 8th day following the final ecdysis. This observation is consistent with
the fact that “longitudinal splitting” of myofibrils was observed in the present study
during the first 4 days of adult life. Goldspink!“! was the first to provide electron mic-
rographs as evidence for proliferation of muscle fibre by myofibrillar splitting. He
suggested that this mechanism explained the substantial increase in the number of
myofibrils per muscle fibre in post-natal mouse development. Since this time myofib-
rillar splitting has been reported in insect and crustacean muscles®). Goldspinki4647]
proposed a mechanism to explam “longitudinal splitting” and suggest the advantage
of such a splitting process in allowing the sarcoplasmic reticulum and T-system to de-
velop at the same rate as the contractile apparatus and permitting the mitochondria
to become interspersed between the myofibrils. The latter is important in that it en-
sures the availability of energy for mechanical activity. Goldspink!“®! found that split-
ting myofibrils were about twice the size of non-splitting myofibrils. He concluded
that, in mouse muscle development, this was the mechanism whereby myofibrils in-
crease in humber within a muscle rather than “new” myofibrils arising by de novo
synthesis as has been reported in embryonic chick[*] and in the early stages of de-
velopment in Drosophila melanogaster'sl and Calliphora erythrocephalal®). Thus
“longitudinal splitting” of myofibrils would result in the production of smaller
myofibrils. From the physiological standpoint, the latter is very important in fast act-
ing synchronous flight muscle, because the larger the myofibrils size, the greater is
the distance between the central myofilaments and the surrounding sarcoplasmic re-
ticulum[325¢-52], In other words, the Ca2* would need a longer time to diffuse to cent-

‘ral myofilaments to trigger the contraction. This agrees with the fact that small
myofibrils are reported to be mechanically more activel532). In contrast, in asyn-
chronous flight muscle, myofibrillar splitting is not found beyond the early stages of
formation in spite of a large addition of myosm filaments. Consequently the myofib-
rils grow to a very large sizel*l.

The present study showed that in the first 4 days after the final ecdysis there was a
3.2 fold increase in myofibril size. A clear levelling off was seen around the 4th - Sth
day. This increase in myofibrils.size is also reflected in an increase in the number of
myosin filaments per myofibril. Similarly, Bursell et al.[53} reported a marked corres-
pondence between the increase in myofibril volume and the estimated contractile
protein during the growth of Glossina morsitans. They found that the bulk of the con-
tractile protein was synthesised by the 8tk day of adult life. Working with the same
species, Anderson and Finlaysont®* confirmed this result by.showing that the
number of myosin filaments per myofibril increased during the same period.

Auber!® found that in Calliphora erythrocephala, the number of thick filaments
visible in a cross-section of a single myofibril of a dorsal longitudinal muscle fibre in-
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creased from 669-1186 at the time of ecdysis to 2 maximum of around 2000 after 10
days of adult life. In the present study, whilst the number of myosin filaments in-
creased with age, no statistically significant changes in actin:myosin ratio (Ca. 3:1)
could be demonstrated over the 6-day period studied. It would appear, therefore,
that both actin and myosin filaments increase at a more-or-less equivalent rate. This
is in contrast to the finding of Valvossori ez al.1%l who reported that in the dragonfly
Aeschna mixta the actin:myosin filaments ratio is quite high initially (Ca. 4-4.5:1) but
rapidly drops to the final 3:1 ratio when the myofibrils are well developed. Similar
changes in the number of actins around each myosin have been reported between the
“slow larval” and “fast adult” of Manduca sexta dorsal longitudinal muscle!!8l. The
ratio of 3:1 between actin and myosin observed in Locusta flight muscle is of wide-
spread occurrence in flight muscle of both synchronous and asynchronous types, al-
though: several exceptions have been noted in synchronous flight muscle of certain
speciesl?5:56.57, : .

- The average sarcomere length increased from 2.34 pm in 1 day old adult locusts to
3.19 jum in 6-day adult locusts (P > 0.001). This was accompanied by the appearance
of a well defined I-band. Similar increases have been reported in vertebrate mus-
cles!’®! and in invertebrate musclesl®#-%%] Two explanations of increasing sarco-
mere length have been suggested: (i) the deposition of new protein sub-units to the
end of the myofilaments; (ii) the results of the sliding filament mechanism. Aubert*’)
has measured the sarcomere length in Calliphora erythrocephala during develop-
ment, and reported that, whilst the sarcomere length increased from 2 wm on the 6th
day before to 3.2 um at ecdysis, no significant change in I-band size was noted at any
state. He concluded, therefore, that some increase in myofilaments length was tak-
ing place by deposition of new protein. However, Goldspink!8 has shown that in
mice, the sarcomeres which increase from 2.3 wm in new born animals to 2.8 pm in
the adult do so by the sliding-myofilament mechanism rather than by a change in
myofilament length. Whilst it is difficult to reach the final conclusion about the
method of sarcomere elongation in Locusta, on the basis of the present study, the
fact that the I-band increases in size with increasing sarcomere length, suggests that
the sliding-myofilament explanation is more appropriate here.

It is perhaps significant, therefore, that sarcoplasmic reticulum (SR) protein in-
creases approximately 4-fold between the 9th day of 5th instar and 7th day of adult
life as more-or-less did the. specific activity of the Ca2*-transporting ATPase (Al-
Robai, in preparation). The importance of free Ca?* concentration in the metabolic
activity of insect flight muscle has been highlighted by Sacktorl¢!l. It is clear, there-
fore, that the development of SR is an important factor in the function of flight mus-
cle and may explain the improvement in flight performance noted in developing
adult locust!!9-52], The result reported in the present study may help in understanding
the developmental changes of skeletal muscle in higher vertabrates. In addition, one
may suggest that the Locusta migratoria, which is an agriculture pest, can be effec-
tively control during the early days of adult life. This is because the maturation of or-
gans, such as the component of flight muscle, pass through some weak points and itis
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possible that the effect of synthetic chemical or some natural product may prove to
be effective during these stages.

Conclusion

The present study is concerned with the growth and developmet of flight muscles
in Locusta with particular reference to those systems involved in energy supply and
utilization. The data obtained from morphometric studies revealed that both
mitochondria and myofibrils increased in size, and that the relative proportion of
mitochondria and myofibrils changed with increasing age. The mechanisms by which
mitocochondria and myofibrils increase in size have been discussed in detail. It was
concluded that the increase in mitochondrial size was probably due largely to fusion
of small ad]acent mitochondria. The developmental changes were accompanied by
an increase in the number and density of the cristae per mitochondrion.

Myofibrils size and number of myosin filaments, within each individual myofibril,
increased approximately 4-fold, in Locusta, over the period studied. On the basis of
the present study, it was concluded that the increase in the number and size of
myofibrils was probably the result of “longitudinal splitting” and the addition of con-
tractile protein (actin and myosin) into the peripheral region of the new myofibrils.
The relative proportion (by volume) of myofibrils to mitochondria was more than 2:1
at all ages studied; being maximal on the 3rd day of adult life. It can be concluded
that, the relative proportion of myofibrils and mitochondria referred to above sup-
port the general view that mitochondrial formation is strictly coordinated with the
formation of other cellular constituents in flight muscle of Locusta migratoria.
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