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THE FINE STRUCTURE OF THE LIGHT ORGAN 
OF THE NEW ZEALAND GLOW-WORM 
ARACHNOCAMPA LUMlNOSA (DIPTERA: 
M Y  CETOPHILIDAE) 

ABSTRACT Thc ruullen dlr t r l  lips 01 !he Ma lp igh~rn  lubuler 01 the glou-norm 
Aro~llnoco,rlpo Inrrri,ru\rr con5liluie the Ilghc organ. The \enIra1 and lateral rurlacer are  
co\ered hy a tracheal 'refleclor' and the nenour supply l o  the light organ comer rrom 
the g'anglion in  [he penul~imale segment. Ftne n e r w  lerminalr. arons. and glial cellr 
can he seen i n  close pro\imily lo $he haral rurlacc a( the cellr 01 the l i g h ~  o rgan  The 
eptlhelial cells a1  Ihe light organ are large. the c)~loplrrm dense. homogeneous and 
acadophllic. The cymplarm gi\er a 5trong porll l\e reactwan l o r  protein. The cy~oplarm 
cantillnr r high den,ily or lree rihoromer. pacther 01 dense ma~erial, smooth endc- 
plrrnllc reliculum, glyco~en and scatrered m~crotubuler. Mktochondria are numerous: 
lhey arc large. randomly dtslrihuted and packed u i t h  tine crirtse. There cellr lack the 
lealures characlerirlic o r  Malp~ghian tubule epithelial cells: inlotding 01 the apncal and 
basal cell rurCacer is reduccd and the cyloplarm contains leu  organelles Thcre cellr do 
no, contain recrelory or pho,ocyce granules and !he grainy cell m a ~ r i x  is thought to be 
[he lucilerin ruhrlrale. O\ygen ir  upp plied via Ihe tracheal layer luh lch  may hare 
secondary reflectnng prapertlcsl and light production controlled hy neurorecretory 
encicalion eilher d~rer l ly  \la s)nrp<ei. or hy hormones. There are  no other reports o r  
Matpiphian tubules or lnrecls producing light and [he tine ruuclure 01 there cells IS 

dirlincl. Thus. the mol len dlsldl 1np5 01 the Malpighian tubules 01 the glou-norm 
undouhledly canrlitute 3 unique lum~nercent organ. 

Introduction Thcir taxonolny and belia\iour have been 

THE New Zealand glow-worm Arurbrocu~i~po 
Irtni;,rosa is the larva o f a  midge-like insect of  
the Mycetophilidae or fungus fly family 
(Order: Diptera) and is well knoun from the 
early descriptions of  its habirsand life history 
(Meyrick, 1886: Hudson, 1886. IRS7). 
Edwards (1924) described the spectacular 
display by the glow-worm population in the 
Waitomo Caves as 'the radiance of  such a 
massed body o f  glouj-worms as cannot be 
found anywhere else in the u,orld. u t~er l j  
incalculable as 10 numbers and merging their 
individual lights in a nirvana of  pure sheen'. 

treated in more recent works (Richards. 1960; 
Harrison. 1966: Stringer, 1967). As a result 
a reasonably good account of the habits and 
behaviour of  the glow-worm now exists. A 
number of  b~ological studies o f  ihis inscct 
have been reported (Edwards, 1914: Harvey. 
1952; Norris, 1970) and accounts of  the 
anatomy and histology o f  the larva were 
presented by Gatenby (1959, 1960) and 
Ganguly 11960) respectively. 

Wheeler and Williams (1915) were the first 
to identify the terminal ends o f  each of  the 
four Malpigllian tubules as being the source 
of  the characteristic lumtnescent glou,. They 
suerested that this In mel f  was o f  interest -- 
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light organ of the glow-worm is descrihed 
and compared with the well-documented 
system in the firefly and in another member 
o f  the Mycetophllidae, Plrrryuru l i~ l ro~r i .  

hlethods 

Larval specimens of Aracli~~ocumpu IIII~~IUIS~I 
were collected from natural populations in 
ltmestone outcrops 135 kni  north of  Auck- 
land, New Zealand. For observations o f  
gross anatomy larvae were disected llve in 
physiological saltne. For routine histological 
examination, antmals were fixed whole tn 
Bouin's soluuon either immediately or a few 
hours after collection, and tissue was stored 
In 70": ethanol. Material was dehydrated in 
Cellosolve (ethylene glycol monoethyl ether) 
and embedded in ester wax (melting point 
45-50C) according to the method o f  
Steedman (1960) Sections cut on a Cam- 
bridge Rocker microtome at 5-8 prn uere 
stained ;~th Mallory and He~denhain and 
mounted in DPX on glass sl~des. 

Additional material. fixed in 6% glutaral- 
dehyde in phosphate buRer and embedded 
In Epon 812 for electron microscopy as 
described belou. u.as examined for light 
microscopy after staining with LoeRer's 
methylene blue. Further sections of  Epon 
embedded material were prepared for histo- 
chemical tests according to the method o f  
Snodgress er a/. (1932) and stained for 
protein uslng bromophenol blue (Humason. 
1972). 

Specimens o f  larval A. Ir~rni~rosa to be used 
for ultrastructural studies were dissected live 
in Insect Ringer and the Malpighian tubules 
removed, separated into their four distinct 
regions and fired immediately in 6 9 i  glutaral- 
dehyde In  Millonig's phosphate buRer. After 
fixation for I hr, material u'as rinsed several 
tlmes In buffer and post-fixed for I hr in I "/. 
osmlum tetro~ide. Tissue was dehydrated In 
an acetone series and embedded in Epon 812. 
Sections uere cut on a Retchert O M  U2 
mlcrotome. picked up on uncoated copper 
grlds, double stained wtth uranyl acetate and 
lead citrate and examined and photographed 
on a Phil~ps E M  301 electron microscope. 

Results 

I l l ~ ~ p h ~ l o f j .  
As In other Diptera, there are four Mal- 
pighian tubules in Araclr~iocampa lirmi~~osu. 

G R t t N  

Each tuhule is dlvlded into four morpho- 
logically dktinct regions and each reyon IS 

comprised o f  a diHcrent cell type. The 
structure and functlon ofcell Type5 I. 11. and 
Ill from Parts I. 2. and 7 respect~\ely is the 
subject o f  separate publication> (in prep- 
aratton). Thls paper deals only with Part 4, 
the liglit organ. and its Type I V  cells. 

I n  the an:erior part o f  the terminal 
abdominal 5eyment the Mdlpighlan tuhules 
increase In d~ameter and these suollen distal 
tips o f  the tubule (0.9 mm in length) form 
the light organ. Both the ~en t ra l  and lateral 
surfaces of the light organ are covered by a 
layer formed from hypertrophied ttssue o f  
the tracheal epitheltum IFIS. I ) .  The two 
main longitudinal tracheal branches enter 
this layer on the ventral surface, each 
di\ idlng ~mmediately into three smaller 
longitudinal branches. From these. fine 
terminal hranche5 form a network of trache- 
ales encasing the3e su,ollen ends o f  the Mal- 
pighian tubules. 

The nervous supply to the eighth abdomi- 
nal segment contatnlng the light organ comes 
from theganglion In thepenttltimatesegmenl. 
The nerve from this ganglion branches; one 
branch suppl~es the musculature. the other 
continues down to the reglon o f  the light 
organ where fine branches supply the scolo- 
phore organs o f  the anal papillae and the 
Malpightan tubules. 

H1sroli18.1 
The epitheltal cells lining the tubule o f  the 
light organ are large and cuboidal. The 
cytoplasm 1s dense. homogeneous and acido- 
philic and small spherical vacuoles can be 
seen near the inner margins o f  the cells. The 
cytoplasm gave a strong positi\e reaction for 
protein (bromophenol blue), Infolding o f  the 
basal cell membrane rer~iainsdlstinct although 
not extensi\'e, and the luminal brush horder 
o f  microvillt 1s greatly reduced. Nuclei are 
circular and small and the cytopla5m con- 
tains den5ely packed mitochondria (Figs. 
1. 2). 

L' lrru~rri,o~trc 
The large cells o f  the light organ are approxl- 
rnately 250 pm long by 120 pnl uide. Cells 
are between 25 and 30 Aim deep and three or 
four cells normally line the tubule lumen. 
The lumen is large (60 p m  diameter) and 
round. 

1 L IGHT ORGAN O F  NLW L t A L A N I )  GLOI I -NORM 
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2. The cells or the Ilzhl organ are large and normally onl) ~ u u  or ihrep cell, 
line the tubule lumen IL). Inlbld~ng ol. lhe basal rnd aptcal plasma membrane, ,, 
e.ilensl\e Nuclm IN) are rgrcular and smdll The rencclor IRCI ,he 
s u r k e  ol. the luhulcr. * 5OO Glular.ddehyde Ihed. Epon embedded rod me~hy~enc 
blue \lain 

, I  i 1  
An  e\trcmely narrow hasdl lamina co\.ers Idlameter approxllnatcly 50 nm) and clear 

. . ,  
the outer surface of the tubule. The tracheal (diameter appro\imately IOO nm) \elicles 

layer is closely apposed lo  the basal lamlna prejumed to be neuro5ecretory and neuro- 
on the ventral and lateral surfaces Tracheal transmitter respecti\ely (Figs. 5.  6). axon3 
end cells are randomly diwibuled through u l th  neural tubules and mitochondria (Fig. k l i  : 
the compact regular array o f  trdcheoleb that 71, and gllal cells (Fig. 8) are found flush 
constitute the 'reflector. (Flg. 3) .  Although u1111. or In pro\in~tty to. the basal cell 
no tntracellular trdcheoles e\isl, the trache- surface. The haemocoelic space between the 
oles are in very close apposition to the basal tubules is filled ujlth an amorphous matrix 
surface of  the Malpighian tubule cells (Fig. (Ftg 8). 
4). Fine nerves containing both opaque Type I V  cells show a marked reduction in 
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o f  diwerent animals (reviewed by Seliger and 
McElroy. 19hS. 1966). Among the Insecta. 
the only orders that are known to  have 
bioluminescent members are the Coleoptera. 
Diptera, Collcmbola and Hemiplera (Harvey, 
1952: McElroy r r  01.. 1974). The firefly, 
Phorur~r pe~r~~.~.lvo,~;cu, has attracted a great 
deal o f  atlention and thc biochemical pro- 
cesses involved in  light producl ion i n  this 
insecl have been largely determined (reviewed 
by McElroy r l  01.. 19741. The firefly lantern 
is thought t o  originate f rom mesodermal fat 
body cells uh i ch  direrenuate to produce a 
bllayered organ consisting o f  a \.entral liglit- 
producing epithelium, backed by a dorsal 
layer of cells IHarbey. 1952). A detailed 
account o f  the ~~l t rast ructura l  organization 
and innervation o f  the light organ o f  the 
adult fireRv was oresenled b v  Smith 119631. , . 
The ultrasrructurc o f  the light organ o f  the 
lawdl firefly has been described by Peterson 
119701. As i n  the adult. thc dorsal reflecting 
layer contains urate granules, mitochondria 
and glycogen while the ventral photogenic 
layer contains the photocyte cells wi th  their 
phblocyce granules. The tracheolar organs, 
thoueht to control the Aash o f  the adult lieht. 
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o f  silk has bc;n no:ed IWi_rplzsworth. 1965). 
However. only i n  Arrrcl~,ruca,!r/iu are the 
Malp~zhian tubules in\ol\ed i n  light pro- 
duction 

The swollen djstal tlps o f  the Malpighlan 
!ubules. uh ich form the Itehr Organ, are 
comprised of  an epithelial cell typc markedly 
ditTerent from tliose of the other three regions 
o f  the tubule ( in  preparation) They lack thc 
features characteristic o f  transportins epl- 
the l~a l  cells; sliphl infolding o f  the apical and 
basal cell membrane occurs but the mlcro- 
vi l l i  are very short and contain n o  mito- 
chondria. and the basal infold~ngs are greatly 
reduccd. I n  contrast t o  the firefly, these cells 
contain no photocyte granules. Secretory 
granules, as secn i n  the -black bod~es' o f  
PIur.vnro (Bassot. 1978). are also atsent. 
Instead thev contaln larec amount, o f  a verv 

- .  
are absent f rom [he larva. W i th in  the 
Mycerophil~dae, the larva o f  f / ~ l j r t r a  h l ro l r i  
is luminescent. Here, li_rht is produced i n  
c l o r  pror imi ty  t o  large 'black bodies': lhese 
contain secretory granules. the er:rusian o f  
uh ich is correlated wi th  luminous activity 
(Ea<sot. 1978). 

Bloluminescencein theglou-worm has been 
o f  interest since the first description o f  the 
larva by Meyrick (18861. Early reportbon the 
bioll;minescent processes in  the New Zealand 
glow-worm were the result o f  investigations 
by Shimomura rr (11. 11966). The most recent 
work is that o f  Lee (1976) who in\.esti$ated 
the biochemical processes involred i n  light 
production i n  the Australian g low-uorm 
A,urbroran!pu riclrnr(/.~ur, a close r e l a t i ~ e  o f  
A. lr,nri,,u,u (Harrison. 1961). Lee's results 
are consistsnt wi th  those o f  McElroy 01. 
I19741 for thc firelly, wliere the reaction is 
known to proceed by the action o f  A T P  o n  
the suhqtrate luciferin i n  thc presence o f  
n~agnesium and luc~icrase. This is fol loued 
by o r~da t i on  to gike light (Lec, 19761 

The acquisition o f  specialized functional 
roles by the Malpighian t~ lbu l s  cells o f  
insects is not uncommon and the part they 
play i n  the storage o f  l ime and production 

, 
grainy cytoplasm with denser patches. smooth 
endoplasm~c reticult~m. glycogen and ni i tu- 
chondrra wtth dense cristae The dense gain). 
matrix o f  the Type I V  cell c?roplasm stalns 
positively for protein and at high magnifi- 
carion numerous free ribosomes can be 
resolved (then presence is normally masked 
bv the densitv o f  the cvtonlasml. These . . 
results sussest that i n  the glou-worm the 
grainy matrix may contain luciferin and 
perhpps be produced by the abundanl free 
rihoromes. Luci lcr in is irrekersibl) e rpnded  
during the production o i  light IMcElroy r r  
"1.. 19741 and must be replenished. The 
mitochondria o f  the Type I\' cells contain 
a large number o r  very fine cristac. in  detail 
most resembling the mitochondria o f  mam- 
malian heart cells described hy Munn (19741. 
h i t lochondr~a are the sltes o f  ATP  pro- 
duction. a reactant i n  the lum~nescent system. 
so their larpe slze and de\eloped cristae are 
indicative o f  an extremely acti ie cell. The 
evcn distr ibut~on o f  these mitochondria 
throughout i l ie cell supports the proposal 
that the grainy matrix i n  the cell cytoplasm 
may be the luciferln substrate. Glycogen I n  
the cells (also seen in the firrfly pholocyte 
cells (Smith. 1963)) may also be merabolized 
for ose in  light product~on. 

Although the precise location o f  the 
reactants o r  the light-producing s)stem i n  the 
firefly have not been demonstrated. i t  has 
been sugeested lhat the photocyte eranl~les 
provide the luciferin substrate (Smith, 19631. 
I n  P. pcrrr~n.h.o,~r,o the matrix o f  the dorsal 
region o f  the photocyte cells is s~nii lar to that 
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o f  the T!pe I V  cells o f  the glow-worm l ight 
organ. Thc mitochondria o f  the Type I\' 
cells are s i m ~ l a r  in  appearance to  the mi to-  
chondria around the intrdcellular tracheoles 
i n  tlie photocyte cells o f  the firefly. These 
leatures suggest that the Type 1V cells o f  
'4 .  I r r n i i ~ ~ o ~ u  and the phorocyte cells o f  the 
firefly hate  a similar function. 

Oxygen is required for l ight product ion 
and the oxygen rcaction rate l i m ~ t i n g  (Lee, 
19761. A l though there are n o  intracellular 
tracheoles i n  the glow-norm. a continuous 
direct supply o f  oxygen is assured l o  the 
system through the cxtcnsi\c ventral tracheal 
la!er. A s  well as supplying oxygen, this 
tracheal cup may be a layer t o  reflect light, 
as does the tracheal tapetum o f  the insect eye. 
Hor r idge F I  o l .  (19731 found that l ipl i t  
entering the rhabdom columns o f  Ihe com- 
pound eye o f t h e  skipper butterfly is reflected 
back otH o f  the rhabdom by the parallel 
regular cross bars ctaenidial thickenings) o f  
the trachea o f  the basal tapelurn. H e  
suggested that such an arrangement o f  
trachea. il extremely regular, cou ld  reflect 
l iph t  01 some ua\elenaths bu l  n o t  others. 
.Although the chnrac~erisi ic blue-green l ~ g h t  
o f  rhe $ I o n - u o r m  is thought t o  bc produced 
b! luci ler~n-lucikrase reaction (Lee, 1976). 
certain wa\elengths could be intcnsified by 
selective reflection f r o m  the tracheal cup. 

Fine nerles at the base o f  the cclls conrain 
b o t h  neuroszcretory and transmitter vesicles. 
F r o m  the early work o f  Gatenby and 
Ganguly (1957) i t  is k n o u n  that the glow- 
u o r m  turns the light OR through nervous 

st imulat ion. L ight  product ion  may be con- 
trol led by secretton o l  substances horn the 
nerve axons which are apposed l o  the basal 
lamina surrounding the tubule cells. The 
tracheal and nervous cupply l o  the l ight 
organ o f  the glow-worm. however. does not  
appear as complex as that described for the 
firefly (Smith, 1963). 

Malp igh ian tubule secretion is knou,n t o  
be control led by hormones produced by 
neurosecretory cells. The site o f  hormone 
production diKers belueen species. F r o m  the 
sile o f  p roduct ion  hormones (ravel down 
axons to  siles o f  slorage and release, the 
neurohaemal areas. T h e  release o f  hormone 
occurs i n  response t o  the ar r iva l  o f  a nerve 
impulse a t  the neurosecretory axon end. 
H o r m o n e  is normally released i n t o  the 
haemolymph. Thus, hormonal  cont ro l  o f  
light product ion by the terminal ends o f  the 
g low-worm Malp igh ian tubules cannot be 
disregarded. 

Thus, Type I V  cells o f  the g low-worm 
M a l p ~ g h l a n  tubules ha1.e become highly 
modif ied for the secondary funct ion o f  l i g h l  
producuon. They lack m a n y  o f  the features 
characteristic o f  transporl ing epithel ial  cells 
b u t  exh ib l l  celltllar modif icat ions consistent 
w i th  their acquired ro le  i n  l ight product ion. 
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