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INTRODUCTION

Throughout the whole organic world the essential food element

most difficult to acquire is nitrogen,
m.ately come from the atmosphere an
w1.th this gas is limited to a few microdrganisms. Upon the nitri-
::ymg b-uct-?rm, then, fl" I.nigher plants and animals are dependent
or ?-helr nitrogen which is handed from one organism to another
linking all together into one great. interdependency which ha.;

as all nitrogen must ulti-

Fig. 1 The nitrogen cyele (from Baylisn).

— - —

are my additions based on evidence i'rln I:f.;cﬁsr::y fines s cireles in
bee_n called the nitrogen cycle. I insert a diagram from ﬁa liss
whlc.h clearly illustrates this cycle. The accessory circles );md
the lines that connect them are additions based on my experiments
The sear.ch of the insect for nitrogen is very complicated and has;
been, at times, ob;;cure. Indeed, little definite information is
at ha'nd concerning the food requirements in general of these
organisms, as the material consumed is often in lzirge part merel
the substratum for a small amount of assimilable food Thi.‘;
has led to many misunderstandings as to the synthetic p(;wer of

d the power of combining
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insects. Since they are largely phytophagous, insects are amply
supplied with carbohydrates, but have difficully in obtaining
sufficient protein. The abundance of the former permits great
activity, while the dearth of the latter limits the growth of the
insect. This has led to a lengthening of the life-cycle in those
species which must ingest large quantities of substrate in order
to get enough nourishment to complete their growth. However,
many insects that feed in decaying of fermenting vegetable matter
of low protein content have an unusually short period of growth,
The experiments and considerations which follow throw light on
the protein supply of such inseets and account for their rapid
growth.

These investigations were made at the Bussey Institution for
Research in Applied Biology, Harvard University, under Prof.
W. M. Wheeler. Valuable advice and assistance were received
from Profs. C. T. Brues, W. J. V. Osterhout, I. W. Bailey, and
Dr. R. W. Glaser. I am especially indebted to Doctor Wheeler
for helpful suggestions and encouragement.

EXPERIMENTS
1. Food of an insect (Drosophila) living in fermeniing fruit

A. Method and initial observations. a. Solid media for Droso-
phila. While rearing Drosophila it was found necessary to de-
termine the exact date of oviposition. As this is impossible in
the ordinary culture tube of fermenting banana, a solid trans-
parent medium was devised by myself and Dr. R. W. Glaser
(1917 a).

This medium is made as follows: Mash six ripe bananas in 500
ce. of water, allow to infuse on ice overnight, strain through
cheese-cloth, and add 1} grams powdered agar-agar to each 100
ce. of the filtrate. Heat in double boiler till agar is dissolved,
filter hot through absorbent cotton into test-tubes. Plug tubes,
sterilize in autoclave, and allow to cool in inclined position so as
to form solid slants of the medium. ) .

This medium is quite transparent, affords 15 to 20 sq. em. area
for oviposition and 6 to 10 cc. of substratum for the larvae. The
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found that certain crystalline solids left on the filter after filtering
autolyzed yeast could be substituted for lecithin. These erys-

talline substances are probably also constituents of yeast nucleo-
protein.

Loeb and Northrop (’17) have recently used glucose beef aga,rl

for maintenance of-larvae and adults so that the temperature
coefficient of the duration of life could be determined, and
Northrop ('17 a) has shown that the total duration of the life
of Drosophila can be increased by retarding the growth of the
larvae, as the pupal and imaginal periods do not seem to change
with the increased larval life. These results are entirely com-
parable to those given on page 30. N orthrop (17 b) describes
experiments which have led him to the conclusion that yeast sup-
plies a special substance necessary for the growth of Drosophila
larvae. This author finds that banana, casein, and sugar sup-
plement yeast as a food for larvae and permit the development of
a larger number of adults than could take place on yeast alone.
The optimum mixture contained 33 per cent yeast, and as the
amount of yeast decreased the number of adults reared became
less and growth of larvae slower until at a proportion of yeast of
1:128 the growth of. larvae became abnormal. Kidney, liver,

and pancreas of dog were adequate foods for larvae, but spleen,

heart muscle, muscle, blood, adrenal, and thyroid were not a
complete diet for the insect. The author concludes that the
special substance required for growth cannot be obtained from

protein or carbohydrates. From my experiments I have evidence

(p- 14) that banana and sugar have food value for Drosophila
larvae, and to this extent my results are in accord with North-

rop’s, however, since the insects can develop normally on yeast

nucleoprotein, sugars, and salts it seems probable that the special

substances required for the growth of Drosophila are included in
nucleoprotein.

In summing up the results of my experiment I conclude: 1.
Drosophila normally feeds on fermenting fruit, obtaining a large
part of its nourishment from the microirganisms, especially
yeasts, which are in a loose symbiosis with the insect.

2. Dead or living yeast is a complete food for Drosophila.
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Y rotel reast
3. The larvae are dependent on the nucleoprotein of yes
(3 (s s ) ,
. : v 3 1 - . _h.
for special substances necessary in l.-h(iu gm}\ltl .
i -east in the ecology of the msect 15 10 €
4. The funection of yeas . 18 L
irate at the surface of the medium and to :«_\,111.11;‘..-1115 s
centrate at the s ' ; nend fp GEUIEES C
nuecleoprotein, the urates, ammonta, ol amino-aeid

h'll‘!tt\inl.
~a 4 .] “ hi ; s ’-'J".'S(‘lf'l
2 I.I‘ H!n’”“.“l’l‘a 1t f”f i} \(”ll‘l‘“hﬂg{ 1

A pair of adult Acalyptrate nm.»:('i(_l flies of u.m(?’"{{}m]11,1):::::::;
metopa m-nigrum Zett. (determination by ]t'll.“ .Mﬂ;n.l ‘].‘hm.
Ak, R [1‘1}11:11{‘:1:{{{13211 ;1.(:111«4, .(:nll(tl‘.t('.ll in the
nerged from some poorly dried snatl shelt j goltect i

l]l*‘{:‘;} ?;111]-‘:13, on the decaying flesh of \\‘hlt‘r}l‘ t-:l;‘..li‘:; !\ ‘u\,\ .]'I:::‘:! f:_ltll{\
The adults were placed on banana and )t,a: ) .hI_,‘di,od e
female deposited about forty eggs, lll(lHi-' of \\‘11{' lisg mRE
hiok mat of a black mucor that grew over t e surfac L ohy
ok o "“‘*’“ . «ix larvae that emerged fed readily on the rich
L in :llIan twenty-two days reached a le‘(i ofhlli::;
15 mm. in length. er. black fungous lllrii:lt.m\\‘::s; 1]:111.);0(5[;'1.;]]0(1
i ::H:llt]:‘ cljllxl:sr:.:'](; E;?i.er three to five days and

medium.
yeast food, and in

were normal, and six

/iposi he mediun. ‘ N
i i b + torproting the normal feeding habits of
The usual manner of interpreting the

this species would be to state that the larvae t:('.d rl"“,‘i d(';?lx;:q_:l::::-
1.11:1.'1 tissue. This, however, is open t.t;) doubt in ‘\- i{_.'\\m(l)ih.! L,h‘ull o
experiments, and we must now eonsider .1-1119, {['In :‘) 111?0‘“['“.__(“1 R
decaying or fermenting substrata are mere y I,,l.:;“.i"g !
the fun;:us and hacterial food of the insect 1s g ;

: o Fnsec
3. Experimenls with a coprophagous insecl

ation of the food of the housefly ( 1\'[115(‘.11,{inm.(‘..‘it-lt-.‘l)
‘ The insects were obtained in
greenhouse. The mash was
an with an equal volume of

An investig _
also gives support to this th(e(‘n Y.
winter by placing bran mash m"i.hc
prepared by boiling i ]C(ill['.ﬂ.{-;)]‘ tln e 1} masalsed

ith constant stirring tor twenty

ater with constant s o eed
1'“ large porcelain dish in the hothouse, where it soon be
in a lar 1 .
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EXTENT OF MYCETOPHAGY AMONG INSECTS

As a corollary to the foregoing conclusions we may assume that
the foeds of many inscct larvae feeding on dead, decaying, and
fermenting vegetable and animal matter arc the micodrganisms
which live upon the substratum in which the insects are embeddexd.

The extent of this habit among insects is very great, inelud-
ing a large number of Coleoptera and an especially large
number of Diptera. This habit is usually apparent from the
habitats selected by the insect, thus Metealf (’16) lists the
following habitats for the seavenger short- and long-tailed filth
larvae of the flower-fly (Syrphidae), viz.: In decaying parts of
trees and herbaceous plants, diseased or flowing sap, heaps of turf
or soft mud containing vegetable matter, and in stagnant or
putrid water, sewage, manure, or human feces. The larvae also
oceur as accidental body parasites, causing intestinal, nasal, auric-
ular, and vaginal myasis. Some specics serve as seavengers in
the nests of termites, ants, wasps, and bees. It is apparent
that microdrganisms abound in all these environments, with the
possible exception of the animal body In the latter case, how-
ever, it is well known that a foul odor, indicating some bacterial
action, always precedes infestation. In more normal habitats
the microdrganisms so completely outweigh the other nutritive
materials that it is quite likely they (the bacteria) serve as food.?"

Townsend ('93) lists the following habitats for some of the scav-
enger Acalyptrate muscid larvae: dung, decayingwood, under
bark, plants, leaves, roots, tubers, and fungi; in salt or alkaline
water and mud; urine, vinegar, sap of wounded trees; cheese and
animal fats. Again in this case all habitats selected by the fly
normally abound in microéirganisms, and it is quite safe to assume
that they (the fungi) serve as food for the insect larvae.

The great extent of the use of microsrganisms as food among
insects is shown in a table of the feeding habits of larval and adult
Diptera. In this table | have assumed that the food of insects,
that always inhabit substrata of a fermenting or decaying nature,

¥ Osborne and Mendel ('14) showed that the bacterial content of feces was 20
to 40 per cent.

LARVAL FOOD ADULT FOOD
o 8 g o oL
= aRHAHEE
=, e , 8
B8 3 | 5|2 |2R|EE|3E)d |42
g | =2 S £ 14 [ H z | &
Tipulidae........... X X X ? ? x
Ctenophorinae...... X X X
Tipulinge........... X X
Limnobiidae........ X
Cylindrotominae.... x x
Limnobiinae........ X X X X
Limnobia........... b3 X
Pediciinae.......... X X X
Limnophilinae...... X x
Limnophila......... X X
Eriopterinae........
Helobia............ ? x
Gnophomyia........ ? x
Hexatominae...... X x
Trichocerinae.......
Trichocera. ....... X
Ptychopteridae.. ... X X ’ x
Rhyphidae........ x ? ? X .
Boletophilidae...... X
Mycetophilidae. ... . X ? x X
Ieia.....oo..o0o. 0 X
Exechia............ X 3
Sciaridae...........| x x
Platyuridae........ x x
Psychodidase........| x x x X x x
Blepharoceridae.. .. x X x
Culididae. .......... x X x x x
Dixidae............ x x
Ceratopogonidae... | x x
Chironomidae.... .. x X X
Orphnephilidae..... x x
Bibionidae......... x x
Scatopsidae........ X x X X
Simuliidae.......... x . X
Stratiomyiidae. . ... x x X X
Stratiomia.......... X x x x
Odontomyia........ x x X x
Oxyeera............ X X X
Geosargus.......... x
Microchrysa........ x
Eupachygaster. . ... X X
- Xylophagidae...... X X x x
Coenom.yiidae...... x x x x
- Tabanidae..........|] x x x
Coniops............ x ? x
59
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£ ° e - s
' asour ﬁ 2. |%.|32|4 g is the microdrganisms themselves, and to a less extent the sub-
' E2 0 g | £ | 2 |28 5% | &8 3 23 stratum. This assumption can safely be made on the basis of
" 3 | B B | @ kB3R 2 Ea the preceding experiments and the general lack of nutritive value
! (for insects) of many of the substrata concerned. This interpre-
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tation of the food of scavengers, etc., has never been given before

. i&tﬁ;‘:e ........... x x ’ - !

5 o Ohrysoplla x to the author’s knowledge except in the case of Drosophila, as

' SRR Cyrtid::a.:‘.'::::: v x x mentioned above (Guyénot, Loeb, Schulze, Henneberg). The

' " Asiloides........... ’; . data in the table are mainly derived from Malloch ('17) and

.. Mydaidee.......... X X ’ Williston ('08). From a glance at the table it is apparent that a
Asilidae x x . . - . .

o . Dasyllis............ X x x large majority of the Diptera live upon microdrganisms. There-

; k " Bombyliidae........ . x | x fore it might be well to include under the term Mycetophages all

‘  Therevidae......... x X insects which have hitherto been termed scavengers, coprophages,

e : 8cenopinidae....... ? x

3 ‘ " Empidise........... x X X etc.

o e Drapetis........... x x x Parrott, Fulton, and Gloyer (14, '15, ’16) found that tree

oo Dolichopodidae..... x i : crickets eat fungous “mycelia and spores which are unaffected

54 | . glaot"d:a'}i ......... x x by the intestinal juices.”» This assumption is based on the fact

i Bipu):‘l;.’ilid::',:::::: x that the spores of fungi are not digested by Oecanthus, as ger-

’* Syrphidae.......... x : . mination takes place from pellets of material passed through the

:w‘ , g;tll_t:ipi;iae.......... x x digestive tract, and they believe :

L : thidad..........., x

L N Sepsidae........... x ? it is possible that the spores may act as roughage and were eaten for

» . Trypetidae........ x X that purpose; but it appears more plausible that the spores still retain

: : Sapromysidae.. .. .. x on their surface some of the protoplasm of the ascus or pycnidium which

e Agromyzidae. ...... x makes them palatable (16, p. 12).

e Geomysidae........ x . . . 1.

i y Drosophilidae. . ... x < s The assumption that fungi are not digested, based as It is on

e ‘ (E)lph.y(:lridue ......... x X ’ the evidence that many living spores pass through the digestive

for ‘ Psht’yl:;::::};{ e . x tract, is not entirely justified in my opinion, since the same can be
Borbogidae.....'_'_',': x % . ; said of yeast cells in the Drosophila larvae, although in this case
Hoteromousidae....| x ’ the plant undoubtedly serves as food.
Helomysodse....... x x The leaf-cutting ant is & good example of a mycetophagous
Cordyluridae x g ycetophag
Antbomyidae, ......| x o insect. The fungus-growing habits of these Attiine ants should
Muscidae...........| x < | s |« 1y really be depicted at the same time as the habits of termites, as
Oestridae........... .
Sarcophagidae. ..... x : % x # The wound made in tree twigs in which the eggs are placed is plugged with
Dexiidae........... < X excrement and often becomes the seat of the development of cankers. Gloyer
Tachinidae......... X and Fulton ('16) give a concise account of the literature on the dissemination of
Hippoboscidae. . ....|. X . ‘ : plant diseases by insecta. This is in large part due to tho habit of insccts of
Streblidae.......... < X : feeding on all available fungus and bacterial growths and in doing 8o getting the
Nycteribiidae. . . .. < : body covered with spores which readily remain attached to the hairs and apines

X on the surface of the body. .

Sciomyzidae....... X x

o
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they are equally specialized. However, the origin i

appears to_be different, ‘as will be seen later, thegrefocx)'i :ll::irhg:ﬁ

. gus gardenn}g is best described at this point. Our knowledge of

] . thege fOI'I!’IB 18 specially due to the work of Bates (’63), Belt ('74),
Tl f:‘;::« ('92), and ot_hef-g. These ants excavate subterranean
l‘g&. R composed of a series of chambers connected by a vertical

TR e

| “,‘\,‘,‘,,.‘,.;f“ ahﬂ.ft usua..lly ending in a crater. The fungus garden is built of
o /.1, the comminuted fragments of leaves, cut from trees near the

- *t.. v nest, which have not passed through the digestive tract. The
i+ - little pellets thus formed are built up into the sponge-like mass

AAAAAA

suspent}ed from the ceiling or placed on the floors of the chambers.
Ca!;erplllar droppings are quite commonly built into the comb
which serves as a substratum for special kinds of fungi. A sum:

- mary of all the literature on these ants, the termites and the am-

. . brosia beetles, as well as some important contributions ‘to the
eth.olpgy of American species, is given by Wheeler (07), from
which I quote the following conclusions of Mgller: ’

All the fungus-gardens of the Atta speci i i
1 0 3 species I have investigated, are
;P:gmlied w1t,h the same kind of mycelium, which produces %h:;e ‘léo?xlit-‘
Tabi cﬂuaters as long as the ants are cultivating the gardens. Under
e Influence of the ants neither free aerial hyphae nor any form of fruit
:ﬁe ever developed._ The myecelium proliferates through the garden to
etcomplete exclusion of any alien fungus, and the fungus garden of a
f ?ea re];:'esents In 1ts entirety a pure culture of a single fungus. The
o ullllgus has two different forms of conidia which arise in the garden
.. When it is removed from the influence of the ants. The hyphae have a
~ ‘:he;y prono:lnced tendency to produce swellings or diverticula, which
o w ?e\tvgr more or less peculiar and clearly differentiated variations.
ks ] i:ﬂ ese, which has presumably reached its present form through
. e Influence of cul‘tlvatwn_and selcction on the part of the ants, is
represented by the ‘kohlrabi heads.” Under artificial conditions the

., ‘kohlrabi clusters’ and ‘h 3 ]
+ mas8 of bead-like conidia.eads disappear and the fungus becomes a

"Sampaio ("94), von Thering (’98), Goeldi (*05), and H
(’05).have ghown how the new fungus colony ié sta?l"ted afteru:l::
marriage flight. The queen deilates itself, digs a small subter-
ranean burrow which it closes and then starts the new colony by
gplttmg out a pellet of fungous hyphae which had been carried
in the buceal Pocket and depositing eggs upon it. The fungus
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colony is grown upon the liquid excrement of the female, which
touches small picces of the mycelium to the tip of its gaster and
then replaces them in the fungus garden. Some of the eggs are
sacrificed as manure for the fungi. '

Parrott and Gloyer ('16) are of the opinion that the fungus-
growing habit of the Attii may have come about through the col-
lection of caterpillar feces in which many spores accidentally
eaten by the larvae are still alive. They do not give any expla-
nation of the habit of collecting the feces, however. Wheeler
('07) points out that the gardens are usually composed of a sub-
stratum consisting largely of fecal material in the case of the am-
brosia beetles and termites, and that the habit is pronounced in
the lower genera of leaf-cutting ants and visible in all cases close-
ly studied. It therefore secms probable that the food of the
Attii . “may have been originally grown on fecal substances’
Von Thering ('94) believes that the habit may have phylogenet~
ically originated with ants using moldy seeds stored as food. I
should suggest the possibility that the ants may originally have
fed upon fungous mycelia developing on caterpillar feces from
spores unkilled in their passage through the digestive tract.
Such droppings might finally be carried into the nest where the

" fecal substratum and the moisture of the nest would soon allow

the growth of a valuable crop of fungous food. Thus the fungus-
growing ants developed their habits as a direct response to a val-
uable food supply. On the other hand, the termites developed
their habits as a means of making use of an unmanageable food
supply.

The examples cited above indicate that the use of microor-
ganisms as food” is widespread among insects and is a direct re-
sponse to the high food value of the fungous cells. - The feeding
habits may be grouped into three classes as follows:

1. Ingestion of micrdoganisms with substratum, ie., Dro-
sophila, Musca, Sciara, worker termites.

2. Feeding directly on microorganisms, ie., mites, tree
crickets, many adult Diptera, ete.

1t See page 68 for case of mosquito larvae feeding on fungi.

THE JNURNAL OF EXPERIMENTAL $08L00Y, VoL, 28, No. 1



oy

64 J. PERCY BAUMBERGER

3. Preparation of medium -for micros i i |
. ) crodrganisms, i.e., 1 -
ting ants. termites, ambrosia beetles. ¢ Joatout

MICROQRGANISMS AS LIQUEFIERS OF; THE SUBSTRATUM

The relation of thé'insect, microdrganism, and su i
n’ot alway.s a8 clearly defined as in the preceding ch.ts)es:.r atl'li{:;);:
('94) studied the food of Lucilia, the green-bottle fly, and came
to the conclusion that the larvae secrete & digestive ;luid which
allow'vs the liquefied albuminous material to be sucked up by
the insect: He placed in one tube of hard-boiled eges a few fl
eggs and left the other tube of albumin equally exposed to th}e'
air, as a.check. The albumin on which the larvae emerged was
s:)on a’hquescent mass, whereas the check dried up. Guyénot
('07) reinvestigated the problem with Phormia regina Meigen and
also s.tndied the anatomy of the larvae. The mouthparts as he
descrfbes them are very similar to those of Drosophila larvae, as
mentioned above. The pharynx is immediately connected with
the crop of sucking stomach, a much distended flask-like strue-
ture which usually lies to one side of the cesophagus. Owing to
the nature of the pseudomaxillary apparatus, the larvae are un-
able to eat any solid food. Fabre had supposed they secreted
on the food some pepsin which liquefied the albumin. To test
this theory, Guyénot ground up the larvae and made various ex-
tracts. The extracts had no effect on starch, fat, or albumin: the
SaIme was true of extracts of the salivary or gas'tric glands ,The
norma.l liquefaction was then studied, and it was found tl;at the
all?umm was broken down to the peptone stage by a bacterium
Micrococcus flavus liquefaciens (Flugge) which was always pres-

» ;mt with the larvae. The bacteria alone, without the acid of the
larvae had the same effect on the albumin, but at a much slower

rate.. Hovfever, it: they were mixed with the albumin with a
sterile platinum wire the .speed was as great as with the larvae
present. As these bacteria were found in large quantities in the

sucking stomach of the larvae, Guyé .
conclusions: , Guyénot reached the following
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1. La liquéfaction des substances albuminoides résulte d'une véritable
digestion oPérée par certains microbes de la putréiaction.

I1. Les larves de mouches, absorbant exclusivement, des aliments
liquides, directment assimilables, ont un travail digestif réduit au mini-
mum et ne produisent pas de ferments solubles en quantité appréciable.

1II. Les larves accelérent la putréfaction des cadavres en favorisant
la pullulation des microbes.

IV. Les larves se nourrissent aux dépens des produits du chimisme
microbien; les microbes ne peuvent se développer rapidement que 8'ils
sont repartis en tous points par les larves. Il existe entre ces deux
agents de la putréfaction une véritable symbiose (p. 369).

Guyénot does not consider that the food of the larvae may be
the microdrganisms themselves, and this question is still open,
however, unlike the following example, the microdrganisms asso-
ciated with Lucilia have the function of liquefying the food
material.

Bogdanow ('06) studied the similar case of Calliphora vom-
itoria, the flesh fly. The eggs were sterilized by washing for two
one-and-one-half-minute periods in 5 : 1600 aqueous HgCl, solu-
tion and then rinsed in running sterile water and were then placed
on sterile media of casein, egg albumin, etc. None of the flies ob-
tained was sterile, but was usually associated with a micrococdi
which Bogdanow believed was passed through the egg. The lar-
vae grew rapidly on casein, egg albumin, albuminoides, ete., in
the presence of micrococei and a gelatin-dissolving bacterium, but
the flies that emerged were few in number and very small in size,
being ‘starvation forms.’ The larvae were later given the se-
lection of fresh or putrid meat, showed a preference for the for-
mer, the putrid meat usually killing the larvae. Meats putri-
fying in the presence and absence of larvae could be distin-
guished by a difference in odor as the micrococcus with which
the insect infects the meat liberates ammonia from proteins.
The larvae grew normally on meat in the presence of a gelatin-

liquefying bacterium and the micrococcus. Two factors are
therefore necessary for the successful metamorphosis of the larvae
the micrococcus from the egg and a gelatin liquefier from the air.
In 1908 (b) Bogdanow published a second paper on the same
subject in which he showed that about 35 per cent of the eggs of
the flesh fly are infested with a pure culture of micrococcus. The
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?ther 65 per cent are sterile and car be reared on nutrient gelatin
;n the presence of a bacterium capable of its liquefaction. These
arvae selqom result in normal-sized adults and it was .not
_sible to raise sterile larvae on a synthetic medium of meat z:ﬁ
‘peptone, and meat extract, acid or alkaline. Theref: . ’
danow concluded: ore Boes

1. Im einfach ilisier Flei i i i
o cinfa sch?g?l‘:ll.mel ten Fleische wichst die Calliphoralarve ge-

2. In sterilisierten Resten der Larve

r ) nnahrung wiichst sie ni
3;1 FBurkdle‘gute Larvenept.wmklung sind meistens geiigrlg:rt bf??lssesl'"
gende Bakterien oder Trypsin notig (p. 193). i

. .As nutrient gelatin is a highly inadequate diet for Drosophila
it is probabl‘e that the Calliphora reared on this medium obtzineci
some .of the.lr food requirements by digesting the cells of the gel
;;::;l;queiyl:f l;;,cterin wal.ul'lch are unavoidably ingested by %h;
vae.  As the flies were undersized, it appears that this mi
crodrganism is at least' not a complete’ food for the in b (as
yeagt is in the case of Drosophila). Therefore, Bogdano;?:tcéfﬁ
clusion, that bacteria play merely the part of liquefiers in th |
. og)‘;v oil' l:;!llle laél,'vae, is largely warranted. o eer
ollman (’11) repeated Bogdanow’s i
the conclusion that sterile Ca%liphora vsrxrz)i::l::el::i:: :aim;e .
reared on sterile meat which has been sterilized by Tyndaliez're-
ra.thel.- thfm nuto.claving. Bogdanow had autoclaved the mmi
}med in h}s experiments, thus coagulating the proteins and mei
}tng %wm insoluble to the larvae which when small have (a,ccord?n .
t;:_ : t(:lllnia.n) low proteolytic power. Though Wollman foung
at the larvae grew more successfully in the absence of micro-
g;gtamhesxnﬂys,i:sijsput'rtf;(:i;re }b;acteria always occur in the habitat
. ) qui ely that they have some food value for th
insect. Nevertheless, Calliphora i i ilin,
grows best in the absence olf) all I;Ii‘:::'l;li;(;alr)ﬂr;:?hﬂa or T,

- ODORS ATTRACTIVE TO INSECTS

The odors which are attractiv i
: ’ e to dipterous adults are usuall
fermentation or decomposition products of the activity of microJi

B
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organisms on a substratum. If we assume that the insect larvac
feed upon these microdrganisms, the chain of circumstantial evi-
dence is complete. Our knowledge of the odorous substance:
attractive to flies has been advanced greatly by the work of Bar
rows ("07) and Richardson ('16a, b; '17), but these authors hav
never given the above interpretation to the response. Barrow:
studied the odors to which the adults Drosophila ampelophil:
(melanogaster) responds and found that the most attractive odor
are those of ethyl and amyl alcohol, acetic acid, lactic acid, ant
acetic ether. A small amount of acetic ether, isobutyl acetat(
methyl acetate, acetic or butyric acid added to ethyl aleohe
greatly increased its attractiveness. ‘‘Alcohol and acetic aci
are commonly found in cider vinegar, fermented cider, and Cal
fornia sherry in per cents that are close to those which call fort
the largest number of reactions in Drosophila.” This odor
identical to that produced by the wine yeast Saccharomycet:
ellipsoideus which I have found to cause females to deposit th
largest number of eggs.

In 1916 (a) Richardson reported that he had carried on a seri
of experiments with odorous substances as baits for houseflic
The baits tested were placed under wire-gauze traps and were :
following: Ammonium carbonate, ammonium sulphide sol'
tion, ammonium hydroxide, ethyl alcohol solution of skatol m
indol, ethyl aleohol, .acetic, formic, butyric and valerianic aci!
hydrogen sulphide solution and carbon dioxide. “‘Negative 1

" gults were obtained in all but the ammonium hydroxide and a1

monium carbonate experiments.” The ammonia was the attr:
tive substance especially to females, which were found in !
percentage of 89.2 to 7.5 of the males, although the actual pr
centage of sexes in the vicinity was 54 to 45.9 respective
Valerianic and butyrie acid augmented oviposition; the femal
however, showed some discrimination between nutritious n
pon-nutritious material. In 1916 (b) a second paper gave o ]
of insects attracted to the ammonia, all of which spend at le.
part of their life in some form of animal excrement.”

1 A third paper (17) ghowed that aqueous solutions of carbohydrates arc
less attractive than alcoholic or acctic acid solutions of such subatances.
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. As both Drosophila and Musca domestica feed on microbrgan-

. -isms, it is of peculiar interest that the odors which stimulate ovi-

position by the female are identical to
_ _ : c those formed by mi
'(F::msms in the substratum in .Which the insect normall_g bl:'ue:g:
mﬁorespoacidnse ‘:)lfi ?he.femal'e fnut fly to the odors of alcohol an(i
o t;]oto hn;c:n;aﬁ? an instinetive response to the conditions
al life, i.e., active fermentation. In th
. e sam
m 1‘;21(1:l mns?o:fhthe ef;mlale housefly would indicate that th:
¢s ousefly larvae require the pr
lytic (hence odors of ammoni antative oo
_ a, etc.) and fermentativ
:;isc:lxitoi ha.lcofhol and acetic acid) microdrganisms Riclfa.rglsec:s:
8 therefore give circumstantial support t . i
that the larvae of Musca domestica li o orot e ueion
L estica live on microtrganis
th:t;;:r:::eom I,lhe oii)r oi microérganisms is highly fevel(;mp:;i in
e yellow-fever mosquito, Stegomyia fasci
I]!B:mc:,otf (’.1 7) has recently shown that the-eggs of this insec?::fﬁi rﬁ
i]]:il(lile (;; z:;ell;ﬁ;lo ?o?:'ihs ux:hatehed with the fully developed larva
erial content of the surroundin i
_ AL . g water is low.
:h;: ﬁd.mon .of foul contaminated fluid causes hatching “i;n (1:::1
m utes. It is true that a fall of 6 to 10°F. causes some larvae
emerge, but the percentage is very low. Eggs were sterilized

.and transferred to sterile fluid, but if living yeast or bacteria were

added they hatched immediately. Sterile autolized extract of

]
brewer's yeast had the same effect, but killed bacterial cultures

or watery extracts of yeast were ineffective. Bacillus coli was

;}::r}:l :ﬁetl}ti\fe when alive. The acidity and alkalinity of the
e so;x(:slons were controlled. The author attributed the
ena to the sense of smell of the larva and gave an exhibi-

thX of larvae fee(_iing on };tained bacteria_(p. 178).

o ;\ag;gn’ su,clcgssxon of different fungi ocours on manure (Gloyer

e , P. 6? and on other decaying substances together
accompanying variety of odorous by-products. This

- succession determines the regular order in whi i
ico : eguls ch decaying anim
Jbodies become infested with insect scavengers. Mlggngm (’855‘)l

adk Ho&xgh (.’97) have. found that the order in which insects at-
devela ect:%mg body 18 80 constant that they have been able to
op l?. ble giving the sequence of the different species. Thus

9
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there are three stages of putrefaction and a final stage in which
the dried tissues are consumed. The first stage of putrefaction is
divided into two parts, viz., ‘Body still fresh;’ fauna consists of
Mousca domestica, Calliphora, ete.; ‘Putrid odor develops; fauna
consists of Calliphora, Lucilia, Sarcophaga, etc. The workers
of the second stage of putrefaction when butyric fermentation is
taking place are Dermestes, Necrobia, Anthomyia, ete. The
third stage, the stage of ammoniacal fermentation, is accompanied
by infestation with such forms as Silpha, Necrophorus, Hister,
Aphyra, Phora, and many Acarina. Finally the dried tissués
are consumed by Aglossa, Tinea, Anthrenus, ete., and the bodies
of these are destroyed Ptinus.

As this succession of species in the fauna of dead bodies holds
fairly constant,it seems plausible that the odors produced are the
determining factor and that the microérganisms producing the
odors are of great importance to the insect as food and as solvent
agents. Therefore wemay conclude that the odors of fermentation
and putrefaction are attractive to insects because they indicate
a substratum made suitable for the insect by the abundance or

the action of microdrganisms.
MICROURGANISMS AS FOOD OF OTHER ANIMALS

The use of microphytes as food is not confined to insects and
mites alone, but is quite common among Protozoa. The effect of
pure culture of different gpecies of bacteria on Paramecium has
recently been described by Hargitt and Walter ('16). These
authors were able to sterilize the animal by six successive wash-
ings in sterile water and then raised them on pure cultures of
thirty different species of bacteria. They found that the bac-
teria from fresh were more favorable than those from older
infusions.

Tt is probable that many of the Nematoda are also myceto-
phags. Anguillula aceti, the vinegar eel, which inhabits the
‘mother of vinegar' and is also found in sour flour paste, and
many of the ‘parasitic’ nematodes found in decaying plant tissue
may be attracted at first by exposed soft tissue and later feed
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“l ) th . . . v . ' " .
thp:.;hn :. microbrganisms in the decay with which they infest
* Sinee Darwin's work ('81) it has been as
\ : sumed that the earth-
;;.‘ll?? finds its f9od in the humus of the soil it infests. Humus
-soil-is notably rich in microdrganisms, for these are the elabora-

. tora of humus from plant and animal remains, and it is podsible

that they are of food value to the worm.

Such s.tructures as the endostyle and dorsal pharyngesl groove
o.f Ampl.noxus- and the Tunicates are probably for the purpose of
onir:ppmg egucroph),'tes of various kinds.

pointed out by Osborne and Mendel (14 b), microorgani
1 / , ganisms
IoRYy alsq-be ?f value to higher animals as elaborators of protein
in the digestive tract from the non-protein substances ingested.

- This would be especially true in herbivorous animals, as Armsby

(’!1)_ has shown that non-protein substances are a source of pro-
ten m.‘these agimals, probably due to the formation of digestible
bacterial protein in the digestive tract. The possibility that the
:.ﬂtrra. of tl}e digestive tract may modify the food elements supplied
a nutritional experiment is a drawback to the use of mammals
:;1 such experim: : ents. . An insect like Drosophila should be of
whil:;i ::: izsnztt:g;lz ::i)r such experiments because of the ease with

Mfu}y attempts have been made to rear mammals under sterile
conditions, but most of these have failed so that it has been a
great question whether or not it is possible for animals to live in
the complete absence of microsrganisms. As a large flora nor-
mally occurs in the digestive tract, it was necessary to sterilize
tl.le animal before it had taken food and to keep it in a sterile en-
vironment, theréfore Pasteur ('85) suggested the use of hens, the

eggs being well fitted for sterilization. Pasteur’s suggestion was

later carried out, but the first experiments were made by Nuttall

- and Thierfelder ('95-'96) on guinea-pigs, the young being re-

moved aseptically from the mother by cesarian section. The ani-
mals were kept in a complicated aseptic environment and were
fed upon food of animal origin. The animals gained 10 grams
in one week (84 grams total weight) and appeared to be normal

- on the eighth day, when the experiment had to be discontinued.
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In 1896 to 1897 the experiment was repeated, the gain in weight

in eleven to thirteen days was almost normal, being 108 to 132 in-

stead of 130 to 180 grams. In a third paper ('97) the authors

experimented with the hen’s egg and found that it was not ster-

ile; they also summed up their previous work in the conclusion

that animals just born do not grow well in the absence of miero-
organisms. Schottelius interprets the increase in the weight due
of guinea-pigs in these experiments as due to the coagulation of
caseinous material, from the milk, on the lining of the digestive
tract. This author used hen’s eggs as material to sterilize, but
after a brilliant series of experiments ('99, '02,’08) has arrived at
the conclusion that normal life without bacteria is impossible, as
all the sterile individuals reared are retarded and stunted. Mme.
Metchnikoff "01) and Moro (*05) obtained similar results with tad-
poles. In 1908 Tibbert, from theoretical considerations, came to
the conclusion that higher organisms cannot live in the absence of
microdrganisms because each species of animal harbors definite
numbers and species of bacteria. Metchnikoff, Weinberg, Po-
zerski, Distaso, and Berthelot ('09), on the other hand, reared
the fruit bat Pteropus medius to normal size under practically
aseptic conditions, and Cohendy ('12) kept chicks alive in an-
aseptic condition from twelve to forty days. Cohendy’s con-
clusions are as follows:

La vie sans microbe est possible pour un vertébré—le poulet—pourvu

normalement d’une riche flore microbienne.
Cette vie aseptique n’entraine par elle-méme aucune déchéance de

Porganisme.

Kianigin ('17) has recently reopened this question by a
review of all the literature. At first sight it appears,incom-
prehensible that aseptic life should be so difficult when the
greatest quantity of microdrganisms is located in the non-diges-
tive portions of the digestive tract. Metchnikoff ("08) points out,
however, that the digestive powers of newly born are much
weaker than those of older animals. The increasing number of
cases of organisms which can be raised aseptically indicates that
an aseptic existence may be possible in the majority of cases.
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| "‘Nﬂill(%kii(’%) gave indirect evidence in_ this direction when he

ACTARE
RIS
i

- -showed that the action of digestive ferments on food-stuffs'makes

them very quickly soluble and absorbsble. The action of bac.
teria merely carries the decomposition to a lower level, yielding
“uasgimilable aromatic acids, fatty acids, phenol, kresol, indol,
‘skatol, carbon dioxide, methan, etc. The indications are, how-
ever;. that microdrganisms are of value as intestinal flora not
because of their digestive, but because of their synthetic power.

. MICROBRGANISMS A8 INTERNAL SYMBIONTS OF INSECTS

~ In addition to the cases of internal symbiosis of fungi with
insects inhabiting dry wood, many Hemiptera and Blattide are
also associated with microtrganisms. These are usually bacteria
or yeasts and infest the ovary. For example, the pseudovitellus
of the aphid was long & puzzle to embryologists, but finally proved
to be a granular body containing yeast cells which in the further
development of the insect make complicated migrations and
finally become lodged in certain fat-bodies which are termed
mycetocytes or bacteriocytes, after which the infection of the
ovary takes place. The evidence that a real symbiotic relation-
ship exists in the Blattidee and Hemiptera is given by Buchner
and others as follows: '

1. All eggs are infected.

2. The infection is not injurious to them. .

3. Each species of insect is associated with a definite species
of microdrganism.

4. This association is very definite and almost a specific
character.

5. The yeasts profit by the relationship in the protection
which they receive from the host against the vicissitudes of the
environment.

6. The yeasts multiply as the animal multiplies, always being
present in constant amount even in such rapidly increasing forms
a8 aphids and coccids. )

7. The yeasts and bacteria are of value to the host as destroyers

‘ olf waste products of metabolism, such as urates, according to

—_——
g
>
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Sule ('10b), and as absorbers of excess food materials such as
sugar, according to Pierantoni ('10). _ o

'gI'ahe movements and location of the symbionts has been ?tudled
by Buchner ('12) in a great work on the Blat:.tidm. Gl.asgc:ow
('14) has also studied a case of symbiosis in which the microér-

‘ganism, instead of being located in a fat-body (mycetocytes), as

in the cockroaches, is retained in very highly develf)ped gae:stnc
caeca of the plant bugs (Heteroptera). '.l‘he fuflctmx} ascribed
to the bacteria by Glasgow is the prevention of mffzctlon of the
digestive tract by other bacteria. Dissected dlgestlye tract‘s on
bacterial media gave only pure growths of tl}e 'assoclated micro-
organisms. Petri ('04, '03, '06) studied the :slmxlar case of Dz}cus
oleae, which feeds on the olive, but ascpbes. to the bacllll(xls
alipolytic enzyme of assistance in the digestion of t!le foo..
Schaudinn ('04) finds that a fungus (Eptomophthonne?e) is
transmitted through the egg of Culex and is always found in the
diverticulae of the oesophagus of adult Anopheles and Culex.

‘He has been able to rear the fungus in sugar solution and has

strated that CO: is formed in the imago from the sugars in
SI?:) g;:)od which it has sucked up. It is probable that the irri-
tation caused by the bite of mosquitoes is la.rgely due to enzymes

d by these fungi. .
secIl;ﬂ;t(?hesey cases the _Essocia,ted fungus may be a commensal, in
its relation to the host, profiting by an oversx.lpply of some food
substance, as in the case of aphids, mosquitoes, etc., or may
be of value as a chemical agent, as in the case of paclfs oleae,
or may be of service in maintaining an unchanged digestive ﬂorol,,
as in the Heteroptera, as described by Glas.gow. ‘In g_ene;a,
however, the exact function of the microsrganism to its host has
not been thoroughly explained.

CONCLUSION

I have shown by experiments that Drosophila living in fef‘-
menting fruit are dependent for their food supqu'on the synthetic
and absorptive powers of yeast cells.. In a similar manner, my
study of the relation of Musca domestica to manure, of I)‘esmorfle-
topa to decaying meat, and of Sciara and Tyroglyphus to'decaying
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s wood shows clearly that these Arthropods also feed on nﬁcr(;-

. Organisms, I have also endeavored to account for the origin
‘an(! devolopment of this habit, to ascertain the probable extent
. oof .lts ooourrence, and to consider the known associations of
¥ ‘an.lmals with fungi in general. The experiments and consider-
atlons‘a_ll tend to establish the principle that insects inhabiting
" fermenting and decaying substrata of low protein content
. usually feed upon the microdrganisms present and thus beneﬁ(:,
. by the power of the fungi to extract, adsorb, and synthesize

.+ many non-protein nitrogenous compounds.
i
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