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Mathematical Model of Caste Differentiation in Eusocial Insects
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Ahstract: Self-organization of hierarchy of system has been focused in task allocation of distributed au-
tonomous systems and network analysis. It is important to realize the mechanism of hierarchy generation
for implementation to artificial systems. In arder to know the principle, we try to model caste differenti-
ations control of damp-wood termite. Damp-wood termite have multiple caste such as alate, worker and
soldier. Equations of evolution are created, using both of biological dates and some assumptions obtained
by mathematical analysis. As biological dates, we forces the time evolution of both juvenile hormone titer
and ecdysone titer. Especially, we indicate the regulation dynamics by balances between juvenile hormone
and ecdysone. In addition, the model is validated by computer simulations. In this study, we propose that
juvenile hormone titer of individuals works as inhibitor bias on the mapping from genotypes to phenotypes
spaces in multiple dimensions.

Key-words: damp-wood termite, caste differentiation, proportion control, self-organization, polymor-

phism, replicator dynamics.

1 EC&IC
AWRETEAA O T VR EQOEMSERRIC I
HH—A MO ET IV ERET AC LZEHBE
T3, HtSERETHEAAIaT7VidbEY X
DA —EFHELA—A F LFHEN 2R ORE%Z
ST B A B ORI LT A,
BIGHENMED o eV AT LDV AT LERICENT
W3 EWS T LIREYMRBENMSHENTHS. T4
=7 Y ik alate, worker, soldier & E QA —R FZ2FF
L an——FTENENDREERRREIZ & D (K 1).
HeEtEdid Ao X S IcHERENBEZT LTy
Tnh, BREEETHEBCTEVIRLEHERMES
MERFOID, WEESEEEZ S LTIERICERTE
FIHMETHBEEZLNS. EMOHET 2EMMNER
BICRET NN RIE NG, BRI AT A
FEDTEADIGHMARFTE 3.

a7 Dh—2 M alate, worker, soldier D
BHEEOA—A AL, T OEEMROMINE
RIS OMEEE T IVERET 2, BRED{LICHET B
& L TRISHEAGRICE D < Mizuguchi *° Sakaguchi
BIC &k BEHEETIV(1)[2] B D, Bonabeau bIXHtE
ISR BEROBERET VA AR I al—a Y
THEBELTVS [3. TH5ORERBEOL—Z +4
{LIcE L TR E N Tz, BEZHEERY b

alate worker soldier

1: Hodotermopsis sjostedti

A7 WMTIGH Ufe Mizuguchi, Sugawara SAEEET 5
HIEE T [4] HEROAERELEBTVLAE00N
Ry FY AT LNDOIGAZEELTED, £WFHH
AMEDETU VINENTHWENWCOERKFEDEHR
THAHHEEFNE DA 5%V, Kaneko, Yomo I
X B {bic B BHEEERL—IVERE TV (5],
Kaneko, Furusawa i< & 25 {LE TV (6] A
EEXNEOI AT v 77y THREODLHER (7) &
WHOS L EFALB2TTFIVTHAN, Ju=—L
NV TOEGMEEERIC X2 EHEHRRICE TS
MeEEOET) L REANRES. Lo TEM
ETIFETHHEEETTINVIREEEINS.

AHFE TldA A4 a7V (Hodotermopsis sjostedti)
DEEH — A S AOHEBBROMRAD e HICEHEET
WERET B, ChETITONTEEMRRCLS
MAZFE2ETE L, ThoRABEFHLELTAH—
AN L LA IV EMETS. EoIiCiEY
2al—vavick > TRETZETINVORSENZE
MR T 5.
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2 BHHESMEBRHICHIFZIH—X Mok
2.1 OF7Ud4kE

a7 ) 3mEEEREAL TR TEREEZEAD S
EFE#TIO—2ER T 2 EHEEERTHS. >0
7V OEREICIE, alate, worker, soldier EW o7z h—
ASDEEL, h—A +EEROEEL L OEFREILAE
1k, FEEDH—2 MG U T phenotype 2SR
WL ER R AT ICRRIEL T3, & BIC presoldier
Lo Iz soldier DRTERFEOMEELFEEL, VAT
LORESHCEE R #E2EDEEAILN, A4
07 V) OAERETRED THEIEER. a7 ) OFRICED
CHERERRIEZHETH D [8][9], a7 VOMEHIC K>
TEHEES (10, 35707 ) (Hospitalitermes
medioflavus) IEF O 7 URHCEL, A—A Mok
PHETEHE EOEMNDOEZERTHS. AV o
TVDFAEEICHCT, HOM UHLD Dz o/
worker Z#E T soldier 12k 5. A AT HER UREY
warker £72 D, worker DFRTH 2 A 7 O {bhinE
NTWa [11)[12). ACra7URicmEd 2 2HhY T
a7 CBT, ZEMIEAIERICIHIRYT 57— A—8]
MFAERLHEEE N TS [13). a7 Vidan=——
RICBIF 2RENDAESTH—A MR T H LI
BEEMREEERE. avsryar)iiblsR
B4 — A M3 nasus ZALAILEH [14], VYAA AT A
7V (Pheidole megacephala) Tld, A ZEEDHIZK
INDT—H— L FREBDNELS. TDLIIC, Ja=—
AT genotype ZFFDIC & 59 phenotype
MEZBC L (15] 1&, HERROBIGENZZASE
DO THELEYZNEETHD polyphenism &1 b
T3, A—X boftidan=—— L)L TORBIHE
JGEEA BT ENTESD, —#O AN =X LA
Tazdlicid, BELIVOERENT Ta—FRT
ORZ— LDy AT LT 70 —F O H %2
BeT5. HE, K22 OlETFL
~NTOMBELEH SN TS, ao=—L T
Y= b7 ) (Reticulitermes flavipes) M Lo
THA—AMEZEEMT 2 EBHREESNTNS [16]. X
27 VSR U TR Y OIREE SN
TEBZLVSW|ENETN TS (17)[18)[19]. —fic
07 )OI —(TIFERERMACEREFELTA—A M
e RBMICZET T 2MERRIEEENEELTVE &
EZ5N5 [20])21].

a7 VUDH— A koLl RS TRIE T E T
HMTHhhhOBECHEMEENTVWS. EFELicE

I BEEE I JoinEiEe Lao=— LW E
B H— R b LSRR < 7 a iRk OBIGE & B
a6, MEGELEDO LR (DX DESLE LM
EFEENRITFRICEESH) LWV EMIcEDEHE
BHEDENTBHROE LICHDII> TS, /e
I O DEWNR DD D 13 P B R OB IS HERE
RAERNCER S B 7eDICEEZ R TH A, Liischer (34
MERICEDE, H—AM{LiE%IES pheromone
BFZERHPZIERH L TEDZRVO L S EME Tk L,
8 L db 2UMEATFIEIC &K 238l K> Tan=—
FiCiab s C & TEED A — A FEEHIEMThh T
WHEWIBIEEAT 22 ESIKA—AMEics
it A LSRN D 2 745710 pheromone I K-> T Eh
TWBEWSEENH 5 [23][24). T 7 a7 ickly
2 fE M EED E MR L TWaA T &%
T AMAME LSS (25 LHLEWSHREET
fillf#l pheromone OEER U0 d B EFGHEDH SN
TWiRLY, :

2.2 ecdysone

B HUE AR %2 C T RE LTI B A R b 5.
o7 U A& E B S HVEER 10 B U alate,
worker, soldier \&H—A MHbd 5. BROKER{E
T, DEDREOZA I TRBIYWEE LT ecdysone
EW S HHPENEE TN TS, ecdysone W {EHA
I BWTHINGAR (prothoracic gland; LT PG) 0 549
wEN, H5—ERERRAH, ecdysone DN
A LlchRREZ LREO 24 2 7R HIEL THha.
MEFNE Y EOHERGREZZICEREN TV
WEDD, BRIEBIEZT LIEEICBWT, RETS
AR EEMBEIC K-> TR 2R L T 5. ecdysone
WAz 2 S RO EICH L TEERNICH < HET
H5.

2.3 juvenile hormone

{81{A& Lb T 1A (&R RIS 857 R L E > (juvenile
hormone; LA JH) 2575 L THE—4> v i
B H—AFNDOFEFICHRINL TW5HI08H 5 [26][27)
(28]. TD JH OFIC & > TIEKZRE, FrC¥hEREREE
HI 28R S REEAENFET ST EDAETH
AT EMNG, (EAMMEEIER L~V T pheromone %4t
L7z 5 O{2EWEIC & > TEERELD JH Dftic
Wl ESDIA, TEEFEADMEN I bo—LEh
TWB LRMEENT VLS. Noirot 5OHE [21] 12k,
JH OF & AAZEREICHEENS 5 T ERE Nz, (B
{RNERT JH 3 A HADEEZILT 5 C L o &
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[¥ 2: reaction norm

nTwa. D0, JH EEEORECH L TmHEIc
#<.

2.4 reaction norm

BRIIEEZ(RICG U TERET S, fEHE LT re-
action norm ZEHAIT 5 C Lic & D ZOESWERIE
THTLHTES. MBI Uz phenotype DZE
{EIZE8d % reaction norm OFFEMLZE A 2 ICART.
N5 OISERHE% % > T polyphenism ZH 9 5 EH
O LA HEE T A LA TES. [2ITRT &
3 IZ phenotype A& LW EEEF D phenotype &3]
BRI R LTl 5 AT ¥AME2 & 727450, phenotype AF
FRRNCISE T 53587 D phenotype I IREIE(LE S
W ZFDEE phenotype DE{LESWICEBLTED,
{EARAEROIRIEIC X S e #EIE 5. phenotype
HIEARTERIC N T 2 IR SR BREZE (LIT G U T RNIGHY
CERERT B, COIMPBIREOHNS, ZEBICEb
A{EEAEOFISHRICHE L TSl ¥ ORIGRE
HELTWATZ EMNHEETES. —MEHIIC polyphenism
FETARATRC DL S GIERBICENHEREN T
BY, EEAROEAFI7 AHIERBHNTHSC &
MHEETES.

2.5 —EAHRDHIRIEMF

J1— A Mo bR T B Hak et R R OTE & B
FOEFHILIE, SVRAZ L ao=_—icBi 5 EHEM
FED SIEIEBEBANORETHS. B3, alate
ANERETBHE (2 7) I, ABWIC JH 25
L soldier 7 {bf# L7 EEHER (20) ZRL TV S.
3ART L AT, alate & soldier DERRIRFEIL -
L—FaA ZicbliizfFEeE & - THIEENS. alate 05
soldier “DFFERH T, alate & soldier DHHID S
(REHEEE T A AESHEE NI T ORIRIRY
DiE, HbEOMEEKIE, alate & soldier i /7 DS AR
HEEFOBEIEELRNC L THS. Thid, JH

Soldier Characters

[% 3: soldier induction and character responds

DIREE, B LNIVOSREFEHL TWEOTIRE
¢, alate or soldier % ¥ D H— A AL~ BT
BEROBHRNICES LT LHEllE NS, T5ICE
HEREIC D KB EOEENERTH AL 2R
LTWa. D¥bh, HEEIE JH OMAIC K- THER
MIC R L DEMIRFEEILBRE AT LILEDE
AR EEHERLTWS. Lo TAHA—AMalicH
\F BIEREIE R —E A DI SRR TV B L HE
fEhs.

2.6 HA—APSEDFEELD

fiiiE T, A4a7Yonh—2 MHEicfEb 55
BaF Ll @AEmREICEIT S ecdysone DIRENIE
f—EANCHERE N TV 2 EMETHS. JHIZERAR
BRTHZREEINTED, #4u7Vs20—fITh
A, FcAA o7 VIcBi) B soldier oEICEb-T
WBT ENEL DERT—EMERENTVS, OO
—— 1L T® pheromone %71 LIZHHEMER L ED &
5 InBFED S 2 OMCET HERBLENTVEED
O, FERATEHEPEIRE SN TWE,. K%
Tld, ecdysone iC & AEFEHIME L JTH I X HH0HID
EIFREIC T E LEENEROME ORI EZECEE
FIALT B, FHCIRR T 28TV T, JHORE
EYEHE LR E & LTELLZhE DN VA
12 & 5T phenotype BREET N 3.

LI EDHMRAERDEIICE LS.

(1) an=——CHBOTLE{FDFE L genotype, B3
phenotype % & D polymorphism

(2) ecdysone ST & B fESTHISE R OTEME

(3) JH T & B mCEDHIHH

(4) PRESEERIC IS UTe FERUERIIGE O reaction norm
(5) BEIRAIZHE & — AR DIHRSRAT
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Phenotype Set

AT AT, 2718

Genotype Set

4: Termite internal model. EF=environmental fac-
tors; CD=colony development; CA=corpora allata;
PG=prothoracic glands; PI=pheromone interactions;
JH=juvenile hormone secretion; E=ecdysone secre-

tion

g ETik

B2 BOMEICEIOTHHET ILEMET 5. &
9% T3 Bi##97%s pheromone %1 Lz A7— A b (Ll
HEE R T 2D Ic R/ NEOEHEF N RS
%. AMBTRHZMERDTAF I I ADEERIC
Ko TEMDEEGFEREEERT 3. EYOLE
KEE LA T IV ADBEEL > TERI T LI, &%
HRETY BT 5—MNEFETHS. DED
alate, worker U soldier @ 3 fE##HD phenotype %ZHY
DS FEERT > v VD 3 DOMEEE LTS
Z %A, o TEEAERD hormone DX A F I 7 AL
BEHEERELDAATITATERENS.

A—ANHMEDEAT T LR 4Ry, BEE
& (LIF EF) & 5 pheromone PPEGE AT L T,
IR TH BT T 21k (corpora allata: LT CA) IC
FEBANENE. CA DS JH BMERICTBENT
ZREFIEAA TN S, HilgAR (prothoracic glands:PAF
PG) M 5k ecdysone Wi E N T 0, MERET
e BERETS. Ch b 2 DDWED genotype M5
phenotype ~OBFRAFRIC bias & U TH#)Z, phenotype
set DEFIREENRE L 415. genotype "5 phenotype
ANOERERICEAHR Uiz & 5 ICEBORERDED
AENEFAATIVATHREINTED, JERENG
TEEFERDITHNE., DEOH—EFZODRIRTHS.
& 5IZ phenotype ARE T T an=—2kDOHE
ISR 5 % T oo —OREICEEMT 5ik5EH
DEEENDS, Ko T—EHONL—TICEoT, &k
DEEDH—ARRRETZ. AR TIEINEOR

MFHEEZERLUROEIHET IV, = (1-3) ZERT 5.

d’p;

e pAREle g g
dt 9iP; 9:'pi —pi’d )
oy . : i j
$1= Tpi =g — hi + D ((a) —%qs)  (2)
> 3 3 P
i = ) (913301? = JQsJPi) (3)

i=1

T T C Jp; (318 j @ phenotype i %, Jq; (3184 ; O
JH i DEEERLTND. g, hi i genotype i %R
ETHEHTHS. (g ZEEE G T3 I, DT
HRELTVWS, KPR CIEKRLOHEEER%E JH
i L [@ED pheromone Z{iE L, IEHMESICE-
THEFRLTWAEDE LTWA. X (2) TIETHE
HERElEN 5. DISHEFHOBEEERT/IATA—X
Tau=——ADEFEICKE L an = —DRERET.
X (1) IKBEEL T, G305 1 THIZIFWERYA phenotype
ORIGEERLTED, EHEO—EE b OFERMTbNh
3. GE 2 EI JHIC K ZECTTHIAZERL TWa.
5 3 THIE—EH R DMFRRFEE X 2THTHD, ¢
EAMic 3) Ic ko THRENS. TOFRMFITEES
IC B0 A EHEF IV TH 5N 5 replicator equations &
CTELELA(EREINLENHTHS.

4 PEglb—=S/q
an=——OBEREZEYT D EE{LERERES
DOEMIal—TarERER 5 ICRT. BE
HCIXFIER 0 & LT 42 = 00004 £ L7z, D
ED, t =20001ITD =8%k2%. HAEEHD
HEICHT B phenotype DRFEIFERE ML T
B$C TR D ORBRERBIEEL Lihglt
ik D OZLD UbfaicfkFE Ly, EEE0E 60 &
Liz. BICHBWT (a), (b) RU (c) @FNEh I,
ipy U Jpg DEEREBERLTVS. (d) E—&
HEOMHEENEEZ D I ZRLTWS. TTT,
(91,92,93) = (%7%!%)’ (ha, ha,hg) = (%1%!%) &L
o, EDRRTESIE, D ~ 1.35 I T—EHDSL
MBCA COLERKD g; 8T % phenotype
HoaEd B, ¥Hic D ~ 31 HETHEYNB
3. RIEMIICEEENENEND phenotype &
IR LR EBIEoIbd 5. o{bLipt D EE D AER

e 3 - . i h-l _J',(x,v hz—‘.‘fﬁ‘ hn_Jcb” 0
-Ikﬁ_.%ii. (Jp1,3p2,3p3) —( T N Tt ). Jg* =
—(1—=g3){1-82)(1—g3)+h] (1—02)(1—gg)+{1=9))ha(1=g3)+(1—g1)(Ll—go)hg

(1—g11(1—g2)+(1—g2)}{1-93)+{1-93)(1-g1)

THHTIICS-2 5. S{bEOEHEEEEIE phenotype
DIEN B (28,22,10) TH o7
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bg— B R
Time

0g— “E i T S

[ 5: Results. (a) Time evolution of phenotype ’p;.
(b) Time evolution of phenotype ps. (c) Time evolu-
tion of phenotype p3. (d) Time evolution of %

5 HLIU

RFETIE, EMENARECREICEDSEREHR
MERTHEAA a7 Oh— A MLl R D
BT VEBREL, HEHIaL—avikkD
H— A MR L. h—A MaicBnT JH
DREHNEETH B L WIS TENENTEY, FHE
T JH O ENSHEH R E iz BERETIIE LD
H—AFMELIEBEFIVEME L. EHICRET
W EB O CIRRERIFETRET, RO Z a7
U OSHERRRRIC EDHTLT WA, REEEYICRE
THhUE L b LR &R T 5 C LATEERDT, 7
{EO—FIEFIVE LTRWA T L AJRETH S, A
o7 U ICRETNSELEEERGEMOHERE
OHECHB L EHRT A DEREETIVEH Y A—
Z Ml iEd TREENREE TH 5. 51, £UF
7 7a—Fh bOERE FHTHRIEZTY, ol
SHREAE D TITE L.

R

AW SRR A BRI I B AR S E R
FEpfhk - i - BB ORBEFRIIC L 2 BISHETBED
I —BEE ORISR ) ICK5LDTHS.
CTICEHOBEELRLEY.
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