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WA B IR U 25 W (Cardiocondyla obscurior) ' KL Fr
T P LA b SR Y, R TSR e
P LA i A e O 3 ) AR BE R S AT I B R,
FEHIE ERE IR EEER. et WA
VAR T A A A T, B e E R R S
HEAT TR EAR (AR AT DU I KP4 R A 3 3 A
YirbiR . BATTAE TR IF AR LT, AR LR
W1 ) 2 P AR s B, WEHE . HUEORE. R AR
A RN RO R I 1/3 4 R B R
HoAth B AU N DL A et P S AR AR IR R B R IR
A, XA BB RN 22 FE I AR AN [ i ) M (] A
FEAR K ZE 5, FAE = D) Reie A i Tk — B 7%

(1) TYENILAEREY

(1) 5 BUER(Camponotini )i S FE R A IL A4

1213



Ly WY A i AR R T T i

Tree scale: 10
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Figure 1 Distribution of symbiotic hotspots in the Formicidae phylogenetic tree. The light gray isosceles triangles represent the number of ant
lineages in each subfamily, and the size of the dark circle represents the number of ant genera with symbiotic microorganisms in that clade lineage.
Information on the diverse ant clades is modified from Russell et al. [23], and the ant tree was modified from the ant phylogeny of ref. [29]

tEW)Blochmannia. 1518824, Blochmann 75 /X 7E AR 5B BOREF LT B A 25 (>18509F) # 4% 77 Bloch-
5B W (Camponotus  ligniperdus)k 19 I —Ff Py F: 4 mannial& W N IEAEGE, EITEEESTE £ LR 4
M, ¥ HAr L NCandidatus Blochmannia. )5 R 2 BB TR L % M i 2 e 0 e B S v
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P E) 59 B 40 03T A% Se L BB 5. RGER B M
KW, Blochmannia)g 5WWUE 3 % /0 BA VT J3 41
P g s B0 e R g L R LA
LA BRGNS A B R AT ) SR 2%
KR, K 1 WSO IS A S R E B
HAR 7R ) e 1T X S B RS 3RS T Blochman-
nia®".

FERZH I 2 43 M1 2R B, BlochmanniaZ K 2H B .45
W, IR T 2 %5 1E 28 AU DS AR s Rk,
FEL TR A K BIEIA . BRACHE g DL S TE 322
b 3 1] 2 Rz A Ak 1 TR A R —— 8 SR 1 A IR
S e A 3 B 5 10 35 PR Rk B A
AL BEB S5 7, (R T+ i 638 4 Blochman-
niafl5 @ B g st R Blochman-
niaftfG £ R GBI R MME R G fa ket 7 H 2
FWEh. HeAh, SANERE R Blochmannia iR 248 1 EL AT
FURH, FEH ALy s X £ 5 g2 AU SC A
W AR T RN, BB RN R
Blochmannia™ 2 Rk 2k 515 3008 Z [RIAHSGHE, H
RN T i T VeI A G A W 3k DR 2H 22 e T R ) D R 92
HEr] fE.

(ii) IR OSSN & Ve N AT A Y- Westeber-
hardia. Klein \"“'E 08580 (Cardiocondyla) 1k
WM H—ANEMNILAEGAEY, $iar 4 N“Candidatus
Westeberhardia cardiocondylae” ("N SCHR A Westeberhar-
dia). Westeberhardia € FEAEAE 3 H W & v M AL O
H R I E i (nurse cells) , 18I & 400 17 B
IR 7 T BAR R B N —AX. Westeberhardialt)
SRR LA, Bz A R R RS
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TR B BT IR A, R e AR P B B R
Westeberhardiaff1 VB 58 Bt £ IEH K &™),
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EY). SaAhvh4a il B AR P 25%~70% 2 TR R E
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HJE T AP FERMOK T R —ANE B, T
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WSO FS FAT B RE ) AT RE 5 TR K T e IRAA B Sk 4
AT KT A R — AN R AN R ] 0 P
AN () S5 G 05 A A7 R TR OR B e IR R B e 22 5,
ANEILL K (Solenopsis invicta) 7 H IR R L g FAR T
SR AE2%~93% 2 18]°0 FELL S W (Formica  trun-
corum)BLH, TG WFH. WUE FURELSCR IR R B T
AR B9 3 45%, 87%, 94%M195%2. 1Eim
WM A LE IR R B AR 1) 2 B, Supergroups
A(Sg-A)RAE R 2 Homs A& 1 f B L IR B PR 2R A,
Supergroups B(Sg-B)tH7E /> F it A I 2, i H.
W 5 Sg- AR MR R e rE . T IRR B IRAATE
W A A 1) 22 E IR G DA S AE AN [R5 55 4 [A) Jk Gy 22 A7
EEFNIR, B THAESE - BRANTEES
TR B AR W[ AR BAE R, FF 520 HAE 0 i R o
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AR ? IS A P K 22 0K /K B e PRI i 7E R K
AR Y O BSCRE S A S, S TE 3 RIS
b [F) 78 AL ¢ & (diffuse  coevolution), H] AEAE H T
TROR B AR SR 4ok RO IS il 8], DAL R AH
LA A B 2% A Bl L AR R A (e AR S, RS
RAEKCPEER L RR B 5 B S0 2 1]
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B2 9 ERAAR R 22 5k 1 S S RO S, 1T T KOt i X
O LA AT ) B AR AN D 8 43 ok T I ISR e () A S
XMPAE L BE b ) 22 S AE oA B R R IR A F,
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TESL0 % 5 P ARMERE AR AR PP A, KL
RAE VA IRAFAT AR AH DG 7 T () B4R A . B 220214F
TENZYFIK L 2580 R B T TRR T e IR AR R 8 38
o 4 0 R A AR 2 1 7 R A DY, Bk Ah,
NATTE R IS SO Bk /R B2 v BOAAS 5 2= 38 e 2R &
FARE ST B e e, [ I gk AE T )
., akil(Formica truncorum)BLrH, HLL%E
FAEFER IR T, BAT AR FE R 77 IS AR A
B TR R BT EC AR R e 5 H b T A g R Y
YENTCABERE 13, RONIRIR B0 AR A% 16 1< FE
[, fEAUGE A H AR ME—EE. B 7 RIRR
B o PR A S e i iy Py b o B AR B AR A I e T 4F,
— TG 5¢ R AT 2B Sk R W (Tapinoma  melanocepha-
Tum) HHR R B 50 B B *h F8 4 K BIIAE Y, 2%
LS FRAE 2 75 7 At D i R rp A7 AE, /Rt
— B

22 ISR EY

FHEE T A A Tl A 0 R (1) A I T A5 AR P (1)
BALIE T, ANLAEEY 5 e A B A R R
We), A = T I o TR A R O T AR Ay 1B 3L AR
TR AR o S 2 O PR AR 3L A AL
R, V2 SRR ORAIE S I A AR ) R
(partner fidelity)Ffi i JL A= Ak £1(partner choice) HI#L
il, PRIUE 75 M AR S A P T A B AR E I AR R
RPN FEwRb R, R AN A R R 5
PRGOS B ) L PR R SR B AR A, DA R — e i ) g
WA, IXLERAEY) S AR I 5 I ICE AR [ R BE 1L
P s, FF HH S i A dr g sh e 28 QB PE A

(1) M) L B AR

(1) “FHLN M55

IR PRess 5 A EY, EUIHBOE A
CL AT I P P i TR S SR AR A, EATIR
EHEMHL A FRME, HFRBEEAK, 1F
ik, BB A B R AR A S oK &, I
1€ 8 77 B W (fungus-growing ants) ¥ B &Y K
PO I e S B A T ) A E T I B (New  World) Al
A HLIX (Neotropical region)'®', FHg b Sc B V5 T
KLI550075 4T FR B A M BT AR 364 56
FFHE S RS Al Mmool py sl s
b 77 B IS ER TEVE M S A P H M R A,
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b B U1 AR (Apterostigma) W 77 B WORH AR P 35 08 £}
(Pterulaceae) B 4, HARFTFE M W4 K2R A
1 Bl (Agaricaceae) ) I Lok 35 B W A f 4% 2L
W5 E AR EAEBIEEg R RN Ky
200077911, 77 BB AN R A T — IR E KR,
PEAL T . R A AR R, T g R
M EEEA TR 2450, BRo~gongylidia, L H
ETAEBMWIRTANE, e BoE FUGRIE N |
P20 R IR RE A P TR R RN £ R, BIRLT
YNy, EABE. B, B X
W S AT I A A TR e R, AT bR A
GITEE R % & 151w ¢: =3 Il by =
£ B AT [ R 2 BE ) v 3 1A IR IR (K lebsiella) M2 14 J&
(Pantoea)ZlIE"™, LAK AT 1 HANBE"™, x40 g 7]
REAN LR W0 7] A D 7% B R L TR 5.

“TRIAANME B A% K 1R 8 Hh 4E 47 T2 EARSE 77 11 L
(AL 2 VAT R ARIILAE AR R R R E A . Ab 2ot E A
FHAS RIS 557 1) R R TR TR LR e, S
UL LE T ORI A 27, Bt e 2 e
I FE RS A F R A A U T, R A
T 12 HE e A R BL B R A SR 1 24 . AR IR
R IIREE AR R R p, FR B BOZ T KR R IR AE
Wi B aRRDIE DR, RS TE Ao U s,
P S BRI R A X P A O R T e [, SR =
S¢ b IR ORI B 2 (8] IF AN B TR SR B R
PEIOOSTO iR 3R B W Apterostigma  megacephalaFh
M 75 55 B Leucoagarieus gongylophorous[63], o
B AR V) WUE (Trachymyrmex) FAE AR 25 3% B AR L A
AR A Mueller A5 H AN [R5 4% 57 14 480
BE IR BLA I SRR e ML S ROz BORHET, SRR
FEE BRI 70 23 R IR R 22 (1) 5% W I Rl AN B
ZHI AT BRI SRR 2 0 E R A0

(i) “FREAAO (PR IR

HFHRE- AL R IL R R 2ok B 13
I J(Ascomycota) EscovopsisJ&IHR IR . Escovopsis
g e R, e i A KT R e
1) 77 B LR R 5 A 4 B AT BT A AT A AR )
B, SR FE A . A EscovopsisTE 3R X
fy e el s L BT, (E R R B R O R
ﬂ*%ﬁﬂiﬁfm[gz]. FRIATF R, FFEML. Escov-
opsisMFEHWAERAKE LEAIREM — K
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PR SR JS T2 BURE R R Escovopsis 2 AE Y)Y
J& R AR 1 LR A, R e R L
P R BT % RS MO e A B T, %
BH Escovopsis A~ 72 b el e — (1) 25 A2 LR, A IR 5
TR WL AR R RIC A 5T

(iii) “FRFEAN I PR

LA BB N TR B U ME— D RIE, TR
W IR AR A R B B R FLEE, SR BT Escovopsis)ii Ji B
PAEAE,  F7 R NG AN SR HL R B2 R P b 2 751
R4 ot 7 A R o LB 7 R S o S A 2 A el
R BB, R R P 2 BTk T R A £ Esvocop-
sis PR 2R AR B Bl AN 3200 SR 4R 0 ek
1ERFRE - LA RGN EE = ALK, A2 T
TP IR R IR e, IR R ORI 5 B B A R iR A
IRk BB E 7R IRk R IR B (Pseudonocardia)
2N A R TR R B B AR PR A S i, R
T IR B - EU B S E A BEA A T, ST R DX L
PR AR B 0 R EscovopsisTi JR B ),
e WG T~ PP J8 2 TR 7E 7% TR IO A F ekl o
1EH.

(iv) VU0 [E] kAL

FEEBAEH SRR Y E - EEEEE, &
WA B S RS B 2 1 R, &
KRR BRI AERF T BB ILA R R, FHE X0y 3
[E AT JE B (P& R AR . SR, IX PP AR A7 5 S AE
A JIF R UG 4 %2 B Escovopsis 309 8 B, N T R
PHEEANZHRIEERRSE, FRNEHRE FRET
REfs P AL BRI YD T AR T . FEIZ K I kA I s v,
Fr B WS-SR 3 TR - TR - i SRR T — R FAE
SR T I R s N, IF LI TR ) &
it

T SEAESR HIIR AN BB FEAT R T AT HTA NI
— W — R F A, HAh— LAl BT
At 2 15 F P70 S g b 2k T 2R
S 875 0 24 B T e R D i 0 5 R A 3 440 1) i L 1A
HIEY), EscovopsisHE AR ME— I 5 3, X
(AL L DRI I 2. TP E 2
e, B IS QB 8 4 B S V22 97 B 32 R Y
A, A1 A R B S A A Y & 2
TR WO A RGNS 5 5 H AR ST A
AR IX M ] UL A T — P R AT

(2) HE S E s A A

A 70 3 3 A AE W B I 173 1 SR AR A TR
212320300 e RS KB D KT A W B
VB AR, o WS ) B i B AR KR
WA, T HEMFEMAG K E s 7 IX SR
W) 5 FLA U TR T O R R 3k 5 R PTT,
Ht— D47 7 iSO 3 WfA] e i R R B AL 2 AT o A
J¥r 38 25 A R UE L AR AR e R AR e AR AR AL i B
T AR R, X R R i S
B ARAE T W W (R B A B 1) 2 AN kAT
ALY R R B0 SRR R R AN R R T
LA A Y35 B £ R E TR A I AR () A
XL o] UL A R Tt — P BRI AL, R SO 7 4R
TR B PR AT A PR S TS R A RS AR )
Ae A OC RERFIIHLEI DL O S i A = ALY
T AESZ.

(1) BV fH i

BRI 1 M R, B R E %G
A ZAE R R 723, 1K R 1 i DAY
BHEDGICINVERFEHE RRWEEZAE. S50F
AR 1 B R I A — A, MM R
SRz AR ETER. BN, BRI ILAT
AR AT Be S B BRI s Z BT R, X E
TR A B Rl

I NATTEE BN EE, R — L PR i R
BRRNE K I S58, RGN E+r R & 1 e
OS] g — e K SRR A A £ o S A
H— M IE 0 B 1 40 5 4% (bacteria pouch, [£12),
TSR EERIR O, DX L E M T R
T RE RWEM R BT R EN A, 7R AU
W R AN S ) R IAE A R AR, AT AT
RE S0 I 3 0 TR AR A e,

SR EH T 2 I 07 B AR O PR, AT AR £
IS i T A A A T R D RE AR A R, 55—
ANFET-DU B 58 5 PR N A YR S R, R
WS AT K WU 1 i gra 2L 1) B0 50 18 A R A HE R B
H 1 BartonellaJ@ 40 1H, XLEEMEMERAKRE L
BASEMNE R, RUEIL MY S51EE
TR Bk LA e 2P B S, RussellZg AP
AL 40 1 SR I B PR A 1 s s BT 1 i
W Bartonella-like B (1) 53 A, I Ah—Lepd & vk
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Figure 2 Generalized gut structure of ants

W, GRS . R IR A A
KRB, RERKEITERY, XLk { AR MR
VEAE B RS ISAA Y 1) Bartonella-like 4 B 35 [F) T 1 17
I R R R, RIS E R S A
PERD I A E ST T BRI SC R, REEAREE
X el (1) 4H e Se E AL A B Ml 2 e S AR P ST
AR R, (HIXEEIHE T 7 1R 45 SR B, LA ARt
WS PR AR A A B EE /. B S Russell
IR PO MR FY il R 16S rRNAY 1 1 4
AR5 Bt AN R o U I B A R I AL, K
MH B Z A0 EAEY, 7k BRI E B
(Rhizobiales). 172 /K {8 G H (Burkholderiales)
¥ i H (Xanthomonnadales). i %2 i H (Pseudo-
monadales). F46 B H (Opitutales). XA BH
A ER e, HED 518 32 BAT 24600 /7 4 1) [H]
EA B PO b gk B W A THE A R I A A
P REEEENIERN. HAFERKMN AR, Hh
W ISR AT 5 OB A I ATy, X Se s B AE AL
W R R R L IE A, SIS 4 dul i
TR IR FRCAF T8 ] 23 WA R B s S 2k .
AT NS T WE e T B, K
JIFE R AR T R,

T DR UM £ e 0 W5 3 A A R A
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Hindgut
([5h%)

FTyRe, T TUISURE 78R FH 2 ik DR 2 43 A A B 4 S
FEDBU LR VRIS ISR, AR ABUR . REUS S
FHRR A OIAEMAE Y M EFE R IR, Huss
MO o st 2 5 DR 20 A IR 7 bR M R S
TIE ST F S0 0 T S AR AR ) R e AR R E
R, X ESTLAE ) B IR PR FER] PR IR A SR 3
&G % (N-recycling), FT & WA LRI GHERES. b
J&, Duplais® A" — 3581 7t & B e 80U il ik
Yrik vl LA & BACHE D SR I E e =R T LT
Jii 2B R AR B MR S IR i, s M B
AKPREMEE. Fobh, S SR D IE )
HEAT 7 3 DR AH I 5 B B2 7K 3@ A4 B (Bartonellaceae) 4
WA BB B & BT O TR E AR DL
P2 ae MY, X UEYE R, Wl R e e
FHEE TR Z WS RS EE
HIfER.

H AT C & TF R TAE R — e i Mg i rp i
T AP R A e MEAN R T 2 AL, ot
5 LA A W T Ao 5 e S ISR MR EAG SR A T — sl
SRR, T0AR TR E Y R A Va ], BRI M R R
Wik HA1E R AR O, AR
i EiRAbEYI T Z AT R R ALY AL L
[F .



P EBNE: AdRlE 2022 4F 52 % A8 I

(ii) EYEET: N E T

W9 ATV AAE SRR IR AR S &
PRI b BT R R I TE A, 2 5 B R i
PR I I 8 A B M it B K B 3 R e R W TE A
PO g LR P40 I P 5| 0 A N R BLOR A AT
Z WAV RN Dorylinae) 15 BCRE ity o8 16 £7 76 B 44 H
(Entomoplasmatales) {115 J5 44 J& (Spiroplasma) M B,
SR B I RIS CrE EIE R T
IS R, Lukasik AR 58 5 16S rRNAT T
AT WOV AL Z MM T R A, R X Leld i Py ff
W 3 A ) B U A R T R, AN ok B s E
(Entomoplasmatales)4H i £l J& B B | ] (Firmicutes)
A HB(EI), RGERE 7RI PRI A 0TS
A R R RS R AT ZE
BHILISC M5 & AR VST T BRI C R,
BHREFRHAKIN, 17 HEBIFARME— B AR AR
YIWISSEHE, ok B AR BOE BH(Ponerinae) #4500 R B T
54T WA A HUFAR H AR SR o8 RAEE ML 3L 4
G/

— N Y BV IR, B E A
PR BE RSO, R TR B P S B = A
JeER, WEMHILBIRNEEEAKEY, BALETER
P A AR U0 X 6 SR P P e i e S A A )
B, B 518 TSR RN ERR, 2 5E
B E AT T IR E FR A ) B AR A
We 2 H AU S O B Bk 8] i W (Harpegnathos
saltator)F B4 Candidatus Toppelaia hollldoblerii
(B2 /RiBEAEL: Bartonellaceae) 13 K A #E4T I > 4 #T,
RMHILEE EHEO M. fIERE i D % s
FAT BT I R T 2 P 0 K 4 i T
REE A R E E R s O S 2 B L e g
ARBEAET RS, B AT B R TE A )
PV B A2 D RE ) T i 3B A IR, ROk 7 2
WG RGKE T T5 BRI 7 R0 D) i 40 E S 56
SRR P B TR R N SR AR R AR Y AR e I e R AT
B &7 A 58 F L EEA R P sh A H G R 4E
FEIIHLH 5.

3 Hii5REy
155 F220~254E BF 72 3 O 28 40 0 0 3 A= 1504 4

FURAF B —LE H BRI V2 A RIS A 4
WEADERIAE, (A DB R A & e
FHFRAILAEMEY), XA T I A AT R IO
SIEREMEAERRRA IR (1) HERE
P eI s E AR A RERfLIE DT (1) 1§E
AL EYAT BRI L R I s, (1) A
RV ERE G, I EERG . AKKE
S i Bl Th A EE AR .

DA R FE S RO, Ab T34 A i i R
HWH AR EFRESA, Welhiz2ous
e B Ve A S A E & E A RN RS AL
P E IR PR, DBUE SRR AEME 2
PR DI RER BT IX L e ? B U B Ik R 24
D MSLIR IR T 7%, BB AE — Se e PR sl Al
BRSSO AEMAEM T T, 53] 7 — R FIHIESE.
SR BAT B TR A IS SR SR LD, E B AR
s FABE. RBUR RS EB0R, FR, B
FORBEETIIRA AL, K2 AU B AL L D PP 20 M (K Zh g
T L. PRk, ARSR OB TR BRI O SORTE
HENA DSBS A DI RERIINR. S35k, ML T
Fofts B AU RRY, WA HE CAIFIR T IR & i
MRGR BN, XRE T MRIFINRGER BHE
ZORMIE USSR AW e ) FEAE WA IS TR] . 554
T HARRIEA T 5, AT ER AR AR A A A R
R RE T BT i A . BRI, B USGR BRI AE
T Er i Sz 3 A Y R AR A Y

S HRTHIRT TR, AR 22 45 05 Al (K 40
B, X A B IR R E e A 1
G, DA R A S EBRCN, H T IE A R Rl
RSB R IE A ECR 92/3. HIR, HAETH)
BT BT A, JFAS R E AU A R A
HMiE. PR HWSE LV ERRE R R, &
PRI, BAVRPAF 0 e — A4
T 7. DAL, ARORABRCRE R AL TR B il RN
WACHINBIT TR AR, B X SR SRR 1 5 2 TR
BRI TR A S AR S R

PSR — R ECAE 2 R, AN AR 0 B
TR AR, 7RHE BT AR5 (0 UA FAL 2 [ i &
Wiyl s PO R AR I A R 4y, (H TR
5 AT IR ARSI 56 2 A A T AR S ST B A% A A R T
EEABEIT, FEORE G- E I A 2 587 T (VI

1219



Ly WY A i AR R T T i

FEPEL . Hib—Bf7AEY, Diacamma cf.
indicum T 7 A28 FEAE — PR AR 40 2 IR BE TR ]
AN, (XA LT A T RUE RN, R
Ja-TAEY LA RG] REAFAE — PP, AR AL
T BN WL AN [R) S ) 1 S R R A NI AT
Ak, HoAd B T CARE R T B iE R A A A A

o
MAEAFIHERAFEXFETIR P RENEREN

HEFAEH, BEGs . BRURF R RS 2
7 T R HE B A O R W A
T A IX BT ALY X R Rk T B .
R B AR DA AN BT IR N B SRR 4 5 B 3R
A TS St T AR IR — P A ) B2 o SR o Bk 1
Pt 5.

Ripve h AF X RIB L A AR B, REFARAF 2R T oW AT LRI FRYE. Bt x

S5 30k

10

11

12
13
14

15
16
17
18

19
20

21
22

1220

Moran N A. Symbiosis as an adaptive process and source of phenotypic complexity. Proc Natl Acad Sci USA, 2007, 104: 8627-8633
McFall-Ngai M, Hadfield M G, Bosch T C G, et al. Animals in a bacterial world, a new imperative for the life sciences. Proc Natl Acad Sci
USA, 2013, 110: 3229-3236

Buchner P. Endosymbiosis of animals with plant microorganisms. New York: Interscience Publishers, Inc., 1965

Engel P, Moran N A. The gut microbiota of insects — diversity in structure and function. FEMS Microbiol Rev, 2013, 37: 699-735

Chu C C, Spencer J L, Curzi M J, et al. Gut bacteria facilitate adaptation to crop rotation in the western corn rootworm. Proc Natl Acad Sci USA,
2013, 110: 11917-11922

Wang J, Weiss B L, Aksoy S. Tsetse fly microbiota: form and function. Front Cell Infect Microbiol, 2013, 3: 69

Bennett G M, Moran N A. Heritable symbiosis: the advantages and perils of an evolutionary rabbit hole. Proc Natl Acad Sci USA, 2015, 112:
10169-10176

Moran N A. Genomics of the honey bee microbiome. Curr Opin Insect Sci, 2015, 10: 22-28

Davidson D W, Patrell-Kim L. Tropical arboreal ants: why so abundant? Neotrop Biodiv Conserv, 1996, 127-140

Davidson D W, Cook S C, Snelling R R, et al. Explaining the abundance of ants in lowland tropical rainforest canopies. Science, 2003, 300:
969-972

Brady S G, Schultz T R, Fisher B L, et al. Evaluating alternative hypotheses for the early evolution and diversification of ants. Proc Natl Acad
Sci USA, 2006, 103: 18172-18177

Moreau C S, Bell C D, Vila R, et al. Phylogeny of the ants: diversification in the age of angiosperms. Science, 2006, 312: 101-104

Wilson E O. The nature of the taxon cycle in the Melanesian ant fauna. Am Natist, 1961, 95: 169193

Heil M, McKey D. Protective ant-plant interactions as model systems in ecological and evolutionary research. Annu Rev Ecol Evol Syst, 2003,
34: 425-553

Stadler B, Dixon A F G. Ecology and evolution of aphid-ant interactions. Annu Rev Ecol Evol Syst, 2005, 36: 345-372

Mueller U G, Rehner S A, Schultz T R. The evolution of agriculture in ants. Science, 1998, 281: 20342038

Zientz E, Feldhaar H, Stoll S, et al. Insights into the microbial world associated with ants. Arch Microbiol, 2005, 184: 199-206

Blochmann F. Ueber das regelmassige vorkommen von bakterienahnlichen gebilden in den geweben und eiern ver-schiedener insecten.
Zeitschrift Biologie, 1888, 24: 1-16

Holldobler B,Wilson E O. The Ants. Cambridge: Belknap Press of Harvard University Press, 1990

Bliithgen N, Gebauer G, Fiedler K. Disentangling a rainforest food web using stable isotopes: dietary diversity in a species-rich ant community.
Oecologia, 2003, 137: 426-435

Cook S C, Davidson D W. Nutritional and functional biology of exudate-feeding ants. Entomol Expis Appl, 2006, 118: 1-10

Currie C R, Poulsen M, Mendenhall J, et al. Coevolved crypts and exocrine glands support mutualistic bacteria in fungus-growing ants. Science,

2006, 311: 81-83


https://doi.org/10.1073/pnas.0611659104
https://doi.org/10.1073/pnas.1218525110
https://doi.org/10.1073/pnas.1218525110
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1073/pnas.1301886110
https://doi.org/10.3389/fcimb.2013.00069
https://doi.org/10.1073/pnas.1421388112
https://doi.org/10.1016/j.cois.2015.04.003
https://doi.org/10.1126/science.1082074
https://doi.org/10.1073/pnas.0605858103
https://doi.org/10.1073/pnas.0605858103
https://doi.org/10.1126/science.1124891
https://doi.org/10.1086/282174
https://doi.org/10.1146/annurev.ecolsys.34.011802.132410
https://doi.org/10.1146/annurev.ecolsys.36.091704.175531
https://doi.org/10.1126/science.281.5385.2034
https://doi.org/10.1007/s00203-005-0041-0
https://doi.org/10.1007/s00442-003-1347-8
https://doi.org/10.1111/j.1570-7458.2006.00374.x
https://doi.org/10.1126/science.1119744

PEBE: ARl 20224 52 % A8

23

24

25

26
27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46
47

Russell J A, Sanders J G, Moreau C S. Hotspots for symbiosis: function, evolution, and specificity of ant-microbe associations from trunk to tips
of the ant phylogeny (Hymenoptera: Formicidae). Myrmecological News, 2017, 24: 43—69

Sanders J G, Lukasik P, Frederickson M E, et al. Dramatic differences in gut bacterial densities correlate with diet and habitat in rainforest ants.
Integrative Comp Biol, 2017, 57: 705-722

Funaro C F, Kronauer D J C, Moreau C S, et al. Army ants harbor a host-specific clade of Entomoplasmatales bacteria. Appl Environ Microbiol,
2011, 77: 346-350

Poulsen M, Sapountzis P. Behind every great ant, there is a great gut. Mol Ecol, 2012, 21: 2054-2057

Lukasik P, Newton J A, Sanders J G, et al. The structured diversity of specialized gut symbionts of the New World army ants. Mol Ecol, 2017,
26: 3808-3825

Zheng Z, Hu X, Xu Y, et al. Bacterial composition and diversity of the digestive tract of Odontomachus monticola emery and Ectomomyrmex
Jjavanus Mayr. Insects, 2021, 12: 176

Moreau C S, Bell C D. Testing the museum versus cradle tropical biological diversity hypothesis: phylogeny, diversification, and ancestral
biogeographic range evolution of the ants. Evolution, 2013, 67: 2240-2257

Werren J H, Baldo L, Clark M E. Wolbachia: master manipulators of invertebrate biology. Nat Rev Microbiol, 2008, 6: 741-751

Feldhaar H. Bacterial symbionts as mediators of ecologically important traits of insect hosts. Ecol Entomol, 2011, 36: 533-543

Schroder D, Deppisch H, Obermayer M, et al. Intracellular endosymbiotic bacteria of Camponotus species (carpenter ants): systematics,
evolution and ultrastructural characterization. Mol Microbiol, 1996, 21: 479-489

Sauer C, Dudaczek D, Holldobler B, et al. Tissue localization of the endosymbiotic bacterium “Candidatus Blochmannia floridanus™ in adults
and larvae of the carpenter ant Camponotus floridanus. Appl Environ Microbiol, 2002, 68: 4187-4193

Ramalho M O, Vieira A S, Pereira M C, et al. Transovarian transmission of Blochmannia and Wolbachia endosymbionts in the neotropical
weaver ant Camponotus textor (Hymenoptera, Formicidae). Curr Microbiol, 2018, 75: 866-873

Sauer C, Stackebrandt E, Gadau J, et al. Systematic relationships and cospeciation of bacterial endosymbionts and their carpenter ant host
species: proposal of the new taxon Candidatus Blochmannia gen. nov. Int J Systatic Evolary Microbiol, 2000, 50: 1877-1886

Degnan P H, Lazarus A B, Brock C D, et al. Host-symbiont stability and fast evolutionary rates in an ant-bacterium association: cospeciation of
camponotus species and their endosymbionts, Candidatus Blochmannia. Systatic Biol, 2004, 53: 95-110

Wernegreen J J, Kauppinen S N, Brady S G, et al. One nutritional symbiosis begat another: phylogenetic evidence that the ant tribe Camponotini
acquired Blochmannia by tending sap-feeding insects. BMC Evol Biol, 2009, 9: 292

Degnan P H, Lazarus A B, Wernegreen J J. Genome sequence of Blochmannia pennsylvanicus indicates parallel evolutionary trends among
bacterial mutualists of insects. Genome Res, 2005, 15: 1023-1033

Gil R, Silva F J, Zientz E, et al. The genome sequence of Blochmannia floridanus: comparative analysis of reduced genomes. Proc Natl Acad
Sci USA, 2003, 100: 9388-9393

Williams L E, Wernegreen J J. Genome evolution in an ancient bacteria-ant symbiosis: parallel gene loss among Blochmannia spanning the
origin of the ant tribe Camponotini. PeerJ, 2015, 3: e881

Zientz E, Dandekar T, Gross R. Metabolic interdependence of obligate intracellular bacteria and their insect hosts. Microbiol Mol Biol Rev,
2004, 68: 745-770

Zientz E, Beyaert I, Gross R, et al. Relevance of the Endosymbiosis of Blochmannia floridanus and carpenter ants at different stages of the life
cycle of the host. Appl Environ Microbiol, 2006, 72: 6027-6033

Wolschin F, Holldobler B, Gross R, et al. Replication of the endosymbiotic Bacterium Blochmannia floridanus is correlated with the
developmental and reproductive stages of its ant host. Appl Environ Microbiol, 2004, 70: 4096-4102

Stoll S, Feldhaar H, Gross R. Transcriptional profiling of the endosymbiont Blochmannia floridanus during different developmental stages of its
holometabolous ant host. Environ Microbiol, 2009, 11: 877-888

Klein A, Schrader L, Gil R, et al. A novel intracellular mutualistic bacterium in the invasive ant Cardiocondyla obscurior. ISME J, 2016, 10:
376-388

Kozek W J, Rao R U. The discovery of Wolbachia in arthropods and nematodes—a historical perspective. Issues Infect Diseases, 2007, 5: 1-14
Russell J A. The ants (Hymenoptera: Formicidae) are unique and enigmatic hosts of prevalent Wolbachia (Alphaproteobacteria) symbionts.

Myrmecological News, 2012, 16: 7-23

1221


https://doi.org/10.1093/icb/icx088
https://doi.org/10.1128/AEM.01896-10
https://doi.org/10.1111/j.1365-294X.2012.05510.x
https://doi.org/10.1111/mec.14140
https://doi.org/10.3390/insects12020176
https://doi.org/10.1111/evo.12105
https://doi.org/10.1038/nrmicro1969
https://doi.org/10.1111/j.1365-2311.2011.01318.x
https://doi.org/10.1111/j.1365-2958.1996.tb02557.x
https://doi.org/10.1128/AEM.68.9.4187-4193.2002
https://doi.org/10.1007/s00284-018-1459-3
https://doi.org/10.1099/00207713-50-5-1877
https://doi.org/10.1080/10635150490264842
https://doi.org/10.1186/1471-2148-9-292
https://doi.org/10.1101/gr.3771305
https://doi.org/10.1073/pnas.1533499100
https://doi.org/10.1073/pnas.1533499100
https://doi.org/10.7717/peerj.881
https://doi.org/10.1128/MMBR.68.4.745-770.2004
https://doi.org/10.1128/AEM.00933-06
https://doi.org/10.1128/AEM.70.7.4096-4102.2004
https://doi.org/10.1111/j.1462-2920.2008.01808.x
https://doi.org/10.1038/ismej.2015.119

I WY A i A B A T e it

48

49

50

51

52

53

54

55

56

57

58
59

60

61

62

63

64

65

66
67

68

69

70

71

72

73
74

1222

Frost C L, Fernandez-Marin H, Smith J E, et al. Multiple gains and losses of Wolbachia symbionts across a tribe of fungus-growing ants. Mol
Ecol, 2010, 19: 4077-4085

Wenseleers T, Ito F, Van Borm S, et al. Widespread occurrence of the microorganism Wolbachia in ants. Proc R Soc Lond B, 1998, 265: 1447—
1452

Shoemaker D D, Ahrens M, Sheill L, et al. Distribution and prevalence of Wolbachia infections in native populations of the fire ant Solenopsis
invicta (Hymenoptera: Formicidae). Environ Entomol, 2003, 32: 1329-1336

Ahrens M E, Shoemaker D. Evolutionary history of Wolbachia infections in the fire ant Solenopsis invicta. BMC Evol Biol, 2005, 5: 35
Wenseleers T, Sundstrom L, Billen J. Deleterious Wolbachia in the ant Formica truncorum. Proc R Soc Lond B, 2002, 269: 623629
Russell J A, Goldman-Huertas B, Moreau C S, et al. Specialization and geographic isolation among Wolbachia symbionts from ants and
lycaenid butterflies. Evolution, 2009, 63: 624-640

Un C, Schultner E, Manzano-Marin A, et al. Cytoplasmic incompatibility between Old and New World populations of a tramp ant. Evolution,
2021, 75: 1775-1791

Cheng D, Chen S, Huang Y, et al. Symbiotic microbiota may reflect host adaptation by resident to invasive ant species. PLoS Pathog, 2019, 15:
€1007942

Russell J A, Moreau C S, Goldman-Huertas B, et al. Bacterial gut symbionts are tightly linked with the evolution of herbivory in ants. Proc Natl
Acad Sci USA, 2009, 106: 21236-21241

Itoh H, Jang S, Takeshita K, et al. Host-symbiont specificity determined by microbe-microbe competition in an insect gut. Proc Natl Acad Sci
USA, 2019, 116: 2267322682

Kwong W K, Moran N A. Gut microbial communities of social bees. Nat Rev Microbiol, 2016, 14: 374-384

Suen G, Scott J J, Aylward F O, et al. An insect herbivore microbiome with high plant biomass-degrading capacity. PLoS Genet, 2010, 6:
€1001129

Silva A, Bacci Jr M, Pagnocca F C, et al. Starch metabolism in Leucoagaricus gongylophorus, the symbiotic fungus of leaf-cutting ants.
Microbiol Res, 2006, 161: 299-303

Mayhé-Nunes A J, Jaffé K. On the biogeography of Attini (Hymenoptera: Formicidae). Ecotropicos, 1998, 11: 45-54

Schultz T R, Brady S G. Major evolutionary transitions in ant agriculture. Proc Natl Acad Sci USA, 2008, 105: 5435-5440

Schultz T R, Sosa-Calvo J, Brady S G, et al. The most relictual fungus-farming ant species cultivates the most recently evolved and highly
domesticated fungal symbiont species. Am Natist, 2015, 185: 693-703

Vo T L, Mueller U G, Mikheyev A S. Free-living fungal symbionts (Lepiotaceae) of fungus-growing ants (Attini: Formicidae). Mycologia,
2009, 101: 206-210

Mueller U G, Kardish M R, Ishak H D, et al. Phylogenetic patterns of ant-fungus associations indicate that farming strategies, not only a superior
fungal cultivar, explain the ecological success of leafcutter ants. Mol Ecol, 2018, 27: 24142434

De Fine Licht H H, Boomsma J J, Tunlid A. Symbiotic adaptations in the fungal cultivar of leaf-cutting ants. Nat Commun, 2014, 5: 5675
Ronhede S, Boomsma J J, Rosendahl S. Fungal enzymes transferred by leaf-cutting ants in their fungus gardens. Mycol Res, 2004, 108: 101—
106

De Fine Licht H H, Schiett M, Rogowska-Wrzesinska A, et al. Laccase detoxification mediates the nutritional alliance between leaf-cutting ants
and fungus-garden symbionts. Proc Natl Acad Sci USA, 2013, 110: 583-587

Kooij P W, Rogowska-Wrzesinska A, Hoffmann D, et al. Leucoagaricus gongylophorus uses leaf-cutting ants to vector proteolytic enzymes
towards new plant substrate. ISME J, 2014, 8: 1032-1040

Pinto-Tomas A A, Anderson M A, Suen G, et al. Symbiotic nitrogen fixation in the fungus gardens of leaf-cutter ants. Science, 2009, 326: 1120—
1123

Mueller U G. Ant versus fungus versus mutualism: ant-cultivar conflict and the deconstruction of the attine ant-fungus symbiosis. Am Natist,
2002, 160: S67-S98

Ivens A B F, Nash D R, Poulsen M, et al. Caste-specific symbiont policing by workers of Acromyrmex fungus-growing ants. Behaval Ecol,
2009, 20: 378-384

Poulsen M, Boomsma J J. Mutualistic fungi control crop diversity in fungus-growing ants. Science, 2005, 307: 741-744

Nygaard S, Zhang G, Schiett M, et al. The genome of the leaf-cutting ant Acromyrmex echinatior suggests key adaptations to advanced social


https://doi.org/10.1111/j.1365-294X.2010.04764.x
https://doi.org/10.1111/j.1365-294X.2010.04764.x
https://doi.org/10.1098/rspb.1998.0456
https://doi.org/10.1603/0046-225X-32.6.1329
https://doi.org/10.1186/1471-2148-5-35
https://doi.org/10.1098/rspb.2001.1927
https://doi.org/10.1111/j.1558-5646.2008.00579.x
https://doi.org/10.1111/evo.14261
https://doi.org/10.1371/journal.ppat.1007942
https://doi.org/10.1073/pnas.0907926106
https://doi.org/10.1073/pnas.0907926106
https://doi.org/10.1073/pnas.1912397116
https://doi.org/10.1073/pnas.1912397116
https://doi.org/10.1038/nrmicro.2016.43
https://doi.org/10.1371/journal.pgen.1001129
https://doi.org/10.1016/j.micres.2005.11.001
https://doi.org/10.1073/pnas.0711024105
https://doi.org/10.1086/680501
https://doi.org/10.3852/07-055
https://doi.org/10.1111/mec.14588
https://doi.org/10.1038/ncomms6675
https://doi.org/10.1017/S0953756203008931
https://doi.org/10.1073/pnas.1212709110
https://doi.org/10.1038/ismej.2013.231
https://doi.org/10.1126/science.1173036
https://doi.org/10.1086/342084
https://doi.org/10.1093/beheco/arn150
https://doi.org/10.1126/science.1106688

PEBE: ARl 20224 52 % A8

75
76

71
78

79

80

81

82

83

84
85

86

87

88
89

90

91

92

93

94

95

96

97
98

99

life and fungus farming. Genome Res, 2011, 21: 1339-1348

Nygaard S, Hu H, Li C, et al. Reciprocal genomic evolution in the ant-fungus agricultural symbiosis. Nat Commun, 2016, 7: 12233
Mikheyev A S, Mueller U G, Boomsma J J. Population genetic signatures of diffuse co-evolution between leaf-cutting ants and their cultivar
fungi. Mol Ecol, 2007, 16: 209-216

Currie C R, Mueller U G, Malloch D. The agricultural pathology of ant fungus gardens. Proc Natl Acad Sci USA, 1999, 96: 7998-8002
Varanda-Haifig S S, Albarici T R, Nunes P H, et al. Nature of the interactions between hypocrealean fungi and the mutualistic fungus of leaf-
cutter ants. Antonie van Leeuwenhoek, 2017, 110: 593-605

Marfetan J A, Romero A I, Folgarait P J. Pathogenic interaction between Escovopsis weberi and Leucoagaricus sp.: mechanisms involved and
virulence levels. Fungal Ecol, 2015, 17: 52-61

Heine D, Holmes N A, Worsley S F, et al. Chemical warfare between leafcutter ant symbionts and a co-evolved pathogen. Nat Commun, 2018,
9: 2208

Batey S F D, Greco C, Hutchings M 1, et al. Chemical warfare between fungus-growing ants and their pathogens. Curr Opin Chem Biol, 2020,
59: 172-181

Mehdiabadi N J, Schultz T R. Natural history and phylogeny of the fungus-farming ants (Hymenoptera: Formicidae: Myrmicinae: Attini).
Myrmecol News, 2009, 13: 37-55

Gerardo N M, Mueller U G, Price S L, et al. Exploiting a mutualism: parasite specialization on cultivars within the fungus-growing ant
symbiosis. Proc R Soc Lond B, 2004, 271: 1791-1798

Currie C R, Wong B, Stuart A E, et al. Ancient tripartite coevolution in the attine ant-microbe symbiosis. Science, 2003, 299: 386388
Taerum S J, Cafaro M J, Little A E F, et al. Low host-pathogen specificity in the leaf-cutting ant-microbe symbiosis. Proc R Soc B, 2007, 274:
1971-1978

Meirelles L A, Solomon S E, Bacci Mauricio J, et al. Shared Escovopsis parasites between leaf-cutting and non-leaf-cutting ants in the higher
attine fungus-growing ant symbiosis. R Soc Open Sci, 2015, 2: 150257

Seal J N, Schiett M, Mueller U G. Ant-fungal species combinations engineer physiological activity of fungus gardens. J Exp Biol, 2014, 217:
2540-2547

Currie C R, Stuart A E. Weeding and grooming of pathogens in agriculture by ants. Proc R Soc Lond B, 2001, 268: 1033—-1039

Caldera E J, Poulsen M, Suen G, et al. Insect symbioses: a case study of past, present, and future fungus-growing ant research. Environ Entomol,
2009, 38: 78-92

Currie C R, Scott J A, Summerbell R C, et al. Fungus-growing ants use antibiotic-producing bacteria to control garden parasites. Nature, 1999,
398: 701-704

Andersen S B, Hansen L H, Sapountzis P, et al. Specificity and stability of the Acromyrmex-Pseudonocardia symbiosis. Mol Ecol, 2013, 22:
43074321

Cafaro M J, Currie C R. Phylogenetic analysis of mutualistic filamentous bacteria associated with fungus-growing ants. Can J Microbiol, 2005,
51: 441-446

Li H, Sosa-Calvo J, Horn H A, et al. Convergent evolution of complex structures for ant-bacterial defensive symbiosis in fungus-farming ants.
Proc Natl Acad Sci USA, 2018, 115: 10720-10725

Currie C R, Bot A N M, Boomsma J J. Experimental evidence of a tripartite mutualism: bacteria protect ant fungus gardens from specialized
parasites. Oikos, 2003, 101: 91-102

Poulsen M, Cafaro M J, Erhardt D P, et al. Variation in Pseudonocardia antibiotic defence helps govern parasite-induced morbidity in
Acromyrmex leaf-cutting ants. Environ Microbiol Rep, 2010, 2: 534-540

Zucchi T D, Guidolin A S, Consoli F L. Isolation and characterization of actinobacteria ectosymbionts from Acromyrmex subterraneus brunneus
(Hymenoptera, Formicidae). Microbiol Res, 2011, 166: 68-76

Stoll S, Gadau J, Gross R, et al. Bacterial microbiota associated with ants of the genus Zetraponera. Biol J Linnean Soc, 2007, 90: 399-412
Anderson K E, Russell J A, Moreau C S, et al. Highly similar microbial communities are shared among related and trophically similar ant
species. Mol Ecol, 2012, 21: 2282-2296

Hu Y, Lukasik P, Moreau C S, et al. Correlates of gut community composition across an ant species (Cephalotes varians) elucidate causes and

consequences of symbiotic variability. Mol Ecol, 2014, 23: 1284-1300

1223


https://doi.org/10.1101/gr.121392.111
https://doi.org/10.1038/ncomms12233
https://doi.org/10.1111/j.1365-294X.2006.03134.x
https://doi.org/10.1073/pnas.96.14.7998
https://doi.org/10.1007/s10482-016-0826-y
https://doi.org/10.1016/j.funeco.2015.04.002
https://doi.org/10.1038/s41467-018-04520-1
https://doi.org/10.1016/j.cbpa.2020.08.001
https://doi.org/10.1098/rspb.2004.2792
https://doi.org/10.1126/science.1078155
https://doi.org/10.1098/rspb.2007.0431
https://doi.org/10.1098/rsos.150257
https://doi.org/10.1242/jeb.098483
https://doi.org/10.1098/rspb.2001.1605
https://doi.org/10.1603/022.038.0110
https://doi.org/10.1038/19519
https://doi.org/10.1111/mec.12380
https://doi.org/10.1139/w05-023
https://doi.org/10.1073/pnas.1809332115
https://doi.org/10.1034/j.1600-0706.2003.12036.x
https://doi.org/10.1111/j.1758-2229.2009.00098.x
https://doi.org/10.1016/j.micres.2010.01.009
https://doi.org/10.1111/j.1095-8312.2006.00730.x
https://doi.org/10.1111/j.1365-294X.2011.05464.x
https://doi.org/10.1111/mec.12607

=

TR IO R E B T

100

101

102
103

104

105
106

107

108

109

110

111

112
113

114

115

116
117

1224

Billen J, Buschinger A. Morphology and ultrastructure of a specialized bacterial pouch in the digestive tract of Tetraponera ants (Formicidae,
Pseudomyrmecinae). Arthropod Structure Dev, 2000, 29: 259-266

Lanan M C, Rodrigues P A P, Agellon A, et al. A bacterial filter protects and structures the gut microbiome of an insect. ISME J, 2016, 10:
1866-1876

Pringle E G. Convergence, constraint and the potential for mutualism between ants and gut microbes. Mol Ecol, 2019, 28: 699-702

Roche R K, Wheeler D E. Morphological specializations of the digestive tract of Zacryptocerus rohweri (Hymenoptera: Formicidae). ] Morphol,
1997, 234: 253-262

Bution M L, Caetano F H. The midgut of Cephalotes ants (Formicidae: Myrmicinae): ultrastructure of the epithelium and symbiotic bacteria.
Micron, 2010, 41: 448-454

Bution M L, Caetano F H. Symbiotic bacteria and the structural specializations in the ileum of Cephalotes ants. Micron, 2010, 41: 373-381
van Borm S, Buschinger A, Boomsma J J, et al. Tetraponera ants have gut symbionts related to nitrogen-fixing root-nodule bacteria. Proc R Soc
Lond B, 2002, 269: 2023-2027

Flynn P J, D’Amelio C L, Sanders J G, et al. Localization of bacterial communities within gut compartments across Cephalotes turtle ants. Appl
Environ Microbiol, 2021, 87: 02803

Sanders J G, Powell S, Kronauer D J C, et al. Stability and phylogenetic correlation in gut microbiota: lessons from ants and apes. Mol Ecol,
2014, 23: 1268-1283

Hu Y, Sanders J G, Lukasik P, et al. Herbivorous turtle ants obtain essential nutrients from a conserved nitrogen-recycling gut microbiome. Nat
Commun, 2018, 9: 964

Duplais C, Sarou-Kanian V, Massiot D, et al. Gut bacteria are essential for normal cuticle development in herbivorous turtle ants. Nat Commun,
2021, 12: 676

Bisch G, Neuvonen M M, Pierce N E, et al. Genome evolution of Bartonellaceae symbionts of ants at the opposite ends of the trophic scale.
Genome Biol Evol, 2018, 10: 1687-1704

Moreau C S. Symbioses among ants and microbes. Curr Opin Insect Sci, 2020, 39: 1-5

Kautz S, Rubin B E R, Moreau C S. Bacterial infections across the ants: frequency and prevalence of Wolbachia, Spiroplasma, and Asaia.
Psyche-J Entomol, 2013, 2013: 1-11

Neuvonen M M, Tamarit D, Niaslund K, et al. The genome of Rhizobiales bacteria in predatory ants reveals urease gene functions but no genes
for nitrogen fixation. Sci Rep, 2016, 6: 39197

Shimoji H, Itoh H, Matsuura Y, et al. Worker-dependent gut symbiosis in an ant. ISME Commun, 2021, 1: 60

Kaltenpoth M,Engl T. Defensive microbial symbionts in Hymenoptera. Function Ecol, 2014, 28: 315-327

Jing T Z, Qi F H, Wang Z Y. Most dominant roles of insect gut bacteria: digestion, detoxification, or essential nutrient provision? Microbiome,
2020, 8: 38


https://doi.org/10.1016/S1467-8039(00)00029-3
https://doi.org/10.1038/ismej.2015.264
https://doi.org/10.1111/mec.14998
https://doi.org/10.1002/(SICI)1097-4687(199712)234:3&amp;lt;253::AID-JMOR4&amp;gt;3.0.CO;2-A
https://doi.org/10.1016/j.micron.2010.02.005
https://doi.org/10.1016/j.micron.2010.01.004
https://doi.org/10.1098/rspb.2002.2101
https://doi.org/10.1098/rspb.2002.2101
https://doi.org/10.1128/AEM.02803-20
https://doi.org/10.1128/AEM.02803-20
https://doi.org/10.1111/mec.12611
https://doi.org/10.1038/s41467-018-03357-y
https://doi.org/10.1038/s41467-018-03357-y
https://doi.org/10.1038/s41467-021-21065-y
https://doi.org/10.1093/gbe/evy126
https://doi.org/10.1016/j.cois.2020.01.002
https://doi.org/10.1155/2013/936341
https://doi.org/10.1038/srep39197
https://doi.org/10.1038/s43705-021-00061-9
https://doi.org/10.1186/s40168-020-00823-y

PEBE: ARl 20224 52 % A8

Research progress on ant symbiotic microorganisms

MA Minglie, ZHU BiRu & HU Yi

MOE Key Laboratory for Biodiversity Science and Ecological Engineering, College of Life Sciences, Beijing Normal University,
Beijing 100875, China

Ants are one of the most abundant groups of terrestrial insects. The development of microscopy and sequencing technologies has
gradually revealed that some ant groups have established long-term and stable symbiotic relationships with microorganisms. These
ant groups are regarded as “symbiotic hotspots”. To understand the ecological and evolutionary effects of symbiotic microorganisms
on ant diversity, this study summarizes the different microbial types of ant taxa in symbiotic hotspots and describes the diversity of
symbiotic microorganisms in these taxa, the symbiont-mediated functions, and the mechanism of maintaining a mutually beneficial
symbiotic relationship. The ant taxa in symbiotic hotspots usually live in specialized trophic niches, and these ants may use the
diverse metabolic functions of symbiotic microorganisms to cope with the challenges of nutrient imbalance. Future research should
expand the scope of the study species and include individuals from different castes. Functional verification experiments must be
supplemented with genome sequencing and functional prediction of symbiotic microorganisms to continuously expand our
understanding of the functions of ant symbiotic microorganisms. It is also necessary to investigate the timing of initial symbiont
acquisition. The shared evolutionary history of ants and their diverse symbionts should be investigated with the aid of a high-
resolution ant phylogenetic analysis to better understand the role of microorganisms in the evolution of Formicidae.

ants, microorganisms, symbiotic hotspots, co-evolution
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