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Research progress on protists in termite guts

ZHANG Jie'?, DU He?, MO Zhen-Zuan®, ZHANG Shuang' (1. College of Forestry, Hebei Agricultural
University, Baoding 071000, Hebei Province, China; 2. Guangdong Key Laboratory of Animal Conservation
and Resource Utilization, Guangdong Public Laboratory of Wild Animal Conservation and Utilization,
Institute of Zoology, Guangdong Academy of Sciences, Guangzhou 510260, China)

Abstract: The hindgut of termites is enlarged and specialized, providing a habitat for intestinal
microorganisms. Except for termites belonging to the Termitidae family, all other termite species harbor
protists in their guts. The protists in the termite gut belong to the Parabasalia phylum and Preaxostyla
phylum Oxymonadida order. The gut protists of termites coexist with various bacteria, exhibiting a
coevolutionary relationship. Termites, protists, and bacteria form a triplex symbiotic system. The
distribution of gut protists within the intestine demonstrates heterogeneity. The transmission mechanism of
gut protists not only ensures the stability of the gut microbiota but also facilitates the continuous evolution
of the gut microbiota colonies in termites. Additionally, the abundance of gut protists in termites is
influenced by various factors, including termite caste and diet. Gut protists are crucial for termites as they
contribute to the decomposition of lignocellulose, nitrogen fixation, participation in intestinal gas

metabolism, and the provision of nutrients to termites. This article provides a comprehensive review of the
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classification of gut protists, symbiotic bacteria of protists, spatial distribution, transmission, and functions

of protists, aiming to offer a valuable reference for future research.

Key words: Flagellates; protist-dependent termites; symbiosis; cospeciation; trophallaxis; acetogenesis

FBCEIER R 2t aR iz —, 5
IR A JE T35 M H  (Inward et al., 2007; Krishna
etal., 2013), SHERBWEAFKE, A8
J R R BAFTE R BB o AR 58 B E iy
PR RS FLORT 3 55 i, TP IR A5
BN RS . AN Sl R, T S U
ENEAEAESY, AR, SRR .
IR, XA RITERE T AR R R M, A
TR RG LSRR, I mes 3 F ik
Pege RAET FOCREAET ORI, MEHEAE SR
i B (ML (Protist-dependent termite) % 3F FH BB}
F AR A e, IR B (Termitidae
termite) U E S M (Carrijo et al., 2023)., H
W 38 A= A W AE SO A A v 4y i o
e, TEXSRAEY BT, HBREE R A
b 74%~99% [ 2T 4 32 F1 65%~87% 2T 43R
XA HEREMARAERZMAFTEHEZL
(Ohkuma, 2003; Watanabe and Tokuda, 2010) .
[, i s A sh i 5 sl 7R A O
% (Zhouetal., 2019). Nitt, HBL. oS
K w H B T — A S FEIE ARG (Triplex
symbiotic system) (Noda et al., 2007) . AHF5E M
JFAE SR 2 . ARSI R A A | TR AR S
AR5 LA S A S DS 4 D7 T, %
W 18 J5 A Sh W B 5 i e E AT 25k, DA R
RAHTMFFARMES H A

1 BB R AR5

U 8 J5 A= 3 ) B9 I Al I 95 2 19 fit 20 v
M. Lespes (1856) 7E % B4 HL H W Reticulitermes
lucifugus TE IR KM T LY . )G, Leidy
(1877) XJFAbSEHL H WL Reticulitermes flavipes W 17 1B
AR S HEAT T HIA, (HIX S8 A S BN Ol 2
X EAFR “AFERT (Parasite) o B WFIEHY
WAL NI RSB 5 AR Sh W3 e /9 A 654
M, 3 42 Imms % (1920) $2 4 T 3 A
(Symbiosis) Y ME & o FL7F 100 4EHif, Cleveland
(1923) HYBIFFE R I A Bl 4 2 1 O AN T] D g —

oy EREABURE A, B Sk
WA, WafEJURNIURIMAE; H2 8 HE
FIER A IENEY), HBASIET . Wi,
Jim 3 I A= Bl A AR B R i e v 4R T OB
Mo T HBUmIE R RFIRIAEL, il A S )R
MEBLE R . BAT AN LR R IR A3 WA
termopsidis 1934) il
Trichonympha sphaerica (Yamin, 1978) %5 . [1HY
J AR S W A S e AR R AR AR B AR . BEE
e e R ROR B K R, A AR S Y 4R E A
DREEA B EHOCRE 708 . AU e A s ) )
THRAMEZAEY), Bk LRR, J/T 20057
B 3% &R . @l 3 K ] Parabasalia F1 #T fill 4 7]
Preaxostyla £t i H{ H Oxymonadida (Inoue et al.,
2000; #LLAE, 2006) . B HEART] IR S A1 Y
o A & fb B K . 4 A Trichonymphida,
Spirotrichonymphida . Cristamonadida il

Trichomonas (Trager,

Trichomonadida 4 /> H (Brugerolle and Patterson,
2001; Adl et al., 2005). ifgH H A 39 408
Wk Z SALEHA, CTERRMAAZ, B4
5 5AFE, Horb 44 HUAR I L 1 ORT R Wik e A0
Cryptocercus [ i iB I (Brugerolle and Lee, 2000;
Hampl, 2017),

H oAl % & o8y B s A 3l By 3k Boa Fh
(Yamin, 1979). A[EFhZEH B 54 S
Tl 2 AR 22 S AR . HICE U i i v s AR
i, TedbEBABUmIE A 20 Z 8 AR 5l
¥ (Duarte et al., 2017b) ; I Q=
Reticulitermes chinensis T H AT Z A 10 ZF1 (Chen
etal., 2011; Songetal., 2021); MZ T, i
1508 H WY Incisitermes snyderi XA 3 F) J5 A= Bl ¥
(Dolan et al., 2000; Gerbod et al., 2002; Harper
etal., 2009). TEIAR, W HEARTE F UG IE A
WS E DT AT R R AR ERH BN, (H
SRR TRV HOR YR T 2047 T RS A o326 .
BN, &3 A B Coptotermes formosanus i H |
o8 Ik A 3T EAE S . Pseudotrichonympha
grassii |

hartmanni, 532X} 18 5 4= 74 18S rRNA Je A if

Cononympha leidyi F1 Holomastigotoides
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FrRRGIE B JE 2 8 R 4 TP AL (Xie
etal., 2011); BEJGHRYE LA ML SR LB T 5
FLA W E RS R,
Holomastigotoides minor (Nishimura et al., 2020) ;
OB 18S rRNA ZE RN P45 R ELW], B FL A
WmiE WA S FIEES Y f3h P grassii. H
hartmanni, H. minor. Con. leidyi I Cononympha
koidzumii (Jasso-Selles et al., 2020). #Ab, B3
3h Y Zootermopsis angusticollis T W 5 e B 7 Fp )
A% (Yamin, 1979), HETRGELHFREHT
S5 AE5r T, Tai%E (2013) R T 34-HiFl.

2 BNERENNLEAR

FLSU 38 T i SR E ) R Z 2 4T, A TE
J& W A A A b i FE AR . VIR — D
B i 18 U W #E AR (Benjamino and Graf, 2016)
B, LENGILE A B Reticulitermes speratus i H
BRTEAA T Spirochaetota S 7 AR, KN
fUFF A1) Bacteroidota, JEREHE [ ] Firmicutes F1 TG1
(Termite group 1) (Hongoh et al., 2003). 7£& 4
FU W R 0 B 40 78 R A HUAT 1] (Shinzato
etal., 2005). fEFBUHENA, 1778 A MG s
W, [ -2 G AR S YA o AR S
H 5 FF 5 0 38 A 4 5 B % (Stephens and Gage,
2020) . X g6 4 40 T OLLOCAh dE A4 k7
(Ectosymbionts) HYJE 2UR & 78I A sh i s 2 15
50 ST o2 oY N (Endosymbionts) JE 204 6 7
Jis A B i AN I ST S 4 A% (Ohkuma et al.,
2005)

P 38 T B0 20 T B R PR AR B, X
S 20 B8 7E 11K COF B % 43 R TGL, TG2 (Termite
group 2) I TG3 (Termite group 3) (Ohkuma and
Kudo, 1996; Hongoh et al., 2003; Hongoh et al.,
2005; Hongoh et al., 2006; Ohkuma and Brune,
2011) o TGL [] i 40 B fic #) & BT 10 H BOJR
Reticulitermes I i #' (Ohkuma and Kudo, 1996) ,
JE WU I8 J5 AR Sh Y R N AL AR AT (Stingl et all.
2005; Ikeda-ohtsubo et al., 2007; Ohkuma et al.,
2007; Ikeda-ohtsubo and Brune, 2009; Desai et al.,
2010) . BEFEMITRA, FEHER G LB A
TG [T 40T, 5] 2 45 8 0 2F 9% B b (Ohkuma
et al., 2007) . BfJ& , #§ TG T8N XEAT 1 1]

Elusimicrobia (Geissinger et al., 2009). TG2 % 4]
WAEHL IR Reticulitermes 1 & 38 (Hongoh et al.,
2003), EIRALIE M E T HLI R K o E I ZB3
I3 o JREEFRAEACI TR . WA DU Al 3k
WA Yy h WA kB2 B TG2/ZB3 73 3L AT
H A TG2/ZB3 43 % J& F % 3% ] Margulisbacteria
(Utami et al., 2019) . TG3 ['] & ¥ 75 & 11 )&
Microcerotermes & B, 0 5 1738 PN 40 36 8211 10%
A I (Hongoh et al., 2005) . 7S WA T
Yy KRS AN G DU AT A B TG3 14T
(Hongoh et al., 2006) .

2.1 BYMERE ML ERE

e BUE Y, 5SS LA i 40 1 3
LA FEURBEARTT . AT EETT . AT B )R A
I"] Synergistota 55 . R IE{K & TURBE AT, PIHIE
RANK B R ER G M54, AP AE T 54
Yy srRm, WARZ AWM AENT B D
(Yang et al., 2005) . IXSE8RGE M H S Jm T 5% 1R
e g Treponema (lida et al., 2000; Noda et al.,
2003; Wenzel et al., 2003; Inoue et al., 2008) .
— 5= B ) 240 i 3 T T RE L 2 AR R A, T
i — R R A T BB 1 BLZE AR R S5 A s ) B IR
eV e g id i F B iR shok e sh 5 A s iz 5l .
B, TE3R IR SCR H M Mastotermes darwiniensis W
B J5 A B Mixotricha paradoxa 41 i 3% T 4345 A 2
D 3FPIRTER, ENTRER IR A iZ 3 (Wenzel
et al., 2003). LA, TE Cryptotermes cavifrons 14
iR R BT — MR E T ARz s34
40 (Hongoh et al., 2007b). Br T #E5h A= 5h ¥
Wl , AR A TR AR RR AR Sh PR S D7 T &
¥ THEZEH (Leander and Keeling, 2004). JEA:
AL AR A AR AT RESK A T b A i sh
B4 (Hongoh et al., 2007b; Stephens and Gage,
2020)

T H Bacteroidales 1Y 5 AL S ) d 28 H 4E
HhIEA G . i, AR L WUR AR B
Dinenympha W & 3L T — F4UUFF 1/ H Hb 2 AE 41
Candidatus Symbiothrix dinenymphae, %4 i FH M
Jig 3 v 4 TR B Y 2.5% (Hongoh et al., 2007a) 1E
BT HERD Y Cryptotermes secundus . N AEIR B Y
Zootermopsis nevadensis F1EE A W5 W 52 Wk (1) % 3 &
PR B H A AR 3 3 AR, I HLix sk
SMICA AR IE S A BT 225 (Noda et al., 2006b) .
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IR IR 31 N A T 8 Endomicrobium  (J& T Xk
PR AN A S R NS S A, fE4E
Z M W B B W Stolotermes wvictoriensis HJ
Spirotrichosomid Jit A= 2l ¥ A1 W 24 FF W = HY
Porotermes adamsoni 1) Jii = 2l ¥ Trichonympha
magna b & BN A LA T8 B A 3 A A (Tzawa
etal., 2017)
22 BRmERESY N ERE

T (e Sb Az A0 — A, J5AE S A0 0 40
WWHE T2 0K80, WFPIFEHE . WA
AT JaR R MR A S A5 o X LA TR R R A A TE
I AR SR A b, WA — Se R R AR T
SRR . B, TE Trichonympha agilis
B AR S rh % B2 B A A% 4R TR (Sato et al.,
2014) . fEREILABRE S, AR H AR 5
R, 20T S SRR 70%  (Shinzato et al.
2005) o F3 b, AUAT T H 9w AR IR A Sh ) P
grassii (3L ARAEAE BN 20 A v 40 B A4S 20k 2
10°4> (Noda et al., 2005) . i iz 54 Jfd K& R 2 4
HAFAR, A5 T X M4 Candidatus Azobacteroides
pseudotrichonymphae 1) 5¢ 3 & N4 J751), BE 4R
/N LT Mb, B R AW B TR, X
o 20 TR AN A EAT [ RRE 1, 36 RE S N 2 T ik
R F4H B (Hongoh et al., 2008b). MtAlL, WAI%
T Jm 1Y 4 B LR S b A AR = R B (Yang
et al., 2005) . P Un, Candidatus Endomicrobium
trichonymphae 4 JITE T. agilis )5 4= 39 P9 1 BUE 35
4 000 AN/ A= 3 Wy, o5 M E Y AR S R 4%
(Ohkuma et al., 2007; Hongoh et al., 2008a). Ca.
Endomicrobium trichonymphae W) 35 [F 20 A7 75 4 Vol 1
ft. (Reductive evolution) , {HZ2EHA G M 15Fh
FHRMAMZFHBFIEET] (Hongoh et al., 2008a).
Heh, 5 Pseudotrichonympha & A sh W e 86
Z W) Eucomonympha F Teranympha J& 54 sh ¥ ) N
A=k )E T3 8 eAJE (Ohkuma et al., 2015).

(EASTE RIS, —Fh AR Sh Wy 40 i 9 T e &
A Z M LA A0 . MR IR B AU E R AR S
¥ Trichonympha collaris 7% 4 Ca. Endomicrobium
trichonymphae #1 Candidatus Adiutrix intracellularis
2RI AR . S3Ah, R)JE RO R ] BB AE 2 R
FEA Sz F . B, Pyrsonympha vertens. T.
agilis Fl Dinenympha J&#RA YA (0 &8 N A4 40 0
(Stephens et al., 2022). R Clostridium 17 7£ T J5

B W) T. agilis. P. grassii F1 Devescovina sp. 2l il
W, AEWIE B o B i SEAR R AR T RE = A AR TE A
BN (Takahashi et al., 2023),
23 BWERESNY SHEELEN

P 38 D 2B S ) 5 AR T A A D3 ) 4 e
(Cospeciation) G . LA Trichonympha J& 5 A 314
S, R AR A TR A R 1S B R
YL o Z ) B gL O R (Tkeda-ohtsubo
et al., 2007). Pseudotrichonympha J& 54 84y H
A B WL Rhinotermitidae B, 3% Z [A]4F
TESLIEL LG ; BLAh, Pseudotrichonympha J& i A
Y5 NI TE Z AR T 2 Rlny St ik
RO AR A0 R Y o OB T AR Sl A Y
JLFHMIF (Noda et al., 2007). Trichonympha J& i
RSP IRT 3 AR IS R (Lineage) , TMAE
Tl Je 20 T AR TP R 1 T 3 R (Apical
lineage) —Cluster I, XM R FEAFE KA HH
B F1 L R Termopsidae FH Y JR A 3l 4 5
Cluster I i N LA AR ) 1A SRR BE, 578 47
TE D [F ) FIOE i G 2R, X Rh iR [] 40 R = ih
T A A o AL T 3 B0 (Tkeda-ohtsubo and
Brune, 2009),

RIS S A R B LI R, H
EMZRIRCREE W, £ L h
PSS | O 1 i = A
evolutionary events) (Noda et al., 2007). LPAA:3)
Y Devescovina N B, Devescovinids 5 H: AN LA 40
Z A 2 RIS, {0 Devescovinids I N
A A N R R, R BN K
(77 XK1 (Desai et al., 2010) ., FhIE 2% 12
TR . SEHFRL R Tammella FUFT B H 5 A
AT S B W AR T SR G FOE IR 5K B R
(Noda et al., 2003; Noda et al., 2006a, 2006b;
Hongoh et al., 2007b) . T4 B 5% 3 W M7 18 i A= 3
Yrfie N iE N A il A2 TR RS BRORE ob A AR A0
(Stephens and Gage, 2020). %34, Eucomonympha
H Teranympha J& 1) i A= 2l ) #5555 SR TiE AR I 1)
AR, H Teranympha J& 54 shW) 5 2 e A
40 TR 2 B AF AR LA RS, 1T Eucomonympha I
Ji AR Bl ) 5 o R A 1 A TR SRR A
XA R A A TR 18 F 54 F5 (Host switches) F3(
M) (Noda et al., 2018) . H & K [ W Ff
Kalotermitidae 15 "1 i Oxymonas J5 4= 4 ) #LFT

(Non-codivergent
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B H ML A R R S e RBGI , X R EUAE B
Yy 5 4 g 2 18] AL D) S 59 2 24 1 (Desai et al.,
2010)

3 BNRE R E SRR

P I 3 5 22 ) B Ak 2 M B A (] Y A
3% (Brune and Friedrich, 2000). 1%Fh5 itk 2s
ISR 7 €a et 7k NI U EA o VA 7B R T G
Yoy A TEAN R X sk, BpIm] 23 T, I —A> 52 2%
FaE N IREIR R . TER B bd feh, A
SmE N HEWIE R TR EILE LR, T
i TE WA= 0y 0 EE B, T O AR AR A X L
BREE, FEAARER T HCEY RS R ETE
AL, R, K& R S RE % 5K 3 i
Jo 38 T W R Ve AL . U 3 A SR T Y
R AL 32 B S AN BV RIS, 3852 B
REZF R I XL PR R I E AR TRk
Yittevs A HAE AR A DR A8 A RS E
3.1 BWEREFHMH=ESH

P 1E SRR, AT MR . T L
B IR E 0I5 W 3858 o S5 Witk — 2 n] LUk
5y R 5AERSY: IR (PL) ., e (P2), 4
JEH (P3). &5l (P4) FIEM (P5) (Tokudaet al.,
1997), FWAP3 X BFER K, HmBES AR
wIFEA Y. U E N R R A S A S R L AL
AT, TR 76 10 A Bl o) RAR [ 255 )L 5 B S o P
OXAT BRI o 7 B e AN T T A0 A 1 i BE DI
7 5 AR Bl W DL B e 2 A T 0 A A T G
(BLL5, 2006) . A7 L6 1S I BE T K& A 8L
W H RS A, B, A3 Pyrsonympha
vertans i %€ TE S0 HL FH W Reticulitermes santonensis
(Yang et al., 2005) F1db & HL A A J5 W BE L
(Breznak and Pankratz, 1977). T RIFEAKITEAE
YA K AR et dEad fe b 4R H,, ARSI
78 1) 3 A S 2 OG 2 R J 3E  0 HL A3 TR AR T R
YERT . BF9E3R MY, Ul iE iy H A1 O, ik 52 4
PRI, H, W BEAE I e v O die iy, ) M B B
FEAR: O M E EmREAb ey, & A XA S
1 L AR &, R IX AR 7E B B o0y (Brune,
1998) o Jt Ak Bl WA 1) s ] b 5 00 s v 1 3
. HEEEILABmIET, P. grassii T B TE)S
% 8T H . Con. leidyi & %43 5 4 J5 W Ji 36, 1M

Holomastigotoides 75 [ W h LT 351 0 A, 31X
LB J A Bl ) 0 4 (8] 22 S 00 A BRI B ATTAFAE S BE B
i 1. (Nishimura et al., 2020). %Fd6IEH A A
WS R W], T A 3h W) 0 L A9 7 5 1 T o e
(Cook and Gold, 1998).

3.2 BWimEREYR RS

WS P9 B AR AT DLE 2 22 T (Trophallaxis)
i B IR BT, WG AE AT AR A B[R]
W, ARG IE N AR . B,
RG2S, G o A2 AR T EOR AR5 1 18 A
Yo A A FE U TE N Y, TE SR
SOFAE T E A TS, A2 5 B2 18 Y L
A A% 388 2 USRI ) T, X AR R R N B
W5 W 18 AR ) B RIS (Hongoh et al. ,
2005; Noda et al., 2007; Husseneder, 2010).
BRI IE A U E RS B FE R, RIE T
Jign T A A SR i A T SCRR: e A A 1 A 3
(Abdul Rahman et al., 2015). St AN B,
BR85S W AL R R AR, AR
SR A S e T i Lo 5 AR DG, (BAUTE
FERA BRI A SRR TP g F 2 (Michaud
et al., 2020) . J5UA=BWTEA A HEAX 22 i) 6 £ 326 JF:
ATEGERR, A R A E A Y R AR o)
[5G ) 7/ IS 1T U O S [
transmission) , ABHS 15 FCHFAASRAT JL-F- 288 1Y Ji
AT, DI RAIE I AR 3 W) 98 7E A [ AR
Z I FEYE (Velenovsky et al., 2023),

BT AR R, U I A R L HE
WAFEAK AL I AR R SR A
RS BT RE s o A R, AT EOLA N
(1 J AR 2 2 AR W 4 3% (Thorne and Haverty,
1991) . MEAL, IRV 1%t vl AT i R fr + el
A 5 A, X A 7 U A B T U E M AR AN TR
A AR 5lFp B 22 [H] /% 4% (Bourguignon et al.
2018) o K VA HEAE U7 8 G DT TR W i
YEFH B Z (Tai et al., 2015)., RERXIEHE
(Mixed-mode transmission) #IA A /2 F 7 18 f AR
YREvE L ) B 0K g Ty ke iR T e G T
e AL MR RE AR, BEARIE T RUED)
REE MR TN R E L1, OB BTUE Y R
SIASRME TRIREME, IR I 7RI 09 Z AR
@M (Bourguignon et al., 2018).

(Biparental
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3.3 iAW EMENFEENER

AR L T8 N AR — 0 1 U E P A
%, (HATETE 23 D A S A (8] T A T 22 5
b JE B T T N 1) R T A R oA A R
& 240 R LA N D A Bl L A R g P Y B
(Benjamino and Graf, 2016) . TEZJ#&MCE F, #Y
EARAE A WA S BRI LUS £ 5 I1Ah,
B SR ) S NS A R n R AR S,
T AR 78 29 A= Bl b ) 5k 20 Ji 2 B 4 (Shimada
etal., 2013)c 350, FHICHI AR AR R
xF st AR gl W A i i 3 AF TE 2 W (Scharf and
Peterson, 2021). i, {R4IME S FERA )
YR > S FE R R IE R (Sen e al., 2013) .
JFAE SRR IR S A R R T B,
17T J 308 40 7 1 5R 26 5 1 ) SR S AR G I, X
LU AR AL R R R B T X A A AR A
EEE N (Waidele et al., 2017),

bR T RANER , B0 Wl U E YRR
EANES el S e S S L@ N T EST
AR BTEF4E, B A Y VR 4540 A 2k T Bl
A5, X R Y AU E ME RS B
MREFEVE, AT RE AR A S SL A Wy ny 3, [
il Hoe A v A (Huang et al., 2013;
Tarayre et al., 2015) . 4 FBCE PR I8 % 424k
I, AR A A TR R RE 23 R 5 e i T A R
V% AR Al ) S B R R (Benjamino et al., 2018) . It
G, WG R A 0T R ) A4 R e AR sh W Fh R
e FL A %A A P grassi F1H. hartmanni,
HABBAER (Tarmadi et al., 2017). 4 8%
A Z AR BT BB Y, H 38 PR E 1R 4 T Y
RS 2 BERRAR , A8 T AT BRI HUUAT BT A9 A X = B 34
M (Suetal., 2017). 5351, WEEHAEFEH AR
S Wy 18 )R A B ) B B I 2549 (Duarte et al. ,
2017a) . X% BAERT T £ W) e 2 15 U 18 1%
AR TR SR T B A (R A B R
W UE IE AN RE A RS BT A B I B A e, 3R
B LA A WA B iyt i% R A U TE R R
gkl A T EEAE (Boucias et al., 2013).

4 A mEREEMEIRE S IhaEE

J A= Bl LA R 3 A A A U T P R
ERBEEMMO. il A S Y R E E R e

AT AR BTLFAER o3 . MEAh, XA S
ZRRENGE 2, fEARREFYE R B Rk 2
(ISR s W N EI VR 7/ w €<k 7/} i R = . 4]
AP RN A E R EE. BHiEMERSS
TR AR S R e B E— AR AR, AT
TR R FINRBOR . 5 A s b H AR
T E FICE SR 25 D7 T A 454 B ZAE ] (Hongoh,
2011; Alom et al., 2023). J5AEshPydL b AT REDS
HEATIEVEAE T, JF8 B OO Z0 114 5 2 28 BE 2 Al
B, IR AN E Y R A TR A 2
(Peterson and Scharf, 2016). BRItz 7h, HWmIA
TR W3 25 15 1 I 3 18 V81 3 R A 8 1 4 5
(Cleveland, 1957; Liischer, 1972).
4.1 PERRETHERINAE

1 3 2050 % A A T 48 4k 3R (R B T I 45 T
5 YL B PR AE A (Ohkuma, 2008) .
1 BCRE 98 7 245 W5 K /% B (Glycoside hydrolases,
GHs) HUAd Bh 4 (9 %01k ib AR (Lo er al., 2011;
Geng et al., 2018; Wu et al., 2019) ., HB =AY
GHs & % 41 §§ GH9. GHI Ml GH22 (Li et al.,
2006; Watanabe and Tokuda, 2010; Ni and
Tokuda, 2013; Genget al., 2018)., WIHEMELF4EER
fit [R5 W) FH Watanabe % (1998) M AL HL H Y
e AHEEEE T GHIY—F, WIEN Y-
—1,4— % B Wk ity (Endo—B—1,4—glucanases, EGs) .
AU £ 4k B K fi# B (Exo—cellobiohydrolases,
CBHs) VA K B - % % B H ¥ (B —glucosidases,
BGs) . TERMEFLEIMH, BGs 3 BE7E Mk i &
5 (Wuand Li, 2018)c FIBUMAR BIRETIRK
FEEE AR T 18 2L 2R S W (Watanabe and
Tokuda, 2010). F 08 AR B9 LKA AE 4A R
1530 22 TG o 3 S P RS P IR R [ AR
ML AR O] LA BRAR BT 4 R i Ry R H0h
P ZBEA—F L LR R (Hyodo et al., 1999;
Katsumata et al., 2007). I, FHBUZE— &R0
KR4S o
411 U IE AR S R R B 2T 4

Ji £ 0 56 e A O 41 A e 4% R A R A
HhEEFRSLE, S U0 K B AR B W) Trichomitopsis
termopsidis WAL ARB B AR . VERY . TUAMETF dER FIA
B HE (Odelson and Breznak, 1985). H|J{4r T 7%
BERAR, Zr Bi B 2R R A S W) R IR A 4T 4E K g
fl 4% CBHs F1 EGs, XL J&E T GH45, GHT Al
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GHS % X J% (Brune and Ohkuma, 2011). {41,
(&5 7 L U 8 IR Sh ) b o) B 2 R EGs
JEH (Watanabe et al., 2002) . WAL L US
J A By b g B B 2 A R g il AR AT 4ER
filf . AR BB (Xylanases) . Bl $i7 1A B¥ 7 i
(Arabinosidase) . H @i (Mannosidase) FlIB]
LAF W 09 B B ( Arabinofuranosidase ) ( Todaka
et al., 2007) . FERIILHEL A BUR W i J5AE S Ol
Uy 5y 8 th KBS R A B (Xylose isomerase) 3
(Katahira et al., 2017). b4k, FIHEER AR, M
Coptotermes lacteus I 8 b 32 D AR Sl ok
M EGs i, ©A1@ T GH7 %% (Watanabe et al.,
2002)

TE WO E N, AN TR 6 J5 AR 3 W0 7E K J5i 21 2
R RE AR EM . fln, 553
WY g 38 N Y P grassii 1 H. hartmanni HR B A s 21 4
R, H P grassii TEFMBEERENTHE,
H. hartmanni £ 2K 73 T E LR Con
leidyi 5¢ AT 4t R WA Joe J5 B Be i) TAE - (Yoshimura
et al., 1996) o XL J5UAE By WA Fy 3 6 it K B 41
dt, 2R EMIEE S T (Nishimura et al.,
2020) . ARMBPORAEIE A I, BN EER
A RTHREY P. grassii T 53f%  (Yoshimura, 1992), H:
e, 2R 4E KRB (Cellobiohydrolase ) 3 [A 7
A B W) P. grassii sk P Rk m, K P
grassii GE W% =5 X o [ fift 27 4k & (Nishimura et al.,
2020) . il RNAFHLHAR, BE—B Rk 7404
W 7K At Tt 5 DR A 1 T 4 25 I i A v B DG B
M (Liu et al., 2017). tbAh, AZRMEE 2 JHUE
W) H. hartmanni 77 = B9 K 2 B B 98 17 K% i@
(Arakawa et al., 2009) . 53 — Ff i 4= 8 ¥ Con.
leidyi W A FEfR T RBETNRE . REUSH H AL LN R
Hig ., MiEFRAEE SR (Nishimura et al., 2020),
4.1.2 U IE A Sl S A 0 T R AR T 4T 4

EEN7R R SR N e & 3] 5 N T PU /A
SRR, R IE N 2 TS 5K 5 2 2 B i
(AT (Liu et al., 2019). HAET, & MNABG
3B 2 MR RE S R AT R BT AT dERE R AN T (-
YA, 2020) . JEA SR AN 2 5 K AT 4
ok ik 1) i LR VR R B BRI A ) o 3 ot G g
AU ERE S Y, AT AR ALY R A, B
¢ % B, Ab St A 4 B Candidatus Symbiothix
dinnymphae (J& THIFFH B ) 8 & 76 A 30

Dinenympha spp. B 1H , 38 £ X H E 17 4 FE P 4
W, KIZAEAS 2T KRR, 68
WA PR AL L TRER (Yuki et al., 2015), J5/E
81 W) Streblomastix strix V] fEN H 4% S 5 4 48 £
o, E 2 T A 40 B RE v A0 BE 20 I — R A B 2R Y
WL A Tl K B A e AT B B8 K 2T 4E R R
Sy HpA, FEE— AR S, serin AREEFE (Treitli
etal., 2019),
42 H,B=E57RA

H, S I 0 G rp ] = 1 . g 18
A ER LA H 5 (Pester and Brune, 2007). H
SRR VO H, AR R A 22 5%, (H T IUA N 9 H,
o w L AL . H, B AL O T 3
22%~26% (Pester and Brune, 2007). I N AYK
TR 43 H, 38 o 40 3 1) TR IE WUAEF (Acetogenesis )
BAIHT, AT —/INER e i R e A e 25 Bk .
Ab, A5 H SRR SN . ey HL A
WORF T R EMAEYAESRE T IATE W, Xf
HRC—A-5I N B 5 (Sugimoto et al. ,
1998) . BARFAMAERSREH,, (HR2AFMIEHH
WOAE H, Bl L AFE % 22 5% (Sugimoto et al.,
1998) . Jiz3E A H, (A 7 AR 22 TSR B S
i’ (Pester and Brune, 2007).
4.2.1 H,1/=4:

F1 W7 38 D A= Bl W A Wk R A 52T i 2R BORL
W R EEVE R A R . CO, Ml H, (Hungate,
1943; Yamin, 1981). HI, X S84 2 2 75 i
A= S WA R S W R HL, 1 22 AR (Ebert
and Brune, 1997; Inoue et al., 2007). EfLREFIA
S A H AR AR, TR IR RE B A RO AE
M (Mier, 1993). RIEAKTTR A=Y, BT &
A EAEHA, HIRERS A H,y; B 2L H 5
SN Y) AN TE 2 (Hongoh, 2011). BR T
I AR, IO IE PR AT R DOREORE A
4 H,. filan, Treponema azotonutricium ZAS-9 T
Fha] N TE SRR R E AT, BA AT, e
W EFWM AN R . CBE . CO, M H,
(Leadbetter et al., 1999; Graber et al., 2004;
Lilburn et al., 2011). ZFEEAAMTFEI, T. agilis
SRR Y JE TUERS T T AY Rs-D17 4 1R 298 77 4 H,
FIREL (Hongoh et al., 2008a) .

SAGBEAE AL H, 0 ] AR B, 7 H, R A
AR B E AR . R SRR TE Tl



330 B B e 2A 4] Journal of Environmental Entomology 4734

ManpE b, WA —/NBAAETEREY . Sk
Moy R 32K [Fel2fbME . [NiFe] S ALMEHIA & 4 )
R LB (Vignais et al., 2001)., SALEESH 5
LA W — DR EE, XADKRE G
REAE EAT I RE MY M T AR A I E I B I, Wl
it D\ NADH 7= 4 H, (Schuchmann et al., 2018) .
Inoue 5% (2007) 7t 515 F. A WLy 5t 4= 3h ¥ P.
grassii FUEE B 2 gt Fe SALEE RO ZE, B A 1M
EH, A, @AY EREE i, T
azotonutricium ZAS-9 " & I 24~ [Fe| & AL B AL 25
(Ballor et al., 2012), XELZERLFRE, Pz E L
AR — A E T B [Fe] S o
4.2.2 H,1FH

TEA BRI, FE1EE Z T it 7 QAR )
MG, REASHE H, M CO M h CREh, BNFH%
$E T IRBEARTT . R BE G ) A S -2 I W N
Deltaproteobacteria (Rosenthal et al., 2013)., —%
fb ik B Z B (Carbon monoxide dehydrogenase) J&
[7] 784 7= 2, R 20 T8 Wood-Ljungdahl 38 428 B9 ¢ B iff
cooS FE A 9 i — AL BRI E B 2 G W O fEAL (B)
P, IR T8 AT cooS HEP HEAT MM, K
BT 151 MR cooS 3, X SEIL ] 73 34> 5
4 ) B 4332 (Phylogenetic clades) (Matson et al.,
2011). 4G RApEARIENMZRTE, fENE
NS IE T LT 2R FRL” QR . 8-
AR EMA, o 8T o A s S i 3 A, i
PR E R B b AR TS 7E B WP (Rosenthal et al.,
2013) . W4k, Treponema primitia ZAS—1 Fl ZAS-2
WG~ T AR 8 o 2 R O 0 PE H AT H,  (Leadbetter
et al., 1999; Graber et al., 2004). E¥{E 255
Mr#28, Treponema primitia ZAS—1F1ZAS-2 4t Z
MFelE BRI, EH DRI 1 ET A [Fe] &
e, WS HRIEEMIERE SR, 252
BRIE AEF (Ballor et al., 2012),

e L MR Hodotermopsis sjoestedii H1, 60%
(3 SR 7 R AR AR 4 0 1Y) T R FH 2 Fh i 2R
h Yy Eucomonympha J& N I A Al R A Y
(Ohkuma et al., 2015). 5 T. agilis 434 A9 2 Fp
41 W :  Ca.
Candidatus  Desulfovibrio
Endomicrobium trichonymphae J& T N 3, i Ca.
Desulfovibrio trichonymphae fix NI, H 38 i —
AUNAL A RO B, A F R B Ca

Endomicrobium  trichonymphae 1l

trichonymphae , Ca.

Desulfovibrio trichonymphae H. A %A b H, 1) U1 &
(Kuwahara et al., 2017). BAR7=H BEAE W] LA
AR 2 Hy, H X H & H, I FE R R /N
(Brune, 2018),

4.3 ElmIhge

H AT DU UK FE LT 4 Z A A7 (Cleveland,
1925), X — ALl Hungate $E0 (AT DL & 2
KAHHYN, (Hungate, 1941). Bif5, it 24k
W s, IR B R AT [ A AEH (Benemann,
1973; Breznak et al., 1973)., WA KB, 4iE
BHRGTARE, HEREEERER, XERU A
By [ Z Gk B A IE 4 (Breznak et al., 1973) .
BRI BUS b o3 B 28k B A A0 (French
et al., 1976; Potrikus and Breznak, 1977; Lilburn
et al., 2011), {HICHRZ B4 [ ZUAM B AN RERE A T 85
Fto MG THYIFEORN K RE, il R
(nifH) ML HDFHEAR, 3 U5 18 B A
WA B Z A R T (Ohkuma e al., 1996
Noda et al., 1999; Ohkuma et al., 1999; Noda et
al., 2002; Lilburn et al., 2001). nifH 3£ K 5K
4153 (Clusters 1 = 1V) (Zehret al., 2003), H
BT 43 25 2 19 nifH 2 ] K 2 3 J& T Cluster 11 1
Cluster 1T, VIJ& T Cluster T 140 E JE % /> (Brune
and Ohkuma, 2011). flun, 7 SEHHE A B E
H& B IH & F Cluster 11 A1 Cluster 111 B9 nifH 1§ 51|
(Duet al., 2012), #itXF 19 %) FHBUF Cryptocercus
punctulatus T nifH WFFEFRIT, ISR ICER 28U L
I 2R 48 K 7 e 0 0 ik R 1 80 TR A T 9 45
(Yamada et al., 2007).

TEEBRIEN , BAEE T A AT T,
[Ny, WAEAE S AR sh Yy A A Ry [ U . i,
AR [ AT 1 32k AR S T T
HAMNEA 4 E (Desai and Brune, 2012) . FE AR
S, LT B A Y AR TR R A 3
Eucomonympha W) N A2 40 58 1L, X A48 & T
25 W8 AR J& Cluster 11 A9 A% 51 (Ohkuma et al.,
2015) . J34h, HEWEIL A BUEIE A s Y P.
A oA W Ca
pseudotrichonymphae 1 ELA [ &G, ERESHEE N,
%4k NH, (Hongoh et al., 2008b). {H [ %% I
EB LA b AR s, A EE
BH L EEHRARE (Mullins et al., 2021). TARH
OB g 3 PN 1 T BT T L - AR PR Y 15 9 L

grassii 3t Azobacteroides
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B = (Mullins and Su, 2023). &7 FLH B E AW
P 14 5 I 52 12 W R AR BRI B S (A
HERAE, 2002) Pk, [ R0 B TR 0 FR Y
YERAA TR AT I

5 RE

H B i A sh i 5 3L el T — R
e SEA IR, XTSRSl R 4 T
EM . T HBURE M 2, IR2 L
s E AR A BE BN TR 3R . R B
TAY AR, GRRY T RN L
AR, ORMTRAE T FATR TR Sh ) o
Je . SLAR AN A | IR A Sh Y- JE A AR A
KA LAY RS T R A AEYE
B P B O Xt B 40w i) D RE AT i pr, (1%
Z RN R DI REV R ZEAT I UE . B3 1 U 8 55 iR
(10 B A P BT 70 B 35 IR AR FR R AT B T
B A SR DI RENTTE o [, R Z 4G
FBe, REMS IR A M A 3l S AR S ) 4 2R B T
RE. KWt oe R T B 5 A S Y B M AR
KA B T RE T 4 i 348 7R i 1 JRUAE s HE T
GALS AR W R P IR o 38 X I A= Bl W % A
AR HENLH] TR ABETE , A B0 O XA 5 1 2R
A FNIAE LRI (R 14 10 FH 5

Sk (References)

Abdul Rahman N, Parks DH, Willner DL, et al. A molecular survey of
Australian and North American termite genera indicates that
vertical inheritance is the primary force shaping termite gut
microbiomes [J]. Microbiome, 2015, 3: 5.

Adl SM, Simpson AG, Farmer MA, et al. The new higher level
classification of eukaryotes with emphasis on the taxonomy of
protists [J]. Journal of Eukaryotic Microbiology, 2005, 52: 399-451.

Alom MS, Cen Y, Tang R, et al. Change of termite hindgut metabolome
and bacteria after captivity indicates the hindgut microbiota
provides nutritional factors to the host [J]. Frontiers in
Bioengineering and Biotechnology, 2023, 11: 1228918.

Arakawa G, Watanabe H, Yamasaki H, et al. Purification and molecular
cloning of xylanases from the wood—feeding termite, Coptotermes
formosanus ~ Shiraki  [J].
Biochemistry, 2009, 73: 710-718.

Bioscience,  Biotechnology, — and
Ballor NR, Paulsen I, Leadbetter JR. Genomic analysis reveals multiple
[FeFe] hydrogenases and hydrogen sensors encoded by treponemes

from the H,-rich termite gut [J|. Microbial Ecology, 2012, 63:

282-294.

Benemann JR. Nitrogen fixation in termites [J]. Science, 1973,
181 (4095): 164-165.

Benjamino J, Graf J. Characterization of the core and caste—specific
microbiota in the termite, Reticulitermes flavipes [J]. Frontiers in
Microbiology, 2016, 7: 171.

Benjamino J, Lincoln S, Srivastava R, et al. Low—abundant bacteria
drive compositional changes in the gut microbiota after dietary
alteration [J]. Microbiome, 2018, 6: 86.

Bloodgood RA. Ultrastructure of the attachment of Pyrsonympha to the
hind—gut wall of Reticulitermes tibialis [J]. Journal of Insect
Physiology, 1975, 21: 391-399.

Boucias DG, Cai Y, Sun Y, et al. The hindgut lumen prokaryotic
microbiota of the termite Reticulitermes flavipes and its responses to
dietary lignocellulose composition [J]. Molecular Ecology, 2013,
22: 1836-1853.

Bourguignon T, Lo N, Dietrich C, et al. Rampant host switching shaped
the termite gut microbiome [J]. Current Biology, 2018, 28:
649-654.

Breznak JA, Brill W], Mertins JW, et al. Nitrogen fixation in termites
[J]. Nature, 1973, 244: 577-580.

Breznak JA, Pankratz HS. In situ morphology of the gut microbiota of
wood—eating termites  [Reticulitermes flavipes (Kollar) and
Coptotermes formosanus Shiraki] [J]. Applied and Environmental
Microbiology, 1977, 33: 406-426.

Brugerolle G, Lee J. Order Oxymonadida. In: Lee JJ, Leedale GF,
Bradbury PC, eds. An llustrated Guide to the Protozoa: Organisms
Traditionally Referred to as Protozoa, or Newly Discovered Groups.
2" ed. [C]. Lawrence (Kan.): Allen Press, 2000: 1186—1195.

Brugerolle G, Patterson DJ. Ultrastructure of Joenina pulchella Grassi,
1917 (Protista, Parabasalia), a reassessment of evolutionary trends
in the parabasalids, and a new order Cristamonadida for
devescovinid, calonymphid and lophomonad flagellates [J].
Organisms Diversity & Evolution, 2001, 1: 147-160.

Brune A, Friedrich M. Microecology of the termite gut: structure and
function on a microscale [J]. Ecology and Industrial Microbiology,
2000, 3: 263-269.

Brune A, Kiihl M. pH profiles of the extremely alkaline hindguts of soil—
feeding termites (Isoptera:  Termitidae) determined  with
microelectrodes [J]. Journal of Insect Physiology, 1996, 42: 1121-
1127.

Brune A, Ohkuma M. Role of the termite gut microbiota in symbiotic
digestion. In: Bignell DE, Roisin Y, Lo N, eds. Biology of Termites:
a Modern Synthesis [C]. Dordrecht: Springer, 2011: 439-475.

Brune A. Methanogens in the digestive tract of termites. In: Hackstein
JHP, eds. (Endo)symbiotic Methanogenic Archaea [C]. Cham:
Springer, 2018: 81-101.

Brune A. Termite guts: The world’s smallest bioreactors [J]. Trends
Biotechnol, 1998, 16:16-21.

Carrijo T, Engel M, Chouvenc T, et al. A call to termitologists: It is time

to abandon the use of “lower” and “higher” termites [J].



332 b B 243 Journal of Environmental Entomology 4734

Insectes Sociaux, 2023, 70: 295-299.

Chen W, Shi Y, Peng JX, et al. Phylogenetic diversity analysis and in
situ hybridization of symbiotic Oxymonad flagellates in the hindgut
of Reticulitermes chinensis Snyder [J]. Acta Ecologica Sinica, 2011,
31: 5332-5340. [BR3C, 41 %, AT, & . BRI A s s It A
B R E R R 2R T S IR A S S E (T, AR SRR
2011, 31: 5332-5340]

Cleveland LR, Burke Jr AW, Karlson P. Ecdysone induced
modifications in the sexual cycles of the protozoa of Cryptocercus
[J]. The Journal of Protozoology, 1960, 7: 229-239.

Cleveland LR. Correlation between the molting period of Cryptocercus
and sexuality in its protozoa [J]. The Journal of Protozoology, 1957,
4: 168-175.

Cleveland LR. Symbiosis between termites and their intestinal protozoa
[JI. Proceedings of the National Academy of Sciences, 1923, 9:
424-428.

Cleveland LR. The method by which Trichonympha campanula, a
protozodn in the intestine of termites, ingests solid particles of
wood for food [J]. The Biological Bulletin, 1925, 48 (4): 282-288.

Cook TJ, Gold R. Organization of the symbiotic flagellate community in
three castes of the eastern subterranean termite, Reticulitermes
Sflavipes (Isoptera: Rhinotermitidae) [J]. Sociobiology, 1998, 31:
25-39.

Desai MS, Brune A. Bacteroidales ectosymbionts of gut flagellates shape
the nitrogen—fixing community in dry=wood termites [J]. The ISME
Journal, 2012, 6: 1302-1313.

Desai MS, Strassert JF, Meuser K, et al. Strict cospeciation of
devescovinid flagellates and Bacteroidales ectosymbionts in the gut
of dry—wood termites (Kalotermitidae) [J]. Environmental
Microbiology, 2010, 12: 2120-2132.

Dolan MF, Wier AM, Margulis L. Budding and asymmetric reproduction
of a trichomonad with as many as 1000 nuclei in karyomastigonts:
Metacoronympha from Incisitermes [J]. Acta Protozoologica, 2000,
39: 275-280.

Du X, Li X, Wang Y, et al. Phylogenetic diversity of nitrogen fixation
genes in the intestinal tract of Reticulitermes chinensis Snyder [J].
Current Microbiology, 2012, 65: 547-551.

Duarte S, Duarte M, Borges PA, et al. Dietary—driven variation effects
on the symbiotic flagellate protist communities of the subterranean
termite Reticulitermes grassei Clément [J]. Journal of Applied
Entomology, 2017a, 141: 300-307.

Duarte S, Nunes L, Borges PA, et al. Living inside termites: An overview
of symbiotic interactions, with emphasis on flagellate protists [J].
Arquipélago-Life and Marine Sciences, 2017h, 34: 21-43.

Ebert A, Brune A. Hydrogen concentration profiles at the oxic—anoxic
interface: A microsensor study of the hindgut of the wood—feeding
lower termite Reticulitermes flavipes (Kollar) [J]. Applied and
Environmental Microbiology, 1997, 63: 4039-4046.

French J, Turner G, Bradbury J. Nitrogen fixation by bacteria from the
hindgut of termites [J]. Microbiology, 1976, 95: 202-206.

Geissinger 0, Herlemann DP, Moischel E, et al. The

ultramicrobacterium  “Elusimicrobium minutum”  gen. nov., sp.
nov., the first cultivated representative of the termite group 1
phylum [J]. Applied and Environmental Microbiology, 2009, 75:
2831-2840.

Geng A, Cheng Y, Wang Y, et al. Transcriptome analysis of the
digestive system of a wood—feeding termite (Coptotermes
formosanus) revealed a unique mechanism for effective biomass
degradation [J]. Biotechnology for Biofuels, 2018, 11: 24.

Gerbod D, Noél C, Dolan MF, et al. Molecular phylogeny of parabasalids
inferred from small subunit rRNA sequences, with emphasis on the
Devescovinidae  and ~ Calonymphidae  (Trichomonadea) [J].
Molecular Phylogenetics and Evolution, 2002, 25: 545-556.

Graber JR, Leadbetter JR, Breznak JA. Description of Treponema
azotonutricium sp. nov. and Treponema primitia sp. nov., the first
spirochetes isolated from termite guts [J]. Applied and
Environmental Microbiology, 2004, 70: 1315-1320.

Hampl V. Preaxostyla. In: Archibald JM, Simpson AGB, Slamovits CH,
eds. Handbook of the Protists [C]. Cham: Springer, 2017: 1139-
1174.

Harper JT, Gile GH, James ER, et al. The inadequacy of morphology for
species and genus delineation in microbial eukaryotes: An example
from the parabasalian termite symbiont Coronympha [J]. PLoS
ONE, 2009, 4: e6577.

Hongoh Y, Deevong P, Hattori S, et al. Phylogenetic diversity,
localization, and cell morphologies of members of the candidate
phylum TG3 and a subphylum in the phylum Fibrobacteres,
recently discovered bacterial groups dominant in termite guts [J].
Applied and Environmental Microbiology, 2006, 72: 6780-6788.

Hongoh Y, Deevong P, Inoue T, et al. Intra—and interspecific
comparisons of bacterial diversity and community structure support
coevolution of gut microbiota and termite host [J]. Applied and
Environmental Microbiology, 2005, 71: 6590-6599.

Hongoh Y, Ohkuma M, Kudo T. Molecular analysis of bacterial
microbiota in the gut of the termite Reticulitermes speratus
(Isoptera; Rhinotermitidae) [J]. FEMS Microbiology Ecology, 2003,
44:231-242.

Hongoh Y, Sato T, Dolan MF, et al. The motility symbiont of the termite
gut flagellate  Caduceia wversatilis is a member of the
“Synergistes” group [J]. Applied and Environmental Microbiology,
2007b, 73: 6270-6276.

Hongoh Y, Sato T, Noda S, et al. Candidatus Symbiothrix dinenymphae:
bristle-like Bacteroidales ectosymbionts of termite gut protists [J].
Environmental Microbiology, 2007a, 9: 2631-2635.

Hongoh Y, Sharma VK, Prakash T, et al. Complete genome of the
uncultured Termite Group 1 bacteria in a single host protist cell [J].
Proceedings of the National Academy of Sciences, 2008a, 105:
5555-5560.

Hongoh Y, Sharma VK, Prakash T, et al. Genome of an endosymbiont
coupling N, fixation to cellulolysis within protist cells in termite
gut [J]. Science, 2008b, 322: 1108-1109.

Hongoh Y. Toward the functional analysis of uncultivable, symbiotic



24 5K THAE U R A ST 333

microorganisms in the termite gut [J]. Cellular and Molecular Life
Sciences, 2011, 68: 1311-1325.

Huang XF, Bakker MG, Judd TM, et al. Variations in diversity and
richness of gut bacterial communities of termites (Reticulitermes
Sflavipes) fed with grassy and woody plant substrates [J]. Microbial
Ecology, 2013, 65: 531-536.

Hungate RE. Quantitative analyses on the cellulose fermentation by
termite protozoa [J]. Annals of the Entomological Society of
America, 1943, 36: 730-739.

Hungate RE. Experiments on the nitrogen economy of termites [J].
Annals of the Entomological Society of America, 1941, 34 (2):
467-489.

Husseneder C. Symbiosis in subterranean termites: A review of insights
from molecular studies [J]. Environmental Entomology, 2010, 39:
378-388.

Hyodo F, Azuma JI, Abe T. Estimation of effect of passage through the
gut of a lower termite, Coptotermes formosanus Shiraki, on lignin by
solid—state CP/MAS "*C NMR [J]. Holzforschung, 1999, 244-246.

lida T, Ohkuma M, Ohtoko K, et al. Symbiotic spirochetes in the termite
hindgut: Phylogenetic identification of ectosymbiotic spirochetes of
oxymonad protists [J]. FEMS Microbiology Ecology, 2000, 34:
17-26.

Ikeda—ohtsubo W, Brune A. Cospeciation of termite gut flagellates and
their bacterial endosymbionts:  Trichonympha species and
‘Candidatus  Endomicrobium trichonymphae’ [JI. Molecular
Ecology, 2009, 18: 332-342.

Ikeda—ohtsubo W, Desai M, Stingl U, et al. Phylogenetic diversity of
‘Endomicrobia’ and their specific affiliation with termite gut
flagellates [J]. Microbiology, 2007, 153: 3458-3465.

Imms AD, Hickson SJ. On the structure and biology of Archotermopsis,
together with descriptions of new species of intestinal protozoa, and
general observations on the Isoptera [J]. Royal Society, 1920, 209:
75-180.

Inoue JI, Noda S, Hongoh Y, et al. Identification of endosymbiotic
methanogen and ectosymbiotic spirochetes of gut protists of the
termite Coptotermes formosanus [J]. Microbes and Environments,
2008, 23: 94-97.

Inoue JI, Saita K, Kudo T, et al. Hydrogen production by termite gut
protists: characterization of iron hydrogenases of parabasalian
symbionts of the termite Coptotermes formosanus [J]. Eukaryotic
Cell, 2007, 6: 1925-1932.

Inoue T, Kitade O, Yoshimura T, et al. Symbiotic associations with
protists. In: Takuya Abe, Bignell DE, Higashi M, eds. Termites:
Evolution, Sociality, Symbioses, Ecology [C]. Dordrecht: Springer,
2000: 275-288.

Inward D, Beccaloni G, Eggleton P. Death of an order: a comprehensive
molecular phylogenetic study confirms that termites are eusocial
cockroaches [J]. Biology Letters, 2007, 3: 331-335.

Izawa K, Kuwahara H, Sugaya K, et al. Discovery of ectosymbiotic
Endomicrobium lineages associated with protists in the gut of

stolotermitid termites [J]. Environmental Microbiology Reports,

2017,9: 411-418.

Jasso—Selles DE, De Martini F, Velenovsky IV JF, et al. The complete
protist symbiont communities of Coptotermes formosanus and
Coptotermes gestroi: Morphological and molecular characterization
of five new species [J]. Journal of Eukaryotic Microbiology, 2020,
67: 626-641.

Katahira S, Muramoto N, Moriya S, et al. Screening and evolution of a
novel protist xylose isomerase from the termite Reticulitermes
speratus for efficient xylose fermentation in Saccharomyces
cerevisiae [J]. Biotechnology for Biofuels, 2017, 10: 1-18.

Katsumata KS, Jin Z, Hori K, et al. Structural changes in lignin of
tropical woods during digestion by termite, Cryptotermes brevis [J].
Journal of Wood Science, 2007, 53: 419-426.

Krishna K, Grimaldi DA, Krishna V, et al. Treatise on the Isoptera of
the world [J]. Bulletin of the American Museum of Natural History,
2013, 377: 200-623.

Kuwahara H, Yuki M, Izawa K, et al. Genome of ‘Ca. Desulfovibrio
trichonymphae’, an H,-oxidizing bacterium in a tripartite
symbiotic system within a protist cell in the termite gut [J]. The
ISME Journal, 2017, 11: 766-776.

Leadbetter J, Schmidt T, Graber J, et al. Acetogenesis from H, plus CO,
by spirochetes from termite guts [J]. Science, 1999, 283: 686-689.

Leander BS, Keeling PJ. Symbiotic innovation in the oxymonad
Streblomastix strix [J]. Journal of Eukaryotic Microbiology, 2004,
51:291-300.

Leidy P. On intestinal parasites of Termes flavipes [J]. Proceedings of the
Academy of Natural Sciences of Philadelphia, 1877: 146-149.

Lespes C. Recherches sur 1’ organisation et les moeurs du termite
Lucifuge [J]. Annales Sciences Naturelles Zoologie, 1856, 4:
227-282.

Li L, Frohlich J, Konig H. Cellulose digestion in the termite gut. In:
Konig H, Varma A, eds. Intestinal Microorganisms of Termites and
Other Invertebrates [C]. Dordrecht: Springer, 2006: 221-241.

Lilburn T, Kim K, Ostrom N, et al. Nitrogen fixation by symbiotic and
free=living spirochetes [J]. Science, 2001, 292: 2495-2498.

Liu N, Li H, Chevrette MG, et al. Functional metagenomics reveals
abundant polysaccharide—degrading gene clusters and cellobiose
utilization pathways within gut microbiota of a wood—feeding higher
termite [J]. The ISME Journal, 2019, 13: 104-117.

Liu XJ, Xie L, Liu N, et al. RNA interference unveils the importance of
Pseudotrichonympha  grassii  cellobiohydrolase, a  protozoan
exoglucanase, in termite cellulose degradation [J]. Insect Molecular
Biology, 2017, 26: 233-242.

Lo N, Tokuda G, Watanabe H. Evolution and function of endogenous
termite cellulases. In: Bignell DE, Roisin Y, Lo N, eds. Biology of
Termites: A Modern Synthesis [C]. Dordrecht: Spinger, 2011:
51-67.

Liischer M. Environmental control of juvenile hormone (JH) secretion
and caste differentiation in termites [J]. General and Comparative
Endocrinology, 1972, 3: 509-514.

Matson EG, Gora KG, Leadbetter JR. Anaerobic carbon monoxide



334 b B 243 Journal of Environmental Entomology 4734

dehydrogenase diversity in the homoacetogenic hindgut microbial
communities of lower termites and the wood roach [J]. PLoS ONE,
2011, 6: e19316.

Mei JF, Lv Q, Min H, et al. A study on the nitrogen fixation of termites
and their intestinal bacteria [J] Journal of Zhejiang University:
Agriculture and Life Sciences Edition, 2002, 28: 625-628. [ X,
EVER, DAL, A5 1 IO 38 AN 4 1 U TS (D). ik
S RS AR IR, 2002, 28: 625-628]

Michaud C, Hervé V, Dupont S, et al. Efficient but occasionally
imperfect vertical transmission of gut mutualistic protists in a wood-
feeding termite [J]. Molecular Ecology, 2020, 29: 308-324.

Miier M. The hydrogenosome [J]. Microbiology, 1993, 139: 2879-2889.

Mullins A, Chouvenc T, Su NY. Soil organic matter is essential for
colony growth in subterranean termites [J]. Scientific Reports, 2021,
11: 21252.

Mullins A, Su NY. Nitrogen fixation in different termite lineages and
diets [J]. Annals of the Entomological Society of America, 2023,
116: 372-375.

Ni J, Tokuda G. Lignocellulose—degrading enzymes from termites and
their symbiotic microbiota [J]. Biotechnology Advances, 2013, 31:
838-850.

Nishimura Y, Otagiri M, Yuki M, et al. Division of functional roles for
termite gut protists revealed by single—cell transcriptomes [J]. The
ISME Journal, 2020, 14: 2449-2460.

Noda S, lida T, Kitade O, et al. Endosymbiotic Bacteroidales bacteria of
the flagellated protist Pseudotrichonympha grassii in the gut of the
termite Coptotermes formosanus [J]. Applied and Environmental
Microbiology, 2005, 71: 8811-8817.

Noda S, Inoue T, Hongoh Y, et al. Identification and characterization of
ectosymbionts of distinct lineages in Bacteroidales attached to
flagellated protists in the gut of termites and a wood - feeding
cockroach [J]. Environmental Microbiology, 2006b, 8: 11-20.

Noda S, Kawai M, Nakajima H, et al. Identification and in situ detection
of two lineages of Bacteroidales ectosymbionts associated with a
termite gut protist, Oxymonas sp. [J]. Microbes and Environments,
2006a, 21: 16-22.

Noda S, Kitade O, Inoue T, et al. Cospeciation in the triplex symbiosis of
termite gut protists (Pseudotrichonympha spp.), their hosts, and
their bacterial endosymbionts [J]. Molecular Ecology, 2007, 16:
1257-1266.

Noda S, Ohkuma M, Kudo T. Nitrogen fixation genes expressed in the
symbiotic microbial community in the gut of the termite
Coptotermes Formosanus [J]. Microbes and Environments, 2002, 17:
139-143.

Noda S, Ohkuma M, Usami R, et al. Culture-independent
characterization of a gene responsible for nitrogen fixation in the
symbiotic microbial community in the gut of the termite Neotermes
koshunensis [J]. Applied and Environmental Microbiology, 1999, 65:
4935-4942.

Noda S, Ohkuma M, Yamada A, et al. Phylogenetic position and in situ

identification of ectosymbiotic spirochetes on protists in the termite

gut [J]. Applied and Environmental Microbiology, 2003, 69:
625-633.

Noda S, Shimizu D, Yuki M, et al. Host—symbiont cospeciation of
termite—gut cellulolytic protists of the genera Teranympha and
Eucomonympha and their Treponema endosymbionts [J]. Microbes
and Environments, 2018, 33: 26-33.

Odelson DA, Breznak JA. Cellulase and other polymer—hydrolyzing
activities of Trichomitopsis termopsidis, a symbiotic protozoan from
termites [J]. Applied and Environmental Microbiology, 1985, 49:
622-626.

Ohkuma M, Brune A. Diversity, structure, and evolution of the termite
gut microbial community. In: Bignell DE, Roisin Y, Lo N, eds.
Biology of Termites: A Modern Synthesis [C]. Dordrecht: Springer,
2011:413-438.

Ohkuma M, Tida T, Ohtoko K, et al. Molecular phylogeny of
parabasalids inferred from small subunit rRNA sequences, with
emphasis on the Hypermastigea [J]. Molecular Phylogenetics and
Evolution, 2005, 35: 646-655.

Ohkuma M, Kudo T. Phylogenetic diversity of the intestinal bacterial
community in the termite Reticulitermes speratus |J]. Applied and
Environmental Microbiology, 1996, 62: 461-468.

Ohkuma M, Noda S, Hattori S, et al. Acetogenesis from H, plus CO, and
nitrogen fixation by an endosymbiotic spirochete of a termite—gut
cellulolytic protist [J]. Proceedings of the National Academy of
Sciences, 2015, 112: 10224-10230.

Ohkuma M, Noda S, Kudo T. Phylogenetic diversity of nitrogen fixation
genes in the symbiotic microbial community in the gut of diverse
termites [J]. Appl. Environ. Microbiol., 1999, 65: 4926-4934.

Ohkuma M, Sato T, Noda S, et al. The candidate phylum ‘Termite
Group 1’ of bacteria: phylogenetic diversity, distribution, and
endosymbiont members of various gut flagellated protists [J]. FEMS
Microbiology Ecology, 2007, 60: 467-476.

Ohkuma M. Symbioses of flagellates and prokaryotes in the gut of lower
termites [J]. Trends in Microbiology, 2008, 16: 345-352.

Ohkuma M. Termite symbiotic systems: Efficient bio-recycling of
lignocellulose [J]. Applied Microbiology and Biotechnology, 2003,
61: 1-9.

Peklo J. Symbiosis of Azotobacter with insects [J]. Nature, 1946, 158:
795-796.

Pester M, Brune A. Hydrogen is the central free intermediate during
lignocellulose degradation by termite gut symbionts [J]. The ISME
Journal, 2007, 1: 551-565.

Peterson BF, Scharf ME. Metatranscriptome analysis reveals bacterial
symbiont contributions to lower termite physiology and potential
immune functions [J]. BMC Genomics, 2016, 17: 1-12.

Potrikus CJ, Breznak JA. Nitrogen—fixing Enterobacter agglomerans
isolated from guts of wood—eating termites [J]. Applied and
Environmental Microbiology, 1977, 33 (2): 392-399.

Rosenthal AZ, Zhang X, Lucey KS, et al. Localizing transcripts to single
cells suggests an important role of uncultured deltaproteobacteria

in the termite gut hydrogen economy [J]. Proceedings of the



24 5K THAE U R A ST 335

National Academy of Sciences, 2013, 110: 16163-16168.

Sato T, Kuwahara H, Fujita K, et al. Intranuclear verrucomicrobial
symbionts and evidence of lateral gene transfer to the host protist
in the termite gut [J]. The ISME Journal, 2014, 8: 1008-1019.

Scharf ME, Peterson BF. A century of synergy in termite symbiosis
research: Linking the past with new genomic insights [J]. Annual
Review of Entomology, 2021, 66: 23-43.

Schuchmann K, Chowdhury NP, Miiller V. Complex multimeric [FeFe]
hydrogenases: Biochemistry, physiology and new opportunities for
the hydrogen economy [J]. Frontiers in Microbiology, 2018, 9: 2911.

Sen R, Raychoudhury R, Cai Y, et al. Differential impacts of juvenile
hormone, soldier head extract and alternate caste phenotypes on
host and symbiont transcriptome composition in the gut of the
termite Reticulitermes flavipes [J]. BMC Genomics, 2013, 14: 1-18.

Shimada K, Lo N, Kitade O, et al. Cellulolytic protist numbers rise and
fall dramatically in termite queens and kings during colony
foundation [J]. Eukaryotic Cell, 2013, 12: 545-550.

Shinzato N, Muramatsu M, Matsui T, et al. Molecular phylogenetic
diversity of the bacterial community in the gut of the termite
Coptotermes  formosanus |J].  Bioscience, ~Biotechnology, —and
Biochemistry, 2005, 69: 1145-1155.

Song YQ, Zhang D, Chen W, et al. Phylogenetic identification of
symbiotic protists of five Chinese Reticulitermes species indicates a
cospeciation of gut microfauna with host termites [J]. Journal of
Eukaryotic Microbiology, 2021, 68 (5): 12862.

Stephens ME, Benjamino J, Graf J, et al. Simultaneous single—cell
genome and transcriptome sequencing of termite hindgut protists
reveals metabolic and evolutionary traits of their endosymbionts [J].
Msphere, 2022, 7: €00021-22.

Stephens ME, Gage DJ. Single—cell amplicon sequencing reveals
community structures and transmission trends of protist—associated
bacteria in a termite host [J]. PLoS ONE, 2020, 15: e0233065.

Stingl U, Radek R, Yang H, et al. “Endomicrobia” : Cytoplasmic

symbionts of termite gut protozoa form a separate phylum of

prokaryotes [J]. Applied and Environmental Microbiology, 2005, 71:

1473-1479.
Su L, Yang L, Huang S, et al. Variation in the gut microbiota of termites
(Tsaitermes —ampliceps) against different diets [J].  Applied

Biochemistry and Biotechnology, 2017, 181: 32-47.

Sugimoto A, Inoue T, Tayasu I, et al. Methane and hydrogen production
in a termite—symbiont system [J]. Ecological Research, 1998, 13:
241-257.

Tai V, James ER, Nalepa CA, et al. The role of host phylogeny varies in
shaping microbial diversity in the hindguts of lower termites [J].
Applied and Environmental Microbiology, 2015, 81: 1059-1070.

Tai V, James ER, Perlman SJ, et al. Single—cell DNA barcoding using
sequences from the small subunit rRNA and internal transcribed
spacer region identifies new species of Trichonympha and

Trichomitopsis from the hindgut of the termite Zootermopsis

angusticollis [J]. PLoS ONE, 2013, 8: ¢58728.

Takahashi K, Kuwahara H, Horikawa Y, et al. Emergence of putative

energy parasites within Clostridia revealed by genome analysis of a
novel endosymbiotic clade [J]. The ISME Journal, 2023, 17: 1895-
1906.

Tarayre C, Bauwens J, Mattéotti C, et al. Multiple analyses of microbial
communities applied to the gut of the wood—feeding termite
Reticulitermes flavipes fed on artificial diets [J]. Symbiosis, 2015,
65: 143-155.

Tarmadi D, Yoshimura T, Tobimatsu Y, et al. Effects of lignins as diet
components on the physiological activities of a lower termite,
Coptotermes formosanus Shiraki [J]. Journal of Insect Physiology,
2017, 103: 57-63.

Thorne BL, Haverty MI. A review of intracolony, intraspecific, and
interspecific agonism in termites [J]. Sociobiology, 1991, 19:
115-145.

Todaka N, Moriya S, Saita K, et al. Environmental ¢cDNA analysis of the
genes involved in lignocellulose digestion in the symbiotic protist
community of Reticulitermes speratus [J]. FEMS Microbiology
Ecology, 2007, 59: 592-599.

Tokuda G, Watanabe H, Matsumoto T, et al. Cellulose digestion in the
wood—eating higher termite, Nasutitermes takasagoensis (Shiraki):
Distribution of cellulases and properties of endo—f3-1, 4-glucanase
[JI. Zoological Science, 1997, 14: 83-93.

Trager W. The cultivation of a cellulose-digesting flagellate,
Trichomonas termopsidis, and of certain other termite protozoa [J].
The Biological Bulletin, 1934, 66: 182-190.

Treitli SC, Kolisko M, Husnik F, et al. Revealing the metabolic capacity
of Streblomastix strix and its bacterial symbionts using single—cell
metagenomics [J]. Proceedings of the National Academy of Sciences,
2019, 116: 19675-19684.

Utami YD, Kuwahara H, Igai K, et al. Genome analyses of uncultured
TG2/ZB3 bacteria in  ‘Margulisbacteria’  specifically attached to
ectosymbiotic spirochetes of protists in the termite gut [J]. The
ISME Journal, 2019, 13: 455-467.

Velenovsky JF, De Martini F, Hileman JT, et al. Vertical transmission of
cellulolytic protists in termites is imperfect, but sufficient, due to
biparental transmission [J]. Symbiosis, 2023, 90: 25-38.

Vignais PM, Billoud B, Meyer J. Classification and phylogeny of
hydrogenases [J]. FEMS Microbiology Reviews, 2001, 25: 455-501.

Waidele L, Korb J, Voolstra CR, et al. Differential ecological specificity
of protist and bacterial microbiomes across a set of termite species
[J]. Frontiers in Microbiology, 2017, 8: 2518.

Watanabe H, Nakashima K, Saito H, et al. New endo— B -1, 4-
glucanases from the parabasalian symbionts, Pseudotrichonympha
grassii and Holomastigotoides mirabile of Coptotermes termites [J].
Cellular and Molecular Life Sciences, 2002, 59: 1983-1992.

Watanabe H, Noda H, Tokuda G, et al. A cellulase gene of termite
origin [J]. Nature, 1998, 394: 330-331.

Watanabe H, Tokuda G. Cellulolytic systems in insects [J]. Annual
Review of Entomology, 2010, 55: 609-632.

Wenzel M, Radek R, Brugerolle G, et al. Identification of the

of Mixotricha paradoxa involved in

ectosymbiotic  bacteria



336 b B 243 Journal of Environmental Entomology 4734

movement symbiosis [J]. European Journal of Protistology, 2003,
39: 11-23.

Wu W, Gu D, Yan S, et al. RNA interference of endoglucanases in the
formosan subterranean termite Coptotermes formosanus shiraki
(Blattodea: Rhinotermitidae) by dsRNA injection or ingestion [J].
Journal of Insect Physiology, 2019, 112: 15-22.

Wu W, Li Z. dsRNA injection successfully inhibited two endogenous 3
—glucosidases in Coptotermes ~ formosanus (Isoptera:
Rhinotermitidae) [J]. Journal of Economic Entomology, 2018, 111:
860-867.

Xie L, Liu N, Huang Y, et al. Flagellate community structure in
Coptotermes ~ formosanus  (Isoptera: ~Rhinotermitidae) and a
comparison of three study methods [J]. Acta Entomologica Sinica,
2011, 54: 1140-1146. [, X1 T, B, 4. G FLHBG7E
HEG TR A5 M IR FE D7 i A LU (). R A2 4R, 2011,
54: 1140-1146]

Yamada A, Inoue T, Noda S, et al. Evolutionary trend of phylogenetic
diversity of nitrogen fixation genes in the gut community of wood-
feeding termites [J]. Molecular Ecology, 2007, 16: 3768-37717.

Yamin MA. Axenic cultivation of the cellulolytic flagellate
Trichomitopsis  termopsidis ~ (Cleveland) from the termite
Zootermopsis [J]. The Journal of Protozoology, 1978, 25: 535-538.

Yamin MA. Cellulose metabolism by the flagellate Trichonympha from a
termite is independent of endosymbiotic bacteria [J]. Science, 1981,
211: 58-59.

Yamin MA. Scanning electron microscopy of some symbiotic flagellates
from the termite Zootermopsis [J]. Transactions of the American
Microscopical Society, 1979: 276-279.

Yang GY, Zhu YN, Xie XJ, et al. Research progress on the degradation
of lignocellulose by termite symbiotic microbial system [J]. Journal

of Microbiology, 2020, 60: 2621-2634. [ SFAE:HE, AR IE T, WHHEAR,

S5 I - B W R G R e R T AT A R I HE IR ()], Bk
Y124, 2020, 60: 2621-2634]

Yang H, Peng JX, Liu KY, ez al. Diversity and function of gut symbiotic
microorganisms in lower level termites [J]. Journal of Microbiology,
2006, 46: 496-499. [#21., 2 a5HT, XBLT, 4F . R4F H Ui 3t
A= B W B 2 AR M N L T RE (). AR W o i, 2006, 46:
496-499]

Yang H, Schmitt-Wagner D, Stingl U, et al. Niche heterogeneity
determines bacterial community structure in the termite gut
(Reticulitermes santonensis) [J]. Environmental Microbiology, 2005,
7:916-932.

Yoshimura T, Fujino T, Ttoh T, et al. Ingestion and decomposition of
wood and cellulose by the protozoa in the hindgut of Coptotermes
formosanus Shiraki (Isoptera: Rhinotermitidae) as evidenced by
polarizing and transmission electron microscopy [J]. Holzforschung,
1996: 99-104.

Yoshimura T. Distribution of the cellulolytic activities in the lower
termite. Coptotermes Jformosanus Shiraki (Isoptera:
Rhinotermitidae) [J]. Material und Organismen, 1992, 27:
273-284.

Yuki M, Kuwahara H, Shintani M, et al. Dominant ectosymbiotic
bacteria of cellulolytic protists in the termite gut also have the
potential to digest lignocellulose [J]. Environmental Microbiology,
2015, 17: 4942-4953.

Zehr JP, Jenkins BD, Short SM, et al. Nitrogenase gene diversity and
microbial community structure: A cross—system comparison [J].
Environmental Microbiology, 2003, 5: 539-554

Zhou J, Duan J, Gao M, et al. Diversity, roles, and biotechnological
applications of symbiotic microorganisms in the gut of termite [J].

Current Microbiology, 2019, 76: 755-761.



