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GENERAL INTRODUCTION 

Alrno tall tennites harbor methanogenic archaea in hindgut and emit methane. Methane 

from tem1ite hindgut is mainly formed by the reaction nCO, + 4nH 2 _. nCH, + 2nH
2
0. 

Methanogens as well as acetogens and sulfate-reducing bacteria in termite hindgut play a 

role a a ·' J-I2 s ink". l11eir H2-consuming processes by methanogens help anaerobic 

lignocellulose decomposition in the hindgut. 

Termites belong to the order lsoptera, which includes over 2000 described species 

whose biology, behavior, and nuu·itional ecology are remarkably diverse. l11eir 

populations, particularly in tropical and subu·opical regions are so large, that their 

numbers can exceed 6000 nr2 and d1eir biomass den ity often surpasses dmt of grazing 

mammalian ( 12, 37). It has been estimated d1at termites from all ecological regions 

together consume about 3-7 x I 0 15 g of lignocellulose annually and rnineralize a 

signiticant portion of it ( 12. 30). Termites are one of the imponant decomposers of plant 

in our biosphere. 

Termites are divided into two groups (33, 34). So-called lower termites (families 

Masto-, Kaio- , Hodo-, Rhino-, and Serritermitidae) and Higher termites (family 

Termitidae). l11e lower termites harbor a dense and diverse population of bacteria and 

cellulose-digesting, flagellate protozoa in their alimentary o·act (27). l11e higher termites 

compris ing three founh of all the termite species, also hm·bor a dense and diverse array of 

gut bacteria, but they typically lack protozoa (27). 

In the lower tem1ites, the hydrolysis of cellulose is supported by d1e cellulose­

digestion of some anaerobic flagellates (28). l11ey endocytose pruticles of wood or 

cellulose into food vacuoles and fem1ent the polysaccharide components. While, in the 

higher termites, the hydrolysis of cellulose is performed by cellulases produced by tennite 

themselves (55). l11e circumstances in the hindgut of termites ru·e basically anaerobic with 

an E'0 usua lly in the range of - 230 to - 270 mY (2, 3). This means that the 
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lignocellulose ingested by tennites is anaerobioca lly hydrolyzed. 

TI1e anox ic degradation of lignocellulose occurs by mixed microbial community, wid1 

distinct physiological group panicipating in successive stages of d1e decomposition. 1l1e 

first step is polymer-hydrolysis of polysaccharides to soluble monomers and dimmers by 

symbiotic protozoa or enzymes secreted by termi tes . The second is fennentation of me 

products to smaller molecules, e.g. organic acids and gases such as H, and/or C0
2

• The 

third stage is additional fermentation of organic acids w i.tl1 mree or more carbons to acetate 

+ H2 ± C02 by acetogenic proton-reducing bacteria. 1l1e final step is supported by H
2 

sink organisms , wh ich consume me protons and electrons liberated in the intermediate 

teps. In gastrointestinal tracts, such as bovine rumen (64) or me gut of termites , the 

concentration of terminal electron acceptors other U1an C02 is u ually limited, mi tenninal 

H2-consumption is carried out by methanogens. And d1e favorable thennodynamics of 

this process help to pull whole anaerobic decomposition to completion (54). 

On the other hand . the role of tennites in me global budget of memaoe and, in 

particu lar, meir contribution to d1e recent increase of tropospheric concentrations of Utis 

··greenhou e gas" have been controversially discussed in d1e last decade. In 1975, 

Breznak (6) have reported the med1ane emission rate from mree species of lower termites 

Reliculilennes flavipes, Coptotermes fomwsanus , and C!yplotennes brevis ranging from 

0.3 to 73. I nrnole CH, hr·' g fresh wr' . Zimmem1an et a!. ha suggested d1at termites are 

me major g lobal source of memane in the atmosphere (67). They estimated a total methane 

emission from tennites by laboratory and field studies with Reliculirennes tibialis , 

Gn{//hamitermes petplexus and an unidentified species of Namlitennes, and concluded 

mat total emiss.ion i.s from termites 150 Tg CH, yr·'. It was correspond ing to 

approximately 30% of the global atmospheric emiss ion of memane. And they added mat 

an enlargement of tropical tennite popu lation· due to deforestation resulted in me recent 

increase of tropospheric concentration of methane. After the report many researchers have 

measured memane emission from tem1ites in Norm .Anlerica (50, 68), Africa (56), 
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Australin (22) and Amazonia (40). However, most of the field measurement conducted 

with intact tennite nests revealed far lower emission rate. T11e discrepancy could be 

explained by internal methane consumption in the nests, or by difference of the tennite 

species investigated. T11e assumption that termite abundance increases after deforestation 

has been also criticized by Col lins and Wood ( 12). T11ey reported the decrease of higher 

termite densities in deforested areas, at leas t on the long term. The contribution of termites 

to atmospheric met11ane now appears to account for Jess than 5 % of global metl1ane 

emission (i.e. 20 Tg yr' 1
; ref. 40). 

In contrast to the ecological works, microbiological ~tudies on the met11anogenic 

bacteria and methane production in termite hindgut are relatively poor. The first 

observation of the metllanogenic bacteria in termite hindgut has been done on tlle 

endosymbiotic methanogen in ymbiotic protozoa. For many years pure culturing of 

symbiotic protozoa in temlites have not been available. Yamin (65) succeeded in obtaining 

axenic cultures of Trichomitopsis rermopsidis frnm Zootennopsis angusricollis. 

N unitional and growth characteristics of T. tennopsidis were studied by Odelson and 

Breznak (45, 46). Ln d1ese works , t11ey rea lized tl1at tlle axenic cultttre. produce small 

amount of metllane during tlle growtl1. However, strangely, d1ey could not observe any 

F420-autofluorescent cells, which i · expected for meUmnogen, by epifluorescence 

microscopic examination. 

Lee et al. (38) exploited the autofluorescence of F420 and F350, the metabolic 

cofactors present in methanogens, by epifluorescence microscopy to visualize 

metllanogens in hindgut contents of Z. angusticollis. Small , rod-shaped metllanogens 

resembling MethanobrevibaCfer sp. were found to be associated witll d1ree flagellated 

protozoa, T. tennopsidis, Tricercomi1us Temwpsidis, and He.xama51ix termopsidis. They 

also showed tllat the methanogens housed in tlle cytop lasm of T. temwpsidis by 

electronmicroscopic observation with thin secrions of d1e protozoa. ln Z. angusticollis , 

free-living metllanogen, i.e. non-endosymbiotic metllanogen, were not found in tlle 
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hindgut fluid. 

In a follow-up study, Messer and Lee (41) found that methanogenesis in Z. 

angusticollis appeared to be limited by reductant avai labi lity (presumably H2), as 

incubation of termite in atmospheres containing 25% 1'11 doubled exposed to hyperbaric 

oxygen which eliminated many of tl1e protozoa from hindguts. By using various 

treatments to selectively el iminate or affect certain members of the gut flora of Z. 

angusticoliis , Messer and Lee concluded that large protozoa of the genus Trichonympha 

evolved most of the H2 in the nindgut ecosystem, but that rnethanogenic bacteria 

symbiotic with T. rermopsidis produced most of the met11ane. 

However, these microecological studies were made on a few lower tem1ite species. l.n 

many termites, including higher temtir.es which possess no symbiotic tlagellates in the 

hindgut, metl1ane production mechanisms are sti ll unclear. tn addition, a large number of 

methanogens attached on the hindgut epithelium were observed in some higher and lower 

tem1ites (Yamaoka, per ona l communication). The contribution of these free-liv ing 

methanogens has to be also detemtined. Mos t of the microecological feantres of the 

symbiotic med1anogens in termites remains unknown. To gain a better understanding of 

this symbiosis, more fundamental characteristics have to be determined. 

Purpose of the study 

The main purposes of thi · study are: 

(1) To clarify d1e details of d1e medumogenesis of termites, e.g. quantity of methane 

emission from termites or microecological feature of methanogens in tem1ite hindgut. 

(2) To estimate the phylogenetic diversity of the symbiotic med1anogens and , if they 

diverged, to clarify the relationships between the phylogenies and their in situ niches in 

termite hindgut. 

(3) To make clear d1e phylogenetic relationsh ips between host tennires and symbiotic 

methanogens atJd to discuss the transmission tmd/or infection mode of the symbion ts. 
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In order to attain these purposes, the following aspects were investigated on some 

tem1ite species distributed around Japan Archipelago. 

(a) Methane emission of intact termites was measured. The tennite species used were 

Neorennes koshunensis (Kalotem1itinae) , Hodorennopsis japonica (Tem1opsinae), 

Rericulirennes sperarus (Rhinotermitinae), Coprotennes .fonnosanus (Rhinotermitinae), 

Odomotennes .fonnosanu:s (Macrotem1itinae), and Nasutitermes rakavagoensis 

(Nasutitermitinae). Although methane emission rate of C . .formosamts sampled in North 

America has been estimated (6), no examination on rneU1ane emission or methanogen 

observation in the other termites have been made so far. Symbiotic meU1anogen in 

hindgut contents were observed by epifluorescence microscopy to detect the 

autofluorescence of specific cofactor F420, addition ro the above termites, R. miyatakei, 

R. f/aviceps , and Periclqnitemzes nitobei (Terrn itinae) were used. TI1e con·elation of 

meU1ane emi sion rate of each tem1ite species , and distribution of symbiotic 

methanogens in hindgut were discussed (Part !). 

(b) MeU1anogen commu nities in the hindgut of the lower tem1ite R . speratus were 

phylogenetically surveyed using small-subunit ribosomal RNA (SSU rRNA) gene 

sequence. R. speratus was collected from 6 sampling points of 4 regions, Tokyo, Kobe, 

Yamaguchi, and Okinawa in Japan Archipelago. Molecular phylogeny of methanogenic 

symbiont in the termite was determined, and their diversity and in situ locaJization were 

di ·cussed (Part II ). 

(C) Methanogenic symbionts of 7 termite species in Japan Archipelago consisted of 4 

lower and 3 higher termite species, and one Australian lower tem1ite Masrotenues 

d{llwiniensis were also phylogenetically examined. TI1e Japanese termite species used 

were Reticulitermes kanmonensis, C. jormos{IJI!Is , N. koshunensis, H. japonica, P. 

nirobei, N. takmagoensis, and 0 . formosanus. And U1en, methanogen composition and 

geographical distribution of respective species were compared, and the transmission and 

infection of methanogens to the next rem1ire generation were discu sed (Pat1 Ill). 
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PART I 

METHANE PRODUCTION BY MJCROlllAL SYMBIONTS IN LOWER 

AND HIGHER TERMITES OF THE RYUKYU ARCHIPELAGO 
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ABST RACT 

Methane emission rate of the 6 termite species including higher and lower tem1ites 

collected in Ryukyu Archipelago was measured in laboratory. The methane emission rate 

of the termites depended on termite species except for one lower termite N eotermes 

koshunemis. The methane emission rates of N. koshunensis wa · colony-dependent. and 

no methane emission was detected in some of the colonies. 

Sho;t rod-shaped methanogens were observed to associate with some species of 

flagellates in the hindgut of the lower termites by epit1uorescence microscopy. 

MeU1anogens adhering to the hindgut epithelium were also seen abundantly. In the 

colonies of N. koshunensis without methane emission, no methanogens were observed in 

the hindgut. Eleco·onmicroscopic observation showed that two unique filumentou s 

methanogens existed in the hindgut of the higher termite Na~ulirennes rak~agoensis, each 

methanogen showed the ultrastructural features of genus Metlumothrix and 

Methanospirillum respectively. 

Analyses of volatile fatty acids in the hindgut fluid of N. koshunensi~· revealed that 

acetic acid is a major component in the volatile fatty acids of the te1mite. The acetic acid 

concentration of N. koshunensis treated with a methanogenesis inhibitor, 2-

bromoethanesulfonate, was I. 6-fold higher than the control. ft was suggested that, in the 

colonies without methane emission, 1-12 may be conve1ted into acetic acid instead of 

methane by acetogens. 
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INTRODUCTION 

Methane emiss ion from termites have been accepted to contribute tO the total global 

methane concentration because of their large world population and the high ability to 

produce methane. In 1982, Zimmerman and coworkers (67) have calculated a total 

methane emiss ion of 150Tg CH, year·' from termites corTesponding to approximately 

30% of the global production of methane. Since the sensational report, the role of termites 

in the g lobal budget of methane and , in particular, their conb·ibution to the recent increase 

of tropospheric concentrations of this ·'green house gas" have been controversially 

discussed in t11e last decade (22, 50, 56, 68). At the present time. the conb·ibution of 

termites to am1ospheric methane appears to account for <5% of global methane emission 

(40). To conclude tl1e termite contribution on anna pheric methane. reliable estimation of 

termite abundance on the earth is necessary , and sufficient number of termite species have 

to be examined. 

On the other hand, microbiological studies on the rnethanogenic bacteria and methane 

production in termite hindgut is fewer than tl1c ecological works. Lee and coworkers (38) 

have examined methanogen-locaLization in hindgut of the lower termite Zooremwpsis 

angusricollis. TI1ey reponed that shan rod-s haped methanogens m·e found in some 

flageLlated protozoa based on the observation of hindgut contents by epifluorescence 

microscopy and of sections of the flagellates by electron microscopy. Messer and Lee ( 4 I) 

have concluded that lm·ge cellulolytic flagellates emit H2 and C02, and small flagellates 

associated with metl1<1110gen converted them into methane by selective elimination of the 

components in tl1e hindgut of Z. angusricollis. However, these microecological studies 

were made on a few lower termite species. In many termites, including higher termites 

which posse~s no symbiotic flagellate · in tl1e hindgut, methane production mechanisms 

are stiLl unclear. In addition, a large amouut of metl1anogens attached on the hindgut 

epitl1elium were observed in some higher and lower teml.ites (Yamaoka, personal 
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communication). The contribution of these fi·ee-living methanogens has to be also 

detennined. 

The Ryukyu Archipelago belong to sub-u·opical zone, where biota is remarkably 

diverse as compared with the other region of Japan. From the area, I 6 species of termites 

which belong to 4 families, 6 sub-families among known 7 families and I 5 sub-families 

have been reponed. 1l1e methane emission from these tennites have not been reported 

except for one Coprotel7nes pecies, and no microbiological knowledge on methanogens 

have been reported so far. 

In this study, methane emission rates of the termites collected in the Ryukyu 

Archipelago were measured, and the in situ localization of methanogens was observed to 

discuss the methane production scheme in these termites. 
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MATERIALS AND METHODS 

Term ires 

Nine termite species consisted of 6 lower and 3 higher termites were collected in the 

forests in the Ryukyu Archipelago with their nest wood, and maintained in laboratory 

with nest wood at 25"C until use. Termite species and the sampling points were listed in 

Table I. I. Workers of the higher termites 1md p ·eudergates of the !.ower termites were 

used in this study. 

Quamification of methane production 

Methane emission from intact termite was measured by gas chromatography. Four 

lower termites N. koshunensis , H. japonica, R. spermus, and C. fonnostmus , and 2 

higher termites 0. fonno ·cuws, and N. rakasagoensis were examined. Tennites were 

sealed in a 7 ml glass culture tube wid1 a Teflon/silicone serum cap, and d1e gap between 

the glass tube and the serum cap was sealed with silicone grease. Number of termites 

used in one independent measurement was detennined by their wet weight, and were as 

follows; N. koshunensis , 20; H. japonica, 10; R. sperarus and C. fonnosclllus. 60; 0. 

fomwsanus and N. rakawgoensis , 30. After 2 hr incubation at room temperature (l5-

20"C) in the dark, I 00 ~-tl of heads pace gas was taken wid1 a precision syringe. All 

measurements were made in triplicate. Methane in headspace gas was measured at 60"C 

using a Shimadzu gas chromatograph GC-7A wi01 a Porapak N colunm equipped witb a 

flame ionization detector and a Shimadzu chromatopac CR6A integrating recorder. The 

results were normalized as methane production rates per termite and to the rates per 

termite wet weight with external standard (100 or 500 ppm). 

Epijluorescencemicroscopy 

In situ localization of symbiotic methanogens in hindgut was examined by F420 
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autofluorescence detected by epifluorescence microscopy (29). Digestive tracts of the 

temute from U1e midgut to the colon were taken with a pair of fine-tipped forceps , and the 

paunch region was pierced with a needle for sampling of U1e contents. 'n1econrents were 

re ·uspended into 5% formaldehyde in Solution U (60). The hindgut wall was dissected 

with a laser blade in a drop of same fixative on a microscopic s lideg lass. An Olympus 

model BH2 microscope (Olympus, Japan) with suitable tllter systems (29) was used for 

phase contrast. and epifluorescence microscopy. 

Electron microscopy 

To obtain ultrastn1ctural information of the tllamentous meU1anogens observed by 

epifluorescence microscopy in N. talwsagoensis, negatively stained gut contents were 

observed by electron microscopy. For electron microscopy, methanogens attaching on 

hindgut wall were prepared from I 0 individuals of the termite as follows; after squeezing 

out of gut contents , med1anogen attaching on the hindgut wall were separated from the 

epithelial surface by vigorous shaking of the sample in I ml of distilled water with a 

vortex mixer. The bacterial cells were collected by centrifugation, and negatively stained 

with I% neutral potass ium phosphonmgustate. TI1e stained cells were mounted on 

fonnbar-coated copper meshes and observed under a transmission electron microscope 

model JEM-2000EX (JEOL Ltd. , Japan) operated at an accelerating vol.tage of I 00 kV. 

Analysis of VFAs in hindgut jluid 

Volatile fatty acids (VFAs) in the hindgut fluid of d1e tem1ite were analyzed by gas 

chromatography to compare the concentrations and U1e compositions of VFAs in U1e 

hindgut fluid of N. koshun.ensis. VFAs analysis in termite hindgut was clone according to 

Odelson and Breznak (47). Fresh hindgut fluid in U1e paunch was is ued by piercing with 

a needle, and then t11e eluate was sampled wid1 a micro-pipetre. Seventy J.l.l of the sample a 

total was collected in a test tube on ice. The sample was centrifuged at 13,000 rpm for I 
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hr at 2"C, and the supernatant was used for gas chromatography. Representative c; to C, 

VFAs, i.e. acetic acid, propionic acid, butyric acid, isobutyric acid , isovaleric acid, and 

valerie acid were used as standm·ds. Elmacellulm· pool s ize of the hindgut was estimated 

as follows; I 0 Jl.l of the hindgut fluid sampled as described above was resuspended in I 0 

Ill of 2 mM phosphate-buffered saline, and it was aspirated into a hematocrit capi llary 

tube. Both ends of the tube were plugged with pm·affin, <mel the tube was ceno-ifuged at 

13,000 rpm for 1 ill' at 2"C. A ratio of the supernatant fluid vo lu me to the pellet volume 

ca lculated wa used for estimation of the VFAs concentrat:ions in the tennite hindgut. 

BES treatmem 

To consider the effect of the interruption of tl1e flow from H2 to methane on VFA 

conce11tration in the hindgut, methanogenesis was artificially inhjbitecl with a 

metl1anogenesis specific inhibitor 2-bromoetlume su lfonate (BES) basically according to 

Messer and Lee ( 41 ). and UJen the VFAs were analyzed. Fifty individuals of the termites 

were fed with a filter paper soaked with 60 [.J.g BES per mg filter paper for a week. 

Control group was fed with a filter paper soaked with distilled water. 
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RESULTS 

Methane production from termites 

Methane emission was observed in all species of the termites examined in this smdy 

(Table 1.2). Ln N. koshunensis , however, methane emission was not. detected from 

termites in 6 out of I 5 colonies examined (Table 1.4). TI1e lower te1mite H. japonica 

showed the highest methane emiss ion rate (34. 9 nmol individua1'1 hr-') and the lowest one 

was observed in the higher temlite 0. formosan us (0. 2 nmol individual·' hr"1
). 'l11e 

average rate of all 6 temlite species was 6.4 nmol individual ' hr· '. 

In situ loca/izwion of methanogens 

In situ localization of methanogens in hindgut was examined in 8 termite species listed 

in Table I. 3. Epifluorescence microscopy showed the presence of autofluorescem 

methanogens in the hindgut of the termites. Short rod-shapecl methanogens were found in 

the cells of the specitic flagellates in the lower termites. Estimated genera of the flagellates 

were listed in Table 1.3. In N. koshunensis, 3 flagellate species were ob erved to be 

associated with meth<mgens. Particularly, Foaina sp. and Trichomitopsis sp. possessed 

methanogens wid10ut exception (Fig. I. I Band 1.2B, respectively). Foaina sp. was often 

found at d1e posterior part of Stephanonympha sp. (Fig. I. I A). Trichomitopsis sp. was 

swarming freely in d1e hindgut fluid (Fig. I. 2A). On the other hand, number of 

methanogens associated with Devescovinia sp. was not high and varied depending on 

individual cells (data not s hown). In add ition, epifluorescent methanogens were 

occasionally ob ·erved to be adhering on the stalk surface of d1e large flagellate 

Rostronympha sp., which were found on dle epithelium of dle paunch and on food flocks 

present in the paunch lumen (data not shown). 1l1e only flagellate found in C. 

formosanus was tentatively identified as Spirotrichonympha sp. (Fig. 1.3A and B). 

Among 3 species of genus Reticulitenues, flagellates witl1 endosymbiotic medlanogen 
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were not observed.except for one flagellateMicrojoen.ia sp. found in R. spemms. Instead, 

majority of methanogens were observed to be adhering on the epithelium of the pos terior 

paunch and anterior co lon in R. speratus, R. miyatak ei, R . )1aviceps and C. fomw.wnus 

(Fig. I. 4-11 ). 8acteri.al trichomes and food flocks present in the paunch lumen were often 

found completely covered with metbanogens (Fig. 1.5, 10). InN. takamgoensis and P. 

nirobei wbich Jacked flagellates within the hindguts , filamentous autofluorescent bacteria 

were mainly adhering on the epithelium of the posterior paunch ;mel anterior colon (Fig. 

I. 128 and 138). In hindgut of 0. fomwsanus, only a small number of short rod-shaped 

autofluorescent methanogens were observed (data not shown). 

UlrraslrMCiure of filamentous merhanogens 

Four morphologically different filamentou s bacteria were distinguished by the 

electronmicro copic ob ervation of the bacteria peeled from tl1e hindgut epithelium. The 

first type of tl1e bacteria was about I 0 ).lm in length and 0.4 J.U11 in width , flat ended, 

po sessed flagella stretched from botl1 ends of t11e cell and sheath-like structure (Fig. 

I. 14a and b). ·n1e second one was similar to the first type except that flagella were not 

observed (Fig. l.lSa and b). The tl1ird type was approximately 6.2 J.U11 in length and 0.5 

11111 in width , round ended, possessed po l;u· tufted flagella and sheat11-like structure (Fig. 

1. 16a and b). The last wa. resembled to the third type, but tl1e cell was remarkably long 

(more than SO ).lm, Fig. 1.17a-c). 

VFAs in rermite hindgur 

Analysis of VFAs in the hindgut tluid of N. koshunensis showed that acetic acid was 

the most major fatty acids in tl1is termite hindgut <md the estimated acetic acid 

concenn·ation in the hindgut was 178.4 mM in the methane emitTing colony, and 233.3 

mM in the no-methane emitting one (Table I. 8). A little amount of butyric acid was also 
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detected, but the other VFAs examined were not detected. Beside acetic acid , a fatty acid 

eluting with the retention time 2. 87 min showed extensively high concentration (Fig. 

1.19). 

After one week treatment with BES , F420 autofluore ·cent methanogens were nealy 

completly eliminated from the hindgut (Table I. 7). TI1e treatment also resulted in the 

increase of hindgut acetic acid concentration up to 1.6-fo ld greater than the before 

treatment (from 92.3 to 152.4 mM; Table 1.9 and Pig. 1.20). 
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DISCUSSION 

Methane emission rate of the termites used in this study depended on the rem1ite 

species as reported (5). In N. knshunensis , however, metlume emiss ion rates depended 

on each colony (discussed below). The methane emission rate of R. speratus was 

comparable to that of R eticulitennes species R . j'lavipes (47) and R . tibili~ (67). On the 

other hand, methane emission rate of some other termites was inconsistent with the 

previous reports (6). C. fonnosanus had emission rates up to 500-fo ld higher than values 

in a previous report: 0. 3 nmol CH, hr" ' g fresh wr', in ref. (6). TI1e fungus-growing 

termite 0. formosanus showed smallest methane emission rate in this study. Generally, in 

fungus-growing tennites and soil- feeding tem1ites, methanogenesis is thought to be major 

H2 sink in the hindgut. TI1e reason of t11e difference is unknown, but their diet may be one 

of the reason. Termites which feed on dead plant matter with a carbon to nitrogen ratio 

much higher than their own tissues have to balance their C and N inputs. Methanogenesis 

in termites seems to be major C-eliminating process, which is affected by C/ ratio of diet 

(25). Indeed, when feeding on cellulose filter paper, rates of methane emission by R. 

fiavipes increased from 73. I to 1340 nmol Ju··1 per g fresh wt (6). Similar result was 

obtained for N. f{/kamgoensis in tl1is stt1dy (Table 1.6). To conclude the contribution of 

teJmite to global methane emission, more extensive and detailed studies may be needed. 

In N. koslwnensis , altllough some of the metl1anogens were non-endosymbiot:ic, e.g. 

freely-swarming or epithelium-adhering met11anogens , most of the methanogens were 

observed to be endosymbiotic to the flagellate~. The tlagellate associated with methanogen, 

Foaina sp. was occru;ional ly observed to attach on the large cellulolytic flagellate 

Srepluuwny mpha sp .. TI1is association may be explained by the hypotl1esis proposed by 

Messer and Lee (41). They studied the Hz flow in t11e hindgut ecosystem of the lower 

termite Z. w7gusticollis, and concluded dlatlargecelluloJytic t1agellate Trichonympha sp. 

emit Hz and COz, and then methanogen-associating small flagellate Trichom.itopsis sp. 
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mainly convert them into methane. TI1is inter-species H2 transfer may occur between 

Stephanonvmpha and Foaina. 

In the species of family Rhinotennitidae, i.e. C. fonnosanus, R. speratus, R . 

miyawkei, and R. j7aviceps, the majorities of methanogens were non-endosymbiotic, 

which attached on the epithelium of the posterior paunch and anterior colon. In these 

termites, the non-endosymbiotic methanogens appeared to main ly contribute to the 

methane production. Tn R. speratus, some of the methanogen were found on filamentous 

bacteria or bactrial trichomes. The similar observation was reported in R . flavipes (35). 

"ille relationship between these bacteria and methanogens was little known . However 

morphotypes of the methanogens observed in the lower termites were almost all short­

rods , the observations consistent with the previou · reports (38, 4 I): in the higher termites 

N. takasagoensis and P. nitobei, most of the methanogens seemed to be filamentous and 

situated close to the epithelium of the posterior portion of the paunch and of tl1e anterior 

portion of tl1e colon. By electronmicroscopic observation of the gut.-wall-attaching 

bacteria of N. takasagoensis , me type- I filamentous bacterium (Fig. 1. 14a and b) was 

identified as Merhanothrix-morphotype based on the following characteristics (66): cells 

are rod-shaped witl1 flat ends; forming very long and flexible filaments; non-motile; 

individual cells held together by a sheath-like structure with regu lar striations; and cells 

are separated by mul ti layered 'cell spacer' plugs. TI1e second type of the bacterium (Fig. 

I. 15a and b) was identified as Melhanospiril/um morphotype based on the fo llowing 

cbaracteristics (21 ): cells are curved rods; forming long <md wavy filaments; motile by 

means of polar tufted flagella; individual cells held together by a ~heath- l ike structure w ith 

surface striations; and cell.s are joined by a 'cell spacer'. 

ln N. koshunensis , wide variation in the methane emission rate was observed an1ong 

colonies, and no metl1ane emission were detected in some of the colonie (Table 1.4). 

These d ifferences seemed to be colony-dependent, because no methane emission were 

detected from the individuals collected from colonies with no-metl1ane emission even after 
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J month laboratory incubation (Table 1.5). In the hindguts of N. koshunensis without 

methane emission, no auto fluorescent methanogens were recognized in the flagellates . No 

correlation between methane emission and termite wet weight was ob erved (Fig. I. 18). 

Because the species live on one piece of wood, the possibility that plant species of their 

nest wood affect on their methane emissions , were examined. However, the plant species 

may not responsible to the colony dependent methane ernis ·ion observed in N. 

koslumensis, since both types of colonies, i.e. with and without methane emission were 

found in different colon ie · of the same nest wood species (Table I .4). 

VFAs in tennite hindgut have been detailed be examined by Odelson and Breznak (47). 

TI1ey showed that acetic acid is the major component of VFAs in tennite hindgut, and 

suggested that most of the respiratory substrate required by a te.rmite is provided as acetic 

acid. VFA ana lysis of N. koshunensis also showed that a eric acid was the most abundant 

VFA in this termite hindgut. TI1is was relatively higher than that reported for other 

tem1ites (57.6 mM in lncistermes; 66.2 mM in Zootermopsis; 80.6 mM in Reticu/itermes, 

ref. 47). TI1e acetic acid concentration of the tennites in no-methane emitting colony was 

1.3-fold higher than that of methane emitting ones (Table 1.8). Differences in VFA 

concentration and composition especiall y of the longer cha in fatty acid wiU1 the retention 

time more than 2.8 min between methane emitting colony and no-methane emitting one 

suggest that the termites in these colonies possess different composition of microflora 

each other (Fig. 1.19). Acetic acid in tetmite hindgut was also produced from I-1 2 and C02 

by homoacetogens (8). [ndeed, generally , C02-reducing acetogenesis is higher than 

methanogenesis as the H2 sink in wood feeding termites ( 4). Mes er and Lee ( 41) have 

mentioned that it might be usefu l for the host termite to use H2 and C02 in the hindgut for 

acetic acid synthesis but not for meU1ane production. If it is true. in the no-methane 

emitting co lonies, 1-12 and C02 may flow to the acetic acid synthesis instead of methane 

production. Though more studies are needed to examine the relations between methane 

emission and VFAs, this hypothesis was supponed by the analysis of VFAs in BES 
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treated termites. The inhibitor increased acetic acid concentration up to 1.6-fold higher 

than that of control group (Table 1.9). On the other hand, some differences were also 

observed in VFAs between natural no-methane emitting colony and a1tificially inhibited 

no-methane emitting one (Fig. 1.19 and 20). This also suggests that the lack of 

methanogens from hindgut microflora is not the only reason for the differences. '111e 

natural no-methane emittiDg colonies may establish a unique microflora in the hindgut. 

However, more studies are needed to explain the methane production mechanism in the 

hindguts of tl1ese termites. 
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Fig. 1.1 . (A) Phase-contrn:>Lltght mtcrograph oft:he flagellare SrephaTTonympha p. ~.~otth Fooim 
sp. in the hindgut fluid of N. koshunen.sis . ( 8 ) Epifluorescence lllicro<r,raph of t:he same fiekl ;o 
in (A) . Methanogen> are \ isible as blue-green autoflnoresce:n1 rods =iating to Foaiiiilt sp .. 

Standard bar represents 15 ~1. YeUo\\ fluore:.cence tUe emr!to.l fium ingoted "ooJ partie!<!;,.. 

Fig. l.2. (Al Phaore-ccmtrnSt light mi rograpb of lihe fug:ellilre Tridwmiropsis ;p. in the hioogut 
fluid of , . koshunensis. (8) Epifluorescence microgr.rph of the me field as in l ). 
Methanogens are visible as blue-green autofluorescent rods associating to Trichomiropsi.) "P· 
Standard bar represents I-~ -

Fig. 1.3. (A) Phru,e-<:ontra:.t light mtcrograph of the tlage!Ime piroln·clum)mpha sp. in tlJe 
hmdgut fluid of C jomwsanu1 . 18 1 Epitlu re:.cence micrograph or t:he same field as m (AJ. 
\tlethanogens are vi,ible a,. blue-green autofluores<.'en! rOiih as::.<x:wung to Spirorriclron~mplr.a "P-

tandard bar represents I :5 f.i1t1 
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Fig. 1.4. Epifluorescence micrograph of the hindgut epithelium of R. speratus. Methanogens 
are visible as blue-green autofluorescent shon-rods attaching on the gut epithelium. 
Fig. 1.5. Bpi fluorescence micrograph of the hindgut epithelium of R. speratu~. Methanogens 
are attaching to a bacterial rrichome. 

Fig. 1.6. Epifluorescence mtcrograph of the hindgut epithelium of R. miyaraket. Methanogens 
are visible as blue-green autofluorescent shon-rods attaching on the gut epithelium. 
Fig. 1.7. Epifluorescence micrograph of methanogens in the hindgut tluid of R. miyatakei. 

Fig. I .. Epitluore,cence mtcrograph of the lundgut epithelium of R. Jlm'iceps. Methanogens 
are_ vt.:sible a blue-green autofluore ent ·hort-rod attaching on the gut epithelium. 

Ftg. 1.9. Bpi fluorescence micrograph of the hindgut epithelium of R. jlaviceps. Methanogen,. 
are vi · ible as blue-green autotluorescent shon -rod'i attaching on the gut eptthelium 
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Fig. J.JO. Epifluorescence micrograph of the hindgut epithelium of C. formosa nus. 
Methanogen are visible as blue-green autoftuorescent short-rods attaching on the gut epithe lium. 

Standard bar represents 15 jlm . 
Fig. 1.11. Epifluorescence mi rograph of the hindgut epithelium of C formosa nus. 
Methanogen · are vi ·ible as blue-green autotluore,cent hart-rods attaching on the gut epithelium. 

Standard bar represents I 5 iJ-m . 

Fig. 1. 12. (A) Phase-contrast light micrograph of the hindgut epithelium of . takasagoensi~. 
(B) Epitluorescence micrograph of the same field. Methanogens are visible as blue-green 

autofluorescence rods attaching on the gut epitbelium. Standard bar represents ISiJ-m. 

Fig. 1.13. (Al Pha ·e-contra ·t light mtcrograph of the hindgut of epithelium ofN. raknsagoemis. 
(Bl Epitluorescence micrograph of the same field . Methanogen are is ible a blue-green 

autotl uore~cent ro<.h, !!aching on the gut ep1rhelium. Standard bar repre ents IS)llll. 
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300nm 

, 

14a 

Fig. 1.14a. b. Trasmi sion eleco·on micrographs of Methanospiri/lum-morphotype 
methanogens in the hindgut epi thelium of N. taka agnensi, . 
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15a 

• 

Fig. 1.15a. b. Transrm~s1on electron micrographs of Mer!ranurhrit-morphorype methanogen in 
d1e hindgut epithelium of 1 • raka,agoensi.• 
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200nm 

16b 

1~m _ -

Fi~. l.16a. b. Transm1ssion electron micrographs of filamentous bacteria in the hindgut 
epithelium of N. rakasagoensis. Characteristics of methanogens were observed. 
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Fig. Ll 7a b. - T r:'3fl!>m ton electron mtcrograpbs oft'ilameWlli ba.."Uria tnlbe hilltlgut 
eptthchum uf \ taka.•ul(oen-•ij. Charncreri ;u 11 • rneilian.1geru. were obsen ed 
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Fig. 1.18. Scatterplot of methane emission vs individual weight of N. koshunensis. 
Correlation factor of r = 0.192 was obtained from the plot for IS individuals indicati ng 
no significant COITe lation between indjvidual weight and methane. 
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Fig. 1. 19. Gas chromawgrams of samples of hindgut fl uid from N. koshunensis with or 
without methane emission. Symbols: A, acetic acid; B, butyric acid; JV , iso-valeric ac id. 
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BES TREATED CONTROL 
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Fig. 1.20. Gas chromatograms of samples of hindgut fluid from N. koshunensis which 
was treated with BES fo r 7 days. Symbols: A, acetic acid; B, butyric acid. 
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Table 1.2. Methane emission rate of live termjtes 

Termite species 
Fresh weight CH4 emi sion in CH4emission in 

(mglindividual) (nmol/ individual/hr) (nmoVg fresh wt/hr) 

N. koshunensis 19.6 ± 0.5 2.19 ± 2.95 117.6 ± 169.1 

H.japonica 54.1 ± 2.3 34.90 ± 1.57 645.2 ± 6.1 

R. sperCllus 1.8 ± 0.1 0.38 ± 0.05 213.9 ± 34.5 

C. formosan us 3.8 ± 0.2 0.50 ± 0.07 133.3 ± 22.7 

O.formosanus 5.1 ± 0.6 0.20 ± 0.03 39.9 ± 3.8 

N. wkasagoensis 5.7 ± 0.9 0.49 ± 0.20 87.3 ± 33.2 
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Table 1.3. Symbiotic fl agellates associated with methanogens 

Termite species 

N koshunensis 

R. spera1us 

R. miyalakei 

R. jlaviceps 

C:. formosan us 

0 .formosanus 

N. laknsagoensis 

P. nilobei 

Flagel late associated 
with rnethanogen 

Trichomilopsi.l' sp. 

De11escovinia sp. 

Foainasp. 

Microjoenia sp. 

none 

none 

Spirolrichony mpha sp. 
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Occurrence of 
free- li ving 

methanogen 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Morpho type of free­
living methanogen 

short-rod 

short-rod and 

filamentous (rarely) 

short-rod 

short-rod 

short-rod 

short-rod 

fi lamentous and 
short-rod 

filamentous 



Table 1.4. Methane production and nest wood pl ants of N. koshunensis 

Colony No. Plant species 
CH4 emission i11 

Methanogen 
(nmol/individual/hr) 

Rhus succedanea N. D. 

2 < 0.2 

3 4.4 ± 0.4 + 
4 < 0.2 

5 N. E. 

6 Cinnamomumjaponicum 1.8 ± 0.3 + 
7 N. D. 

8 N.E. + 
9 N.E. + 

10 Casuarina equisetifo/ia 3.8 ± 0.4 + 
11 Bischojia javanica 8.9 ± 0.4 + 
12 3.9 ± 0.2 + 
13 Miche/ia compressavar. .formosana 2.5 ± 0.6 + 
14 WendlanditJ.formosana 7.5 ± 0.7 + 
15 Glochidion zeylanicum N.D. 

16 Castanop ·is sieboldii var. lutchuensi.~ .D. 

17 Symplocos prunijiJiia N.D. 

18 Schejjlera octophylla N.D. 

19 Ficus virgalC/ N. E. 

N. D. : Not detected 

N. E. : Not examined 
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Table 1.5. Methane emiss ion rates of N. koshunensis after laboratory incubation for a month 

Methane emiss ion (nmol/ inclividual/hr) 
Colony Diet 

Before incubation After incubation 

2 

Diet 

Wood (nest) 

Filter paper 

Filter paper 

Fi lter paper 

N. D. 

3.82 ± 0.39 

N. D. 

4.04 ± 0.33 

Table 1.6. EITect of diet on methane emiss ion of N. koshunensis 

Time 

I month 

fresh wt 
(mg/individual) 

5.5 ± 0.1 

5.7 ± 0.4 

CH4 emission in 
(nmol/ individual/hr) 

0.38 ± 0.05 

0.86 ± 0. 19 

Table 1.7. Effect of BES treatment on methane emission of N. koshunensis and N. takasagoensis 

Addition 

None 

BES 

N. kaslnmens is 

methane emiss ion 
(nmollindi vidual/hr) Methanogen 

3.91 0.2 1 + 

0.14 ± 0.02 
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N. lakasagoensis 

methane emiss ion 
(nmoll individual/hr) Methanogen 

1. 10 ± 0.06 + 

0.09 ± 0.01 



Table 1.8. Extracellular pool size of acetic acid in the hindgut fluid of N. koshunemis 
with or without med1ane emission 

Med1ane emission 

Detected 

Not detected 

Acetic acid (mM) 

178.4 

233.3 

Table J .9. The effect of BES u·eatment on acetic acid concentration 
in the hindgut tluid of N. koshunensis 

Treatment 

None 

+ BES 

Methanogenesis 

+ 
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Acetic acid (mM) 

92.3 

152.4 



!'ART II 

MOLECULAR PHYLOGENY AND IN S I TU LOCALIZATION OF 

METHANOGENIC SYMBIONTS LIVING IN HINDGUT OF THE LOWER 

TERMITE RETlCLITERMES SPERUTUS 



ABSTRACT 

SmaU-subunit ribosomal RNA (SSU rRNA) genes of methanogens living in the lower 

termite Reticulitennes speratus (Kolbe) collected in Japan were amplified from the DNA 

extracted from the tem1ite hindguts. They were cloned, and their sequences were 

determined. 

Phylogenetic analys is of the equences of 60 clones revealed that most of them (56 

clones) clustered in the genus Methanobrevibacrer in the order Methanobacteriales with 

some divergence. Another clone showed a sequence related to Methanoc01pusculum 

provum in the order Methanomicrobiales. The remaining three clones were classified in 

the order Thermoplasmales but were distinct from known members in this order. 

Fluorescence in situ hybridization rumlysis using oligonucleotide probes desigoed to 

specifically detect the cloned sequences showed that members of Methanobrevibacier are 

present in the hindgut probably on the gut epithelium. 
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INTRODUCTION 

Symbiotic methanogens of some lower termites are present in two different niches in 

termite hindgut: endosymbiotic methanogens are associating with some species of 

flagellates and non-endosymbiotic ones are adhering to hindgut surface (38, 57). 

Recently, two novel species of methanogens Methanobrevibacter cuticularis and 

MethcuwbrevibfK:ter curvatus were isolated ti·om the American lower termite 

Reticulitennes flavipes. These methanogens were observed to colonize on the epithelial 

surface of the hindgut instead of to associate with flagellates as repmted so far (35). 

On the other hand, phylogenetic study of tl1e flagellate associated methanogens in 

lower termites has not been made so far. The endosymbiotic methanogens associated with 

flagellated protozoa have been reported from some lower termites, which were thought to 

be major agent of methanogenesis in these termite hindgut (38, 41, 57). Methanogen 

a sociated flagellate Tlichomitopsis remwpsidis has been cu ltured from the lower termite 

Zootemwpsis angusticollis (65). The culm red flagellate showed methane emission in the 

medium, but their metl1anogenic symbionts could not be detected with ep ifluorescence 

microscopy. In addition, Odelson and Breznak ( 46) have reported that the enclosymbiotic 

methanogens were fai led to be cultivated from the culture ofT. remwpsidis. These results 

may indicate some phys.iological adaptation derived from the.ir mutualistic relationships. 

Though no flagellate associated with metl1anogens bas been reported in R. flavipes, in 

the same Reticulitermes species R. sperorus in Japan Archipelago, some flagellate 

associated with methanogens were observed in tl1e previous observation (Part I). In tl1e 

present investigation , tl1e symbiotic methanogen community in R. speratus which 

possessed flagellates associated with rnetl1anogen wa phylogenetically surveyed by PCR 

analysis of SSU rRNA genes and examined tlleir in s itu localization by fluorescence in 

situ hybridization (FlSH) analysis. 
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MATERIALS AND METHODS 

Termites 

Six colonies of the lower termite Rericulitennes spenuus (Kolbe) (order lsoptera, 

family Rhinote1mitidae) were collected with their nest wood from forests in Tokyo, Kobe, 

Yamaguchi and Okinawa Is. in Japan (Fig. 2.1). One colony was collected from each 

sampling point except Tokyo area, where three colonies were sampled. 1l1e tennites were 

maintained in the laboratory at 25"C until use. The contents of termite containers were 

periodically moistened by spraying the surface of infested wood with distilled water. 

DNA extraction 

Ten individuals of pseudergates (so-called workers) from each colony were employed 

for the total DNA extraction. After surface sterilization with 70% ethanol, digestive tracts 

of the temlites were pulled out with a pair of fine-tipped forceps. 1l1e gut tissues and the 

contents were crushed with a Tetlon homogenizer in I ml of ex~·action buffer consisting 

of 100 mM Tris-HCI (pH 8.0), lO mM EDTA, and 0. J% SDS. ll1e mixture was frozen 

in liquid niu·ogen and thawed at 57°C five times, and then treated with 0.5 mg ml-1 

proteinase K (Nakarai tesque, Japan) at 57"C for 16 hr. The solution was extracted witJ1 

phenol and chlorofo1m several times and the DNA was precipitated with edmnol 

according to the standard protocol (52). 1l1e DNA was electrophoresed on 0.8% agarose 

gel to remove inhibitory elements for PCR. High molecular weight genomic DNA was 

excised from the gel and recovered with a Gene Clean II k.it: (B.IO 101 Inc. , USA). 

PCR amplification 

PCR primers were designed to amplify a part of archaebacterial SSU rRNA gene 

(about 0.5 k base pai rs). The primers used were ME855F (5'-TTAAAGGAATTGGCGG 

GGGA-3') and ME1 354R (5 ' -TGACGGGCGGTGTGTGCAAG-3'), the Dumbers 
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represent nucleotide position · in 01e counterpart of Escherichia coli. To facilitate the 

addition of aden ine at Ole 3' -end in the PCR reaction , 5' -end of the primers were designed 

to be thymine. 

PCR reaction was pe1formed in a final volume of 50 J.tl. Each reaction mixture 

contained I J.L1 of template DNA solution, 5 J.LI of I 0 x PCR buffer ( I 00 rnM Tris-HCJ, 

500 mM KCI, 25 mM MgCI2, 1% TritonX- 100, pH9.0) , 0.1 mg mJ·' of BSA, I J.LI of 

dNTPs mixture (50 J.LM each), 20 pmol each of the primers , 1 unit of Taq DNA 

polymerase (Toyobo, Japan) and sterile Millipore water to make it 50 J.LI. Reaction was 

performed in a thennal cycler, GeneAmp 2400 (Perkin-Elmer) wio1 the thermal program 

which comprised 40 cycles of denaturation at 94°C for 30 sec, primer annea ling at 60°C 

for 30 sec. and primer extension at n •c for 90 sec, followed by an additiona l ex ten ion 

at 72°C for 5 min . TI1e PCR products were analyzed by electrophores is on I . 5% agarose 

gel. 111e band of about 0.5 kbp was cut out from the gel and purified with a Gene Clean II 

kit. 

Cloning and sequencing of amplified DNA 

TI1e amplified DNA frag ments were ligated with a ddT-tailed vector as described by 

Holton and Graham (26). Plasmid DNA of pBJuescript II SK+ (Toyobo, Japan) was 

digested with EcoRV, and the blunt-ended vector was tailed with clideoxythymicline 

rriphosphate using terminal nucleotidy l transferase kit (Boehringer Mannheim). TI1e PCR 

products were ligated into the plas mid vector with a Ligation kit version 2 (Takara, Japan) 

and the£. coli strain JMI 05 was transformed wi01 the ligate. TI1e cloned fragments were 

sub-cloned .into M 13 mp 18 and 19 phage vectors. ll1e nucleotide sequences were 

determined by the dideoxynucleotide chain termination method (53) using n DNA 

polymerase and tluorescent labeled universal primers on an A. L. F. DNA Sequencer ll 
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(Pllannacia Biotech). 

Phylogenetic analysis 

The sequences were examined to test the possibility of chimeric artifacts with CHECK­

CHIMERA program in the Ribosomal database project (39). The sequences were aligned 

with previous ly repo11ed SSU rON A sequences from the nucleotide sequence databases 

GenBank, EMB L, and RDP by us ing the program package CLUSTAL W (59). To obtain 

d1e reliable phylogenetic relationships , only the nucleotide pos itions unambiguously 

aligned were used for the fo llowing analysis. TI1e programs in the software package 

PHYLIP version 3.572 (J. Felsen tein and the Un ivers ity of Washington) were employed 

for the phylogenetic analysis . Phylogenetic o·ees were conSOl.tcted from neighbor-joining 

distance matrix methods (51). Numbers of nucleotide substitution were calculated 

accorcling to Kimura's two-parameter method (31 ), taking transition and transversion 

rates into account. Substitution rates were analyzed by neighbor-joining method to 

construct phylogenetic tree. Bootso·ap confidence interval (20) on each branching pattern 

was calculated from I 000 repetitions of resampl.ing. TI1e aligned ·equences were also 

analyzed by max imum-parsimony and maximum-likelihood methods to check the tree 

topo l.ogy. 

Enrichmem cultivation of methanogens 

Solution U of Trager (60) was modified and employed for enrichment cultivation of 

methanogen. TI1e medium contained 37 mM NaCI; 18.7 mM NaHC03 ; 5. I mM Sodium 

Cio·are; 13. 1 mM KH2 P04 ; 0.75 mM CaC~; 0.4 mM MgS0 4 , 0.25% sod ium acetate, 

0.25% sodium formate, 0. 2% yeast ex tract (Difco), 0. 2% trypticase (Difco), I mg ml·' 

resazurin, and 3. 2 mM glutathione (reduced fom1). The antibiotics, vancomycin and 

kanamycin , I mg mr1 each, were supplemented to the medium to repress the growth of 

eubacteria. Five ml each of the meclium without NaHC03, CaCI2 and the antibiotics was 
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dispensed into each 18 x 180 mm tube with butyl rubber stopper (Sanshin industrial Co., 

Ltd. , Japan). Oxygen in the medium and headspace of the tubes was removed by 

degassing with a vacuum pump, and the head space wa fiUed with H2 and C02 mixed 

gas (4:1) with a high-pressure gassing manifold (1). ll1e NaHC01, CaCI 2 and the 

antibiotics were added to the autoclaved medium from sterile stock so lu tions. The pH was 

adjusted to 7.0 with NaOH solution prior to inoculation. 

A termite digestive tract placed in a drop of the medium on a sterile petri-dish was 

pierced wid1 a needle equipped with a syringe, then issued contents from the hindgut were 

quickly aspirated into the ·yringe and inoculated into the medium. ll1e inocu lated tubes 

were incubated vettically at 30"C without shaking. 

Probe construction 

Oligonucleotide probes were designed to bind to the SSU rRNAs of the methanogens 

detected in this study at the nucleotide positions from I, I 09 to I, 129 and from I, 174 to 

I, 196 (Fig. 2.4). Two archaea-specitic probes. ARC344 5'­

GCGCCTGCTGCGCCCGT-3' and ARC915 5'-GTGCTCCCCGCCAATTCCT-3' 

de cribed by Stab! et al. (58) were used as positive control. The clone type-specific 

probes were labeled with tetramethylrhodamine isothiocyanate (TRITC, Sigma), and 

archaea-specific ones were conjugated with fluorescein isothiocyanate (FTTC, Sigma). 

Oligonucleotide probes were labeled with fluorescent dyes as described by Delong et a!. 

(14). 200 !J.g of oligonucleotide with an amino group at the 5'-tennina l was reacted with 

200 !18 of dye in 0.5 M carbonate buffer (pH 9.0) at room temperature for 16 hr. ll1e 

oligonucleotide was separated from unreacted dye by passing d1e solution through a 

Sephadex G-50 column , and was elecu·ophoresed on 20% acrylamide gel under 

undenatured conditions to separate from unlabeled one. Probes were recovered from the 

gel and desalted by Sephadex G-50 co lumn chromatography. The eluate was dried in 

vacuum and d issolved in autoclaved deionized water. 
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In siru hybridizarion 

The worker of d1e members of colony RS I sampled from Tokyo 1u·ea was used in this 

analysis. Samples were prepared basically accord ing to Stahl et at. (58). T11e sample of 

symbiotic flagellates and methanogenic bacteria present in the hindgut were prepared as 

follows. A digestive tracts separated from the tetmite body was dis ·ected into small pieces, 

and d1ey were immersed in I ml of PBS. The hindgut contents including symbiotic 

flagellates were released by gent! shaking with a forceps and the washed hindgm pieces 

were transfetTed into a new 1.5 ml test tube containing I ml of PBS. The symbiotic 

flagellates released in the PBS were collected by centrifugation at 500 rpm for I min and 

fixed in I% parafonnaldehyde in PBS at 4°C for 30 min. The test tube containing the 

washed hindgut pieces wa vigorously shaken to peel the methanogens off the gut 

epithelium. The hindgut contents including peeled methanogen were collected by 

centrifugation at 16,000 rpm for 10 min and ftxed in I% paraformaldehyde in PBS at 4°C 

for 30 min. T11ese samples of symbiotic flagellates and released methanogens were 

washed with PBS twice and ·uspended in PBS. Equal volume of 100% ethanol was 

added to tl1e suspension. The san1ples were attached to Teflon-coated slide glasses (Cell­

Line, USA) by drying in the air. T11e slides were pre-coated with gelatin (Type 20, 

Sigma). T11e slides were dehydrated in a graded eU1anol series for 3 min each in 50, 80, 

and 100% etl1anol. To improve the accessibi li ty ofd1e probe to target rRNA, the s lides 

were treated with proteinase K ( I Jlg rnl'1) in TE buffer ( I 0 mM Tris-HCI, I mM EDTA, 

pH 8.0) at 37"C for 20 min, and then in 25 mM acetic anhyd ride in 0.1 M 

triethanolarnine-HCI (pH 8.0) for 10 min . to decrease non-specific probe binding. The 

slides were dehydrated with tl1e etl1anol series again. Eight Jll of hybridization buffer and 

50 ng of each tl uorescent oligonucleotide probe were applied to each slide, and the slides 

were incubated in a moisture chan1ber at 45°C for 3 hr. The hybridization buffer consisted 

of0.9 M NaCI, 50 mM sod ium phosphate (pH 7.0) , 5 mM EDTA, 0.1 % SDS, 0.5 mg 
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ml' poly (A) , and I 0 x Denbardt' s solution ( 16). TI1e hybridization mixture wa · removed 

by flushing the slides with wash ing buffer wh.ich consist of 20% formamide, 2 X SSC 

(0.3 M NaCI, 30 mM sodium citrate, pH7.0) , and 0.1 % SDS. The s lides were inunersed 

in 20 ml of the washing buffer at hybridization temperature for 20 min. ·n1en the slides 

were rinsed with distilled water and dried in tl1e air. TI1e samples were mounted in 50% 

glycerol in 0.9 M Nact and sealed with clear nail manicure. 

Fluorescence de!eclion and phmom.icrography 

An Olympus model BX60 microscope equipped with a BX-FLA epifluorescence 

microscopic system and a filter set U-MWBY was used for deteclion of F420 

autofluorescence. A laser scanning confocal imaging system model MRC-600 (810-

RAD) with a krypton-argon mixed gas laser generator was used for fluorescence in situ 

hybridizalion lmalysis. F!TC and TRITC double stained samples were scanned at two 

wave lengtl1s simu ltaneously ro prevent the decrease of U1e signals caused by repetilious 

exposure and to minimize the focus sheru·ing. Photomicrograpbs were taken with 

Ektachrome 400 (Kodak) by u ·ing a film recorder model FR-2000 (Nippon Avionics, 

Japan) attached to the microscope. 
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RESULTS 

Phylogeny of symbiotic methanogens of R. speratus 

High molecular weight DN A prepared from the termite hindguts was used as the 

template. A part of SSU rRNA gene sequence was amplified by PCR and cloned into E. 

coli. Ten clones were isolated for each colony of the termite and tbe sequences of 60 

clones were determined in total. Clones which had evo lu tionary distances within 0.02 

substitutions (sequence identity >98%) were grouped together. As the resu It, tile clones 

were classified into 5 types: type- I A, I B, I C, I D, type-2, and type-3 (Table 2. I). The 

sequences of the clones were aligned with previously reported SSU rONA sequences of 

selected species in Euryarchaeora, and 505 unambiguously aligned pos itions were used in 

the phylogenetic analysis. 

1l1e phylogenetic tree shown in Fig. 2.2 was constructed by the neighbor-joining 

method. 1l1e topology of the tree was consistent wid1 d1ose derived from maximum­

likelihood and maximum-parsimony methods (not shown). Type- I, 2, and 3 were 

separated from each other more than 0. I evolutionary distances . Validity of the clustering 

was also confim1ed by the high bootstrap values (>92%, I 00 repetitions). The clones 

belonging to type- J A to I D made a cluster ill the order Medmnobacteriales. 

Detailed phylogenet-ic relationships among the sub-types of type-! and the members of 

tl1e genus MethanobrevibucTer were analyzed separately (Fig. 2.3). Leadbetter and 

Breznak (35) have recently isolated M. cuticulcu"is and M. cu1vatus from R. flavipes. 

Ohkuma et al. (49) have reported the amplification and cloning of SSU rONA sequence of 

metl1anogens from R. spemtu.l'. These sequences were included in tl1e analysis. The 

sequence of the clone M4 amplified from R. speratus reported by Ohkuma et al. was 

found to be type- I B. Absolute and mean distance man·ix among the members of 

Methanobrevibacteriaceae was shown in Table 2.2. In Fig. 2.3, type-IA, IB, and JC 

fo1m a monophyletic group. The tree topology was similar to those derived from the other 
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methods (maximum-par imony and max imum-likelihood). 

The type-2 clone fell in the order Methanomicrob iales (Fig. 2.2). TI1is clone was 

closely related to MethanoCOI]Juscu/um parvum with 95.3% sequence identity. The 

clustering of the clone and M. parvum was trongly supp01ted by bootstrap value of 

100%. M. labrecowm su·. Z (C. R. Woese, unpublished ) that was completely identical to 

M. pan,um in the compared sequence positions (9 1 0- 1,407, E. coli numbering) excluding 

unknown bases, was also the closest neighbor of the type-2 clone. The SSU rONA 

sequences of the other known species in the genus could not be found in the databases 

(GenBank, EMBL, DDBJ , and RDP). TI1e second close t neighbor was the 

environmental PCR clone CY-46 which was detected from cyanide-degrad ing consortium 

isolated from anaerobic waste treatment reactor (9), and the s imilarity between CY-46 and 

type-2 clone wa 94.9%. 

ln the present study, three clones of type-3 were obtained from R. speralus hindgut 

microflora by using U1e primer pair de igned to amplify SSU rRNA gene of 

archaebacteria. TI1e closest neighbors of these clones were Thennoplasma-relatives; 

Picrophilus oshimae, with 82.5% identity, and the second closest one was The1moplasma 

acidophilum showing the ·imilarity of 8 1. 3%. Type-3 clones formed a monophyletic 

clade with species of Thermoplasmales, which was supported by relatively high boot 

strap value (90%). Many sequence which are related to Thennoplasma have been 

amplified from various environmental samples and reported ( 13, 15, 23). Nthough, these 

sequences could not be used in the phylogenetic analys is because of the difference of the 

region detennined. 

Enrichment culrivation of merhanogenic symbioms 

Fig. 2.5A shows the fluorescence micrograph of the epithel ium of U1e termite hindgut. 

TI1ere are at least three morpbologicaUy different types of autofluorescent microbes on the 

epithelium: curved short-rods, straight short-rods and filamentous-rods. The hindgut 
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contents contained free fluorescent cells , curved short-rods and straight sho11-rods , as 

well as flagellates with endosymbiotic fluorescent cells when observed by F420 

epifluorescence microscopy (Fig. 2.58 and C). Mediu m was inoculated with the contents 

of digestive tracts of d1e termite and incubated at 30"C. After 2 months incubation, cell 

density of the culture reached about 3.3 x 108 cell per mi. The culture is dominated by 

fluorescent cell s of s lightly curved-rods and straight short-rods (Fig. 2.6A). TI1e 

morphologies were similar to some of the microbes observed on termite hindgut 

epithelium. 

In situ detection of symbiotic methanogens by FISH 

We perfonned whole-cell J1ybridization wid1 fluorescent oligonucleotide probes to 

confim1 that the an1plified and cloned sequences were acnwlly orig inated from the 

med1anogens living in the hindgut. TI1e hindgut contents of d1e temlite were hybridized 

with the probes specific to archaea labeled with fluorescein and those specific to cloned 

sequences labeled with rhodanline. TI1ey were inspected with a confocal fluorescence 

microscope (Fig. 2. 7). 

11m:e pane ls in Fig. 2.7 how prokaryotic cells hybridized with type- I specific probes. 

Though wood particles present in the sample emitted flu orescence widl a wide specn·um, 

prokaryotic cells could be morphologicall y distinguished fi·om the particles as pointed by 

arrows. The cells hybridized wid1 the archaea-specific probe were all straight-rods , and 

they frequently existed as two cells attached each other. These morphological features of 

the cells are consistent with some of observed on the epithe lial surface of the hindgut (Fig. 

2.5A) and cultured methanogens (Fig. 2.6A). TI1e cells hybridized with the archaea­

specific probes were also hybridized with type-1-specific probes ( I I 09TYI and 

1174TYJ ), whereas type-2 (II 09TY2 and 1174TY2, Fig. 2. 7D-F) and type-3 ( 1109TY3 

and ll74TY3, results not shown) failed to hybridize witl1 the archaea present in the 

hindgut. TI1ese type-specific probes differ from one another in three to five nucleotide 
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positions as shown in Fig. 2.4. The results showed tl1at the in situ hybridization was 

performed witll sufficient strigency to distingu ish the differences in the SSU rRNA 

sequences. 

R. speratus used in tllis experiment harbored 5 species of flagellates associated with 

metl1anogens. Particularly, in 3 species out of 5, Pyrosonympha (Dinenympha) parva, P. 

mgosa, and P. /eidyi, which belong to the order Oxymonadida, were frequently observed 

to harbor endosymbiotic methanogens (Fig. 2.5B, C, and D). Identification of tlle 

flagellates were done based on tbe morphological features described by Koidzumi (32). 

The endosymbiotic cells were detected by the hybridization witll archaea-specific probes 

(Fig. 2. 7G, H, and 1). However. no type-specific probes hybridized witll these 

endosymbiotic prokaryotes in the flagellates. 

The cells of the enrichment culture were also analyzed with tllese probes. Most of tl1e 

cells were hybridized witl1 archaea-specific probes and also with type- I specific probes 

(Fig. 2.6B, and C). Whereas , tl1e other type-specific probe did not hybrid ize witl1 tlte 

cells. Accordingly, most of the cultured archaea are metllanogens of type- I. 
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DISCUSSION 

The SSU rRNA gene sequences of symbiotic methanogens of R. speraius were 

analyzed. l11e most of the cloned sequences were in the genus Merhanobrevibacter. 

Methanobreviba fer-related methanogens were detected from all co lonies u ed in this 

study. Metfumobrevibacter-related methanogens seem to be most abundant in R. sperarw;. 

1l1e methanogens previously isolated from R. j1avipes , i.e., M. cuticularis and M. 

cwvatus are also in the genus Methcmobrevibacier (35). Meiiwnobrevibacter-related 

meU1anogens may be the major phylum of symbiotic methanogen · in termites. 

Ohkuma et al.(49) have previously analyzed the symbiotic methanogens in R. speratus 

hindgut and found on ly one type of the sequences in R. spercuus. On the contrary I 

obtained rather diverse sequences within U1e order of Med1anobacteriales. Previously, 

Leadbetter and Breznak (35) have isolated two species , M. cun,aius and M. cuticularis , 

from R. flavipes. l11eir results are compatible wid1 tl10se of this smdy. In the early stage 

of the experiments, only one type of d1e clones in type- I D were isolated from R. speratus 

(data not shown). l11ese sequences were amp lified using a pair of primers different from 

those used in d1is work. l11e primer sequence seems to be an important factor for 

studying the diversity of microorganism. 

Jn the neighbor-joining u·ee shown in Fig. 2. 3, M. nuninanrium is the earliest 

branching species in d1e genus and d1e other known species forms an independent cluster. 

The branching order of d1e o·ee is d ifferent from the maximum-tikeW1ood tree constructed 

by Leadbetter and Breznak (35). ln their maximum-likelihood tree, M. cuticularis 

clustered witl1 M. arboriphilicus and it formed a monophyletic clade with the sis ter group 

cons isted of M. ruminantium and M. smithii , whereas M. cwvatus formed a deep branch 

separated from d1e od1er species of Methanobrevibacter. Although, tree topology wa 

similar to that constructed by neighbor-joining med1od by those autbors. The phylogenetic 

trees in this study constructed by tlle methods other than neighbor-joining, e.g. 
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maximum-likelihood and maximum-parsimony, were identical in their topologies to that 

shown in Fig. 2.3. 

Judging from U1e sequence analysis, the symbiont type-3 seemed to belong to the order 

Thermoplasmales. The po sib ili ty of chimeric artifact of these clones were evaluated by 

CHECK-CH IMERA program on the RDP. The highest similarity values were 0.450 and 

0.547 against Thermoplasma acidophilwn (M20822, GenBank) and Methanolobus 

rindarias (M59135, GenBank), respectively. Accordingly, type-3 clones are not likely to 

be chimel ic. The archaebactelial signarure sequences of SS U rRN A arranged by C. R. 

Woese (62), i.e. 25 base positions in the sequence from 912 to I ,393 base positions in E. 

coli numbering, were conserved i.n the clones of type-3 except for one C-U transition at 

the base position 1,086. 1l1ese results suggest that the symbiont type-3 is a 

Themwplasma-related novel archaeon. Known Thermopla1·maspecies grow in acidic and 

hot environment. Symbiont type-3 must be a neub:ophilic and mesophilic archaeon, 

becau e physical conditions of Rericulirennes hindgut are nearly neutral in pH (44) and of 

course at ambient temperature. 

So far, only one clone of type-2 have been obtained. No positive s ignal could be 

detected with type-2 specific probes. Significance of the type-2 species in termite hindgut 

is going to be elucidated. 

The endosymbiotic associations between meth<mogens and flagellated protozoa have 

been reported in some lower termites based on epifluorescence microscopic observations 

(38, 57). R. speraws also possessed several species of tlagellates associated with 

fluorescent ce ll . Particulm·Jy the 3 species of the order Oxymonadida, P. leidyi, P. 

rugosa, and P. parva were frequently observed to be associated with tluorescent microbes 

(Fig. 2.58, C, and D, respectively). However, these observations were inconsistent with 

the previous reports on R. speratus sampled in the Ryukyu Archipelago (57). The FISH 

analysis revealed that the eodosymbiotic microbes in the flagellates were hybridized with 

the archaea-specific probes, but were not hybridized with any type-specific probes (Fig. 



2.7G , H. J, and data not shown). On the contrary. both the methanogens in the hindgut 

content (Fig. 2. 78) and in the culture (Fig. 2.6C) were hybridized with type- I specific 

probes. It suggests that the methanogens which found in the hindgut fluid and 

endosymbiotic ones which associate with flagellates are phylogenetically different. 

However, there are several other possibilities at ihe moment. TI1e chromosomal DNA of 

tl1e endosymbiotic archaea could not be isolated by the method used in this report. The 

sequence of the endosymbiont could not be amplified by the primer pairs used . Possibly 

as the consequence, the probe and/or the conditions used for hybridization was not 

su itable for detecting endosymbiont. Chru·acteri7.ation of the fluorescent cells of archaea 

present in flagellates remain to be elucidated. 

Although I have tried the hybridization with gut epithelium, the positive signal could 

not be detected with any of the probe· used in this work. Mainly because of the strong 

interfering fluorescence from tl1e sample, it was difficult to distinguish the probe 

fluorescence from non-specific one. Accordingly , the cells released from the gut were 

used for the hybridization analysis. There were at least three types of autofluorescent 

microbes on the gut epithelium judging fi·om their morphology (Fig. 2.SA). Two types , 

i.e., straight short-rods and curved short-rods , cou ld by released from the gut epithelium. 

Only straight short-rods detected in the gut fluid sample by the hybridization analysis (Fig. 

2.6C). Tite straight sho1t-rod cells detected by tl1e type- ! probe is likely to be the 

microbes observed on the gut epithelium. Phylogeny of the fluorescent cell. of curved­

rods or filamentous-rods found on the gut epithelium is not clear yet. 

TI1e cloned sequences of type-1, type-2 and type-3 were obtained from the sample of 

RSl, which is used for the hybridization experiments. However, no hybridization signal 

could not be detected with type-2 and type-3 probes. 1l1e fluorescent cells fou nd on the 

gut epithelium with curved-rods or filamentous-rods may be these species. Alternatively , 

the conditions used for the hybridization analysis may be unsuitable for these species. 

In summary, SSU rRNA gene analyses showed d1at med1anogen community in the 
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hindgut of R. speratu.1 consisted main ly of Methanobrevibacter-relatecl methanogens , 

which had some divergence. And FISH analyses revealed that the Methcm.obrevibacter­

related methanogens are in the hindgut probably on the epid1elium. 
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Fig. 2. 1. Collection of the colonies of R. sperarus in the Japan Archipelago. Solid 

triangles indicate sampling points of the study . TI1e scale bar indicates 400 km. 
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Probe sequences 

Clone sequences 

RS104 'TYPElA 

RS208 ' TYPE:lB 

RS4 04 'TYPElC 

RS30l 'TYPElD 

M. ruminantium 

1109 1129 1174 1196 
1109T'ilR 3 ' TC'l'CGG'l'GCGGGAATCAATG 117 4 TY lR 3 ' C'l'CCTTCC'rcACCTGCTGCCAT 

11091'Y2R 3 ' '***** ******T'l'G*'r**C* 1174TY2R 3 '*R*******'f** *C*T*" ***A 
1109TY3R 3 ' ******A1tT**TT**** 11-C* 1174TY3R 3 I*** **"*1t* ... *T**A*T*'*"*** 

1109 1129 1174 1196 

5 'CG AGACCCACGCCCUUAGUUAC CA •. , UG GAGGAAGGAGUGGACGACGGUA GG 

5' *'-* ***"=*•************** 
5 '*" ******"************* •• 
5' ** •••******'~< "*" **** * *** * 

H. arboriphilicus 5'** •*•* '~~' ******•**** * •*• 
* **"* *"''~~' ** ***"" **" ** **N* 

******* **- **** **. * *** * * 
M. formicicum 5' ** **'*********"*****""'** 
M. thennoautot.raphicum 5' ** **** **GO*****AO**'*G* .CA ***"'"'** .. **C**G*A***A** 
M, fervidus 

RS105:TYPE2 

M. parvum 

R5406:TYPE3 

T. acidophil urn 

Escherichia coli 

5 '*"' ******GA****C*****G* **· .. ** •****"'**U*C**GN******* 

. . G* "********A*'**G*A**.._.**U 

5 I*"' *It"****"' ***GAC*A**G* ** ... G* *** **. *'*"'A***G*A***'*** 

5' ** ...-*****U*A,..*M*****G* U* - .. CA ***-.*"* ***A** U*A****** 

5' *A ******C•AU*UC**A.**G* 

S' ** CA****OtJAU ***•T*"''*G* "'"*'*'****"'U*G***U* ***UC* l\* 

Fig. 2.4. Alignment of the oligonucleotide probe sequences and the corresponding SS U 

rRNA sequences of termite symbiont clones, methanogens, and E. coli. Only nucleotides 

which are different from these of the type- I sequence are shown . 
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Fig. 2. 7 A-C. Whole-cell in situ hybridization of hindgut contenlS of R. peratus with 

fluorescein-labeled and rhodamin-labeled probe . (A) A image taken for fluorescein 

(FITC)-Iabeled archaea-specific probes. ARC-344F-ARC915F. (B) The same field as in 

(A) showing the image of rhodamine (TRJTC) fluorescence of type-1-specific probe , 

I 109TY I R- I I 74TY I R. (C) Merged tield of (A) and (B). Scale bars representS ).lin . 

Fig. 2.70-F. Whole-cell in situ hybndization of hindgut content of R. speratus. 

{D) A tmage taken for FfTC-Iabeled archaea-specific probes (E) llle same field as in (D) 

howmg the image of the fluorescence from TRITC-Iabeled type-2-specific pro~. 
I J09TY2R-1174TY2R. (F) Merged Field of (0) am! (E). cale bars represent 5 ~· 
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Fig. 2. 7G-1. Whole-cell in situ hybridizauon of the methanogen-assocsatmg flagellates of 

R. speralus. Symbiotic t1agellates of R. rpercnus. P. parm (G), P ntgosa (E-ll. and P 

leidyi (I) smlU!taneou ly stained with the archaea ·pecific and the type-! - pecific 

probel>.Only the merged fields are ~hown . Scale bar> repr~nt 10 J.l.lll . 
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Table 2.1. Number of clones in each type 

Area Colony 
Symbiotic type 

lA IB IC 10 2 3 

Tokyo RSI 4 4 0 0 

RS2 5 5 0 0 0 0 

RS4 6 0 0 2 

(M4)* ( I) 

Kobe RS5 8 2 0 0 0 0 

Yamaguchi RS 3 7 0 0 3 0 0 

Okinawa RS6 6 4 0 0 0 0 

Total 31 21 3 3 

*Sequence of the clone M4 amplified from hindgut DNA of R. speralu,< was reponed by 
Ohkuma et a!. (49). The clone M4 was grouped in type-! B. 
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PART III 

PHYLOGENETIC RELATIONSHIPS BETWEEN METHANOGENIC 

SYMBlONTS AND THEill XYLOPHAGOUS HOST INSECTS 
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ABSTRACT 

SSU rRNA genes of the symbiotic metbanogen of 7 lower and higher termites 

collected in Japan Archipelago, and one Australian lower termite Mastotennes 

dmwiniensis were amplified, cloned and phylogenetically analyzed. Most of the clones 

obtained from tl1e Japanese termites were Methmwbrevibacter-related methanogens, 

except for one from the higher termites Odontotennes fomwsanus which affiliated to the 

order Therrnoplasmales. The compositions of symbiotic methanogens in the hindgut of 

the Japanese termites appeared to be similar to those of tl1e lower termite R eliculilermes 

speratus examined previously. On the other hand, altl10ugh all of tl1e clones obtained from 

M. danvin.iensis were also in Methcozobrevibacler, tl1ese were grouped separately from 

those of Japanese termites. The difference between the phylogenetic positions of clones 

isolated from Japanese termites and M. dcuwiniensis suggest the metl1anogen 

communities of termites reflect their host localities rather than their phylogenies. The 

phylogenetic analysis of the methanogen community of soil environmem near the termite 

nest suggest that some of the methanogens in termite hindgut are acquired from the 

environment. 
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INTRODUCTION 

Species composition of the symbiotic flagellates is usually uniform in a species or a 

regional popu lation of a host termite. The di ·tinct host-specificity of symbiolll 

compositions in host-intestinal symbiont-assemblage system has been reported (see ref. 

19 for helminth community, and ref. 48 for rumen ciliates). And !he specificity is thought 

to be caused by the transmission process of flagellates between termite individuals, 

together wilh !he close mutualism between these organi ·ms. The flagellates are 

transmitted between members of a host colony via proctodea! feeding (inter-individual 

transmission of gut contents from the anus of a donor to the mouth of a receptor). In the 

stage of colony foundation, t11e flagellate compositions of t11e native colonies of an alate 

pair is succeeded LO !he new colony members. 

1l10ugh the rransmission scheme has been well investigated, the bacterial microflora in 

termite digestive rract has been little analyzed. However, it is reasonable to imagine !hat 

the bacterial microflora is also transmitted via the proctodea! feed.ing to tl1e next termite 

generation. Especially, it seems difficult that !he termite hindgut are infected by the new 

methanogens from the out ' ide environment , because atmospheric oxygen i Jed1al to d1em 

(1 1). In vestigation of the rran mission of bacterial microflora is also needed for the better 

understanding of symbiotic ecosystem in tennite hindgut. It has been reported !hat !here 

are close relation between !he phylogeny of !he ymbio!ll and !hat of t11e host, if there is a 

distinct mun1alism between host and t11e symbiont ( 43). 

[n !his study, molecular phylogeny of symbiotic methanogens in 8 termite species 

belong to 7 subfamily including higher and lower tennites was examined, and !he 

b·ansmission of the symbiotic metllllllogens to the next generation of d1e termite are 

discussed . 
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MATERIALS AND METHODS 

Materials 

Eight termite species and one xylophagous cockroach were examined in this study. 

Four lower tennites , Neotem1es koshunensis, Hodotemwpsis japonica, Reticulitennes 

kanmonensis, Coptotemzes fo mwsanus, 3 higher tennites, Na'iutitennes takawgoensis , 

Peticapritennes nitobei, Odontotennes fonnosanus , and the xylophagous cockroach 

Salganea esakii were collected with their nest wood from forests in the Japan Archipelago. 

MtL'ifotennes darwiniensis was sampled in Australia and kindly donated by Dr. 0. Kitade. 

The insect materials were maintained in the laboratory at room temperature ( 15-25"C) until 

use. The contents of insect containers were periodically moi ·tenfXI by spray ing the surface 

of infested wood with distilled water. The rumen fluid was sampled from rumen (the third 

stomach) of a cow which fed on hay in Miyazaki city, Japan. l11e rumen fluid wa passed 

through a cheese cloth to eliminate debris and immfXliately frozen in liquid nitrogen. l11e 

frozen sample was kindly provided by Dr. K . Sakurada. Humus in the copse in Hachioji 

city was sampled as soil sample. 111e soil sample was employed for the D A extraction 

immediately. 

DNA exrracrion 

Total genomic DNA of digestive tracts of the termites ;md the cockroach were preparfXI 

as follows. Ten individuals of worker or pseudergate from each colony of te1mite. were 

employed for DNA extraction . After surface sterilization wid1 70% ethanol, digestive 

tracts of the termites were pulled out with a pair of fine-tipped forceps. l11e gut ti. sues 

and the contents were crushed with a Teflon homogenizer in I ml of extraction buffer 

consisting of I 00 mM Tris- HCI {pH 8.0), 10 mM EDTA, and 0.1 % SDS. l11e mixture 

was frozen in liquid nitrogen and thawed at 57°C five times , and d1en treated with 0.5 mg 

mJ·' proteinase K (Nakarai tesque, Japan) at 57°C for 16 hr. l11e solution was extracted 
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with phenol <md chlorofonn several times and the DNA was precipitated with ethanol 

according to the standard protocol (52) . 

One ml of rumen fluid filtrated through cheese cloth was centrifuged at 16,000 rpm for 

5 min at 4°C. The pellet was resuspended in I ml of extraction buffer, and DNA was 

extracted by the same procedure as the insect materials. 

Five hundred g of the soil sample was su ·pended in I L of distilled water. After 

standing for I 0 min, 500 ml of the supernatant was centrifuged at 6,000 rpm for 30 min 

at 4°C. The pellet was res uspended in SO ml of the extraction buffer and DNA was 

prepared by the same procedure described above. The concentrated DNA was 

electrophoresed on 0. 8% agarose gel to remove inhibitory elements for PCR. 1-1 igh 

molecular weight genomic DNA was excised from tl1e gel and recovered with a Gene 

Clean llldt (BIO. 101 Inc., USA). 

PCR amplification 

PCR primers were designed to amplify a part of archaebacterial SSU rRNA gene 

(approximately 0.5 kbp). The primers used were ME8SSF (5'-TIAAAGGAATIGGCG 

GGGGA-3') and ME1354R (5' -TGACGGGCGGTGTGTGCAAG-3' ), the number · 

represent nucleotide positions in the counterpart of Escherichia coli. To facilitate the 

addition of adenine at the 3' end in the PCR reaction, 5' end of the primers were designed 

to be tymine. 

PCR reaction was performed in a final volume of 50 j.t.l. Each reaction mixture 

contained I !J.I of template DNA solution, 5 !J.I of lOx PCR buffer (100 rnM Tris-HCI, 

500 mM KCI, 25 mM MgCJ2, I% TritonX - 1 00, pH 9.0), I !J.I of 0. I mg mr' BSA, I j.t.1 

of dNTPs mixture (each at 50 IJ.M) , 20 pmol each of the primers, I unit of Taq DNA 

polymerase (Toyobo, Japan) and sterile Millipore water to make it 50 j.i.l. Reaction was 
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pe1fom1ed in a the1mal cycler, GeneAmp 2400 (Perkin-Elmer) with the thermal program 

which comprised 40 cycles of denaturation at 94°C for 30 sec, primer annealing at 60"C 

for 30 sec, and primer extension at 72"C for 90 sec, followed by an additional extension 

at n •c for 5 min. The PCR products were analyzed by electrophore-sis on 1.5% agarose 

gel. 1l1e band of about 0.5 kbp was cut out from the gel and purified with a Gene Clean ll 

kit. 

Cloning ond sequencing of amplified DNA 

The PCR products were ligated into the plasmid vector with a T-A cloning kit 

(Jnviu·ogen, Netherlands) and the£. coli strain JMI OS was transfonned with the ligate. 

The nucleotide sequences were detennined by the dideoxynucleotide chain termination 

method (53) using Dye-Terminator Cycle Sequencing Kit (Applied Biosystems) on ru1 

automatic DNA sequencer ABL model 377 A (Applied Biosystems). 

Phylogenelic analysis 

111e sequences were examined to test the possibility of chimeric ru1ifacts with CHECK­

CIUMERA program in the ribosomal database project (39). The sequences were aligned 

with previously reported SSU rRNA gene sequences From U1e nucleotide sequence 

databases GenBank, EMBL, and RDP by using the program package CLUSTAL W (59). 

To obtain the reliable phylogenetic relationships, the nucleotide positions suspiciously 

aligned were excepted from the data set in advance. 1l1e programs in the software package 

PHYLIP version 3.572 (J. Felsenstein and U1e University of Washington) were employed 

for the phylogenetic analysis. Phylogenetic u·ees were constructed from neighbor-joining 

distance matrix meU1od (51). Numbers of nucleotide ·ubstitution were calcu lated 

according to Kin1Ura' s two-pru·ameter method (31 ), taking trans ition and transversion 

rates into account. Substitution rate was analyzed by neighbor-joining method to construct 

phylogenetic tree. Bootstrap confidence interval (20) on each branching pattern was 
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calculated from I 000 repetitions of resampling. The aligned sequences were also analyzed 

by maximum parsimony and max imum likel ihood methods to check the tree topology. 
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RESULTS 

Phylogeny of me1hanogens in loiVer and higher lermiles 

Expected length (approximately 0.5 kbp) of DN A fragments were amplified by PCR 

using tl1e set of archaeal SSU rRNA gene specific primers for a ll termites used in this 

mdy. The PCR products were cloned into t11e plasmid vector, and the sequences of 5 

clones per temlite species were determined. TI1e results of the phylogenetic analysis with 

members of the EwyarchaeoJa <md the cloned sequence of symbiotic metl1anogens from 

R. spera/us showed that all of the clones, except for one obtained from 0. formosonus, 

affi liated to the clone type- lA or IB of R. speratus (Part ll). Evo lutionary distances of 

t11ese clones from the respective type clones were within 0.02 substitutions per nucleotide 

position (data not shown). The other clone of 0. fonnosanllli located ne;u· the clone type-3 

of R. speratus witllin 0.02 evolu tionary distances. In Table 3.1, number of clones 

affiliated in respective clone type was listed. TI10ugh the type-! A sequence was not 

obtained from H. japonica, both type-! A and I B were detected from all of the other 

termite species . TI1e total ratio of type- ! A and l B detected from 7 termite species from the 

Japan Archipelago was 5 : 12. 

TI1e phylogenetic relationships of the cl.oned sequences from the lower tem1ite M. 

dtuwiniensis within members of the Euryarchaeow and the type clones of R. spera1us 

were shown in Fig. 3. I . M. dwwiniensis was t11e only species sampled in the Au tralian 

continental. In ferred from the phylogenetic tree, al l of the 5 clones were close to type- ! 

clones and belonged to genus Me1hanobrevibac1er, however, the cloned sequences were 

separately from other clone sub-types of type-! found in R. sperat11s. 

Phylogeny of melhanogens in xylophagous cockroach S. esakii 

Archaebacterial SSU rRNA genes were amplified from the extracted DNA from 

digestive tract of tl1e xylophagous cockroach S. esakii in the same manner. Fig. 3. 2 shows 
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tlle phylogenetic positions of the 5 cloned sequences in members of the Ew)'Circhaeota and 

tl1e clones of R . speratus. 1l1e cloned sequences were affiliated in 2 different clusters 

distantly related each oU1er. Two clones SE I 02 and SE I 03 belonged to genus 

Methanobrevibacter and were grouped witl1 other type- I clones. However SEI 02 and I 03 

were separated from other sub-types of type- I. 1l1e remaining 3 clones SEIOI, SE104, 

and SEJ 05 were located in family Thermoplasmaceae. 1l1ese clones branched near type-3 

clones but significant diversitication was seen. 

Phylogeny of methanogens in rumen(!{ cow 

In the phylogenetic tree constructed with members of the Eutyarchaeota and the type 

clones of R. sperallts, two clones BR I 0 I ;md BR I 05 iso lated from rumen fluid of a cow 

belonged to genus Methanobrevibacter, and the remaining 3 clones BR I 02, BR I 03, and 

BRI04 were located in family Thermoplas maceae (Fig. 3.3). The clones BRIOI and 

BR I 05 located close to Merhtmobrevibat:ter ruminantium isolated from bovine rumen. 

These clones were not related to d1e clone types from I to 3 in the termites used in this 

study. 

Phylogeny afarchaebacteria in soil environmem 

1l1e PCR using the archaebacterial SSU rR A gene spec ific primers resulted in 

amplification of 0. 5 kbp products from the DNA extracted from humus soi l sample. 

Seven cloned sequences were determined and analyzed. The phylogenetic tree were 

constructed including members of the Euryarchaeora and the type clones of R. sperallls. 

The tree showed that the 3 clones XTI06, XTI08 and XTJ09 were located in genus 

Merlumobrevibacrer, and tlle remaining 4 clones were in family 1l1ermoplasmaceae (Fig. 

3. 4). In the former3 clones, XTI 06 and XT I 08 were close ly related to d1e clone type- I A 

of R. speratus , and the anod1er clone XT109 located near by d1e clone type- I B. 1l1e 

clones XTI 02, I 03, and I 07 in 1l1ermoplasmaceae formed a clus ter within 0.02 
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substitutions per nucleotide position (data not shown). 
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DISCUSSION 

In pa11 n, I have analyzed the PCR clones of symbiotic methanogens in R. speratus 

collected from Japan Archipelago, most of the clones were type-lA or I B. Ln part 111 , L 

have a11alyzed several other specie · of tennite collected from Japan Archipelago. I have 

found that most of the clones were type- I A and I B. The types of PCR clones of 

methanogens in tl1e hindgut of these termites were similar to those of R. speratus . 

Becau e the higher termites lack symbiotic flagellates from the hindgut rnicroflora (pmt l, 

ref. 57), the symbiont type- I A and 1 B appeared to be ·•non-endosymbiotic methanogens", 

e.g. gut wall-attaching or freely-swm·ming methanogens, in d1ese termites. Also in the 

lower termite R. speratus, type- I Methanobrevibacter-related methanogens has been 

found to exist in the hindgm fluid , but not to associate with flagellates (pan H). 

However there are discrepancies between observation of filamentous med1aJ1ogens. 

Morphotypes of methanogens observed in the hindgut of some higher tetmites were 

almost "filamentous'' as reported previou ·Jy (57). which is different from the "short-rods'' 

in R. speratus (57). Curved or straight short-rod cell morphotypes were characteristic of 

tl1e genus Methanobrevibacter ( 42) . Filamentous morphotype has not been reported in d1is 

order. Recently, Leadbetter and Breznak (36) have reported the isolation of a novel 

species of metl1anogen Methanobrevibacter }1/fonnis from R. flcn•ipes. Although M. 

filifannis was aftiliated in genus Merhanobrevibacter judging from SSU rRNA gene 

phylogenetic analysis , morphology of theM. jilijonnis was obviously fi lamentous. It is 

sti ll unclear that tl1e filamentous methanogens abundantly observed on tl1e hindgut wall of 

some higher termites are the Methanobrevibacrer. Transmission electron microscopic 

observations of the tilamentous methanogens have showed that they had some 

morphological features of genera Methanospillilum and Metlu:uwthrix (57). TI1e large 

morphological differences between the two strains of the same genus of methanogens 

have to be confirmed. 
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1l1e analyzed PCR clones obtained from the Japanese termites were grouped in type­

! A and I B, itTespective of tennite species. It is suggestive d1at, as long as the non­

endosymbiotic methanogens are concemed, methanogen communities of the Japanese 

termites are resemble to one another. On the other hand, phylogenies of d1e clones of t11e 

Australian lower termite M. dcuwiniensis were slightly different from those of d1e 

Japanese termites. Though they were in MethanobrevibcK:ter, preliminary observations of 

tl1e symbiotic methanogens in M. dcuwiniensis has revealed freely-swarming 

metl1anogens but no endosymbiotic ones associating wit11 .flagellate in the hindgut fluid by 

epifluorescence microscopic observation, so the cloned sequence seemed to be originated 

from the non-endosymbiotic methanogens. 

M. cu1vatus and M. cuticu/ari.\' isolated from tlle American lower termite R. f lavipes 

(35) were distinct from type- I clones. These result suggest that the compositions of 

methanogen community in tennite hindgut are related to the locality rather than the species 

of their host termites. The working hypothesi is support.ed by the study on methanogen 

community of R . flavipes (35, 36). 1l1e three species of methanogens M. cuticulwis, M. 

curvaJus , and M. f i/ifonnis were isolated from the hindgut of R. f/avipes. Although the 

ftlamentous methanogen M. filifonnis was one of the dominant med1anogens in R. 

flavipes collected from Woods Hole in Massachusetts, cells of s imilar morphology were 

not observed in R. jlavipes collected from Dansvi lle in Michigan (36). 

1l1e methanogen community in termite hindgut seemed to be related to t11e host locality. 

Then, what is the factor determine the composition of d1e community of methanogen in 

termi te hindgut? How are the relations between the methanogen community and the host 

locality? In the case of symbiotic flagellates of' lower termites , flage llate species are 

known to be characteristic to bost termite species. The specificity is thought to be caused 

by the tmnsmiss ion process or the flage llates via proctodea] feeding. This transmission 

mode seemed to be applicable to t11e bacterial community of termite hindgut too, it has not 
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seen in this experiment, however. If U1e proctodea! feeding is only the way to acquire the 

bacterial microtlora including methanogen species and lineages of methanogens must 

reflect the host phylogeny. However, the resu lts obtained from the SSU rRNA gene 

analyses ar·e inconsistent with this scenario. Another possible scenario is infection from 

the outside world via feeding action of the host at least partially. In this case, U1e species 

and lineages of the bacterial symbionts must relate to the host localities rather th<m or m 

addition to their phylogenies. 

1l1e SSU rR A gene analyses of the extracted DNA from humic soil sampled near by 

nest of R. speratus consisted with the later scenario. The analyzed PCR clones included 

tl1e type- I B and type- I A-related ones. Moreover, the symbiont type-3-related clones were 

also obtained. 1l1e type-3 is unknown species of Themwplasma-related archaea detected 

from R. sperarus and 0. fonnosanus . Considering these results, it seems reasonable that, 

altl10ugh tile endosymbiotic methanogens as ·ociated with symbiotic tlagellates in lower 

termite are transmitted to their next generation via proctodea! feeding, some of tile non­

endosymbiotic ones, e.g. gutwall-attaching or freely-swanning methanogens. can be 

acquired from the outside environment. 

Because methanogens are generally exu·emely sensitive to oxygen, it seems to be 

difncult for methanogens to infect from the outside exposing to air. However, the two 

isolated methanogens M. cuticularis and M. curvaws were shown to have some oxygen 

tolerance analyzed by U1e growtl1 experiments within oxgen containing medium and the 

observation of U1eir in situ locations on the gut periphery where it is microoxic (I 0, 35). 

If the infection of med1anogen to termites from the outside environment occurs 

commonly, it may be applicable to other <mimals which harbor methanogens in d1eir 

digestive tracts, e.g. xylophagous cockroaches (24) or mammalian herbivores (61 ). To 

compru·e lhe methanogen commun ities , xy lophagous cockroach S. esakii sampled in 

Yakush ima Is . and rumen contents sampled from the cow in Miyazaki city were examined. 

TI10ugh d1e Themroplasma-related clones were obtained from botil S. esakii and rumen 
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contents , the rnethanogen type- I A or I B-related clones were not seen. The different 

compositions of rnethanogen among S. esakii, rumen, and the termites may be caused by 

d1e differences of the physicochemical conditions in their digestive tracts. 
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GENERAL DISCUSSION 

The terminal H1-consuming process in termite hindgut ecosystem is little different from 

otl1er natural habitats. The ·pecific physiological group of H2 sink organisms that 

dominates t11is H1-consuming stage depends on the habitat. In anoxic marine sediments, 

where the concentration of sulfate is relatively high, sulfate-reducing bacteria usually 

dominate terminal electron flow (e.g. 41-11 + SO.'· -+ s'· + 4H10), which includes the 

complete anaerobic oxidation of acetate to C02 (e.g . 2CH,COOH +SO/" 2C01 + s'· 

+ 41-120). In cono·ast, in anoxic habitats low in sulfate, methanogens usually dominate, 

using primarily C02 <md the methyl group of acetate as electron acceptors (e. g. 41-1 2 + 

2C02 --> CH, + 2H10 and CH,COOH - > CH, + C02) . Tndeed, in gastrointestinal 

tracts, such as ruminant animals , the concentration of terminal electron acceptors other 

than CO, is usually limited, the fem1entalion of the lignocellulose is primarily toward 

metl1anogenesis (63). However, in termite hindgut ecosystems, C01-reducing 

acetogenesis generally outprocess metllanogenesi · as the primary 1-1 2 sink. For the host 

termites, intermediates of lignocellulose decomposition by the resident microbiota can be 

impo11ant carbon and energy sources. In such situation, C02-reducing acetogenic bacteria 

cou ld make a significant contribution to the host termite nutrition. Breznak and Switzer 

estimated that one third of respiratory requirement of the ho t was fulfilled by U1e acetate 

formed by C02-reduc.ing acetogens. [t seems odd tllat C01-reducing acetogens 

outcompete methanogens for H2 in tile termite hindgut, as this rarely occurs in natural 

habitats . One possible factor contributing to its competitive success was its ability to carry 

out mixotrophy [i.e. to gain energy by the simultaneous use of H1 + C02 and an organic 

'ub o·ate(s)]. TI1is property might enable cells to realize more energy per unit time in situ 

and thereby outcompete resident methanogens, which generally have a narrow range of 

utilizable substrates (7). However, the distinct reason of this phenomenon is still unclear. 
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TI1e methanogenic symbion ts of the hindgut of tetmites house in two different niches , 

i.e. on the epithelial surface of hindgut and in the cytop lasm of tlagellated protozoa (41, 

57). ·n1e peripheral region near the hindgut sutface is microoxic, where it is usually 

unsuitable for methru1ogens to colonize ( 17). However. these methanogen have some 

oxygen tolerance and dominate this habitat (35), where oxygen sensitive col-reducing 

acetogens probably can not colonize. On the other hand , endosymbiotic relationships 

between H1-consuming methanogens and anaerobic protozoa are seen also in natural 

l1abitat ( 18). TI1e cytoplasm of anaerobic protozoa is thought to be the best position in 

termite hindgut to acquire the ub · trate, i.e. H2 and C02, for met11ru1ogenesis. Under t11e 

competitive situation for H2 , methanogens may acquired t11ese physical and physiological 

advantages to competitive acetogens. 

In this study, some of tl1e colonies of the lower termite N. koslumensis without 

methane emission and fluorescent methanogens ex is ted . One of the possible reason of the 

lack of met11anogens from the hindgut is the failure of methanogen transmission between 

termite generations at colony foundation. However, the compositions of flagellated 

protozoa in both colonies witl1 and w ithout methru10gens were mostly identical which is 

indicating the successive transmission of protozoa. In the tudy of R. speratus, no 

endosymbiont was hybridized w itl1 Methanobrevibacter-specific probes. The possibility 

tluu the molecular phylogenies of endosymbiotic methanogens vary from those of free­

living ones as the results of coevolution in the distinct mutualism to their host protozoa 

was indicated. In tl1is case, the endosymbiotic methanogens could be stably transmitted to 

tl1e next generation of termites along witll the protozoa. It is inconsistent with t11e 

observations inN. koshunensis. In thjs issue, more significant factor which positively 

eliminate t11e metl1anogens from tl1e hindgut ecosy · tem may involve, e.g. difference of 

physicochemical condition in the hindgut between the termites of the colonies with and 

without methane emission. 

In any case, to use of Hz and C02 in the hindgut for acetate synthesis but not for 
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methane production is thought to serve as an additional energy source for the host tem1ite. 

lf it is true, the termites of the colonies without methane emiss ion could obtain more 

utilizable energy source per unit food intake than those of the colonies with methane 

emission. This potential advantage may effect tl1e growth rate of individual tem1ites or the 

productivity of the queen . wbich may result in fast co lony growth. 
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APPENDIX 

SSU rRNA gene sequences of symbiotic methanogens in termites . 

I. SSU rRNA gene sequences of symbiotic methanogens in R. spera lus. 

RSlOl-110: colony RSl from Tokyo 

RS201-210' colony RS2 from Tokyo 

RS301- 310' colony RS3 fran Yamaguchi 

RS401-410' colony RS4 fran Tokyo 

RS50l.-510 ' colony RS5 (rOOJ .Kobe 

RS601-610, colony RS6 f rcxu Okinawa 

15 25 35 •IS 55 65 75 

RSl 01 TTAAAGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCC'l'GCGGTTTAATTGGATTCAACGCCGGACATCTCAC 

RS102 TTAAAGGAATTGGCGGGGGAGCACCACAACGCG'rGGAGCCTGCGGTTTAATTGGATTCAACGCCGGACATCTCAC 

RS103 TTAAAGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCC'l'GCGGTTTAATTGGATTCAACGCCGGACATCTCAC 

RS104 TTAAAGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAATTGGATTCAACGCCGGACATCTCAC 

RS105 TTAAAGGAATTGGCGGGGGAGCACCACAACAGG'l'GGAGCCTGTGGTTTAATTGGATTCAGC=GGACAGCTCAC 

RS106 TTAAAGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAATTGGATTCMCGCCGGACATC'fCAC 

RS107 TTMAGGAATTGGCGGGGGIIGCACCACAACGCGTGGAGCCTC'.CGGTTTAATTGGATTCAACGCCGGACATCTCAC 

RSlOB TTAAAGGMT=GGGGGAGCACCGCAACGGGAGGAGCGTGCGGTTTMTTGGATTCAACACCGGAAAACTCAC 

RS109 T'J'AAAGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTMTTGGATTCAACGCCGGACATC'fCAC 

RSllO T'fAAAGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAATTGGATTCMCGCCGGACATCTCAC 

RS201 TTAAAGGMt=GGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTMTTGGATTCMCGCCGGACATCTCAC 

RS202 TTAAAGGM TTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGT'rTMTTGGATTCAACGCCGGACATC'fCAC 

RS203 T'fAAAGGMTTGGCGGGGGAGCACCACMCGCGTGGAGCCTGCGGTTTMTTGGATTCAACGCCGGACATC'rCAC 

RS204 TTAAAGGMTTGGCGGGGGAGCACCACMCGCGTGGAGCC'rGCGGTTTAATTGGATTCMCGCCGGACATCTCAC 

RS205 T~'AMGGMT'fGGCGGGGGAGCACCACMCGCGTGGAGCCTGCGGTTTAATTGGATTCAACGCCGGACATC'fCIIC 

RS206 TTMAGGMTTGGCGGGGGAGCIICCACMCGCGTGGAGCCTGCGGTTTAATTGGII'rTCMCGCCGGACATCTCAC 

RS207 TTAAAGGAATTGGCGGGGGAGCACCACMCGCGTGGAGCCTGCGGT'I"fAATTGGATTCAACGCCGGACATCTCAC 

RS20B TTMAGGMTTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAATTGGATTCMCGCCGGACATC'rCAC 

RS209 TTAMGGAA~'TGGCGGGGGAGCACCACAACGCGTGGI\GCCTGCGGT"PTAATTGGATTCAACGCCGGACATC'rCAC 

RS21 0 TTAAAGGAA TTGGCGGGGGAGCACCACAACGCGTGGAGCC'fGCGGTTTMTTGGATTCAACGCCGGACA'I'CTCAC 

RS301 TTAAAGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAATTGGATTCMCGCCGGACATC'rCAC 

RS302 TTMAGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAATTGGATTCAAC=GGI\CATCTCAC 

RS303 TTAAAGGMTTGGCGGGGGAGCACCACMCGCGTGGI\GCCTGCGGTTT AA'I"fGGATTCAliCGCCGGIICATCTCAC 

RS304 TTMAGGMTTGGCGGGGGAGCI\CCACAACGCGTGGAGCCTGCGGTTTAATTGGATTCMCGCCGGACATC'rCAC 

RS305 TTAAAGGAATTGGCGGGGGAGCI\CCIICAACGCG"I'GGI\GCCTGCGGTTTAATTGGATTCAACGCCGGACATC'rCAC 

RS306 TTAAAGGAATTGGCGGGGGI\GCACCACAACGCGTGGAGCCTGCGGT'I'TAATTGGATTCAACGCCGGACATCTCAC 

RS307 TTAAAGGMTTGGCGGGGGIIGCIICCACAACGCGTGGAGCCTGCGGTTTAA'rTGGATTCAACGCCGGACATCTCAC 

RS308 TTAAAGGAA'l'TGGCGGGGGAGCACCACMCGCGTGGAGCCTGCGGTTTAATTGGATTCAACGCCGGIICATCTCAC 

RS309 TTAMGGMT'XGGCGGGGGAGCACCACMCGCGTGGAGCCTGCGGTTTAATTGGATTCAACGCCGGACATCTCAC 

RS310 TTAAAGGAATTGGCGGGGGAGCI\CCACMCGCGTGGI\GCCTGCGGTTTAATTGGATTCAACGCCGGACA'rCTCAC 

RS4 0 l TTAMGGAA TTGGCGGGGGAGCI\CCACMCGCGTGGI\GCC'fGCGGTTTAATTGGATTCAACGCCGGACATCTCAC 
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RS4 03 TTAAAGGMTTGGCGGGGGAGCACCIICAACGCGTGGAGCCTGCGG'rTTMTTGGATTCAACGCCGGACATCTCAC 

RS4 04 TTAAAGGAATTGGCGGGGGAGCACCACAACCCGTGGI\GCC'J'GCGGTTTMTTGGATTCMCGCCGGACATCTCAC 

RS4 0 5 TTAMGGAATT=GGGGGAGCACCACMCGCG1'GGAGCCTGCGGTTTAATTGGATTCMCGCCGGACATCTCAC 

RS406 TTAMGGMTTGGCGGGGGI\GCACCGCMCGGGACGAGCGTGCGGTTTAATTGGA:J'TCAACI\CCGGI\AMCTCI\C 

RS407 TTAMGGAATTGGCGGGGGAGCACCACMCGCGTGGAGCCTGCGGTTTMTTGCI\TTCMCGCCGGACATC'I'CAC 

RS406 TTAMGGMTTGGCGGGGGAGCACCACMCGCG'rGGAGCCTGCGGTTTAATTGGATl'CAACGCCGGACATCTCAC 

RS409 T'rAMGGM'rTGGCGGGGGAGCACCGCMCGGGAGGAGCGTGCGGTTTAATTGGATTCAACACCGGAAAACTCAC 

RS410 TTAMGGAATTGGCGGGGGAGCACCI\CAACGCGTGGAGCCTGCGGTTTAATTGGATTCAACGCCGGACATCTCAC 

RS501 TTAAAGGAATTGCCGGGGGAGCACCACAACGCGTGGAGCCTCCGGTT'I'AAT'I'GGA TTAMCGCCGGACATCTCAC 

RS502 TTAAAGGAATT=GGGGGAGCACCl\CMCGCGTGGAGCCTGCGGTTTAAT'I'GGATTCAACGCCGGACATCTCAC 

RS 50 3 TTAMGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTJ\ATTGGATTCAACGCCGGACA'I'CTCAC 

RS504 TTAMGGMTTGGCGGGGGI\GCACCACAACGCGTGGAGCCTGCGGTT'rAATTGGATTCAACGCCGGACATCTCAC 

RS505 TTAAAGGAATT=GGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAATTGGI\TTCAACGCCGGI\CATCTCAC 

RS506 TTAMGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGG'I"rTAATTGGATTCAACGCCGGACl\TCTCAC 

RS507 TTAMGGAATT=GGGGGAGCACCACAACGCGTGGAGCC'rGCGGTTTAM'TGGATTCAACGCCGGACATCTCAC 

RS508 TTAAAGGAATTGGCGGGGGAGCACCACMCGCGTGGAGCCTGCGG~'TTAATTGGATTCAACGCCGGACATCTCAC 

RS509 TTAMGGMTTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAATTGGATTCAACGCCGGACATCTCAC 

RS510 TTAAAGGAA1'T=GGGGGI\GCACCACAACGCGTGGAGCCTGCGG'f'J'TMTTGGIITTCAACGCCGGACATCTCAC 

RS60l TTAMGGAATTGGCGGGGGAGCACCACAACGCG'J'GGAGCC'J'GCGGT'l'TAATTGGA'M'CAACGCCGGACATCTCAC 

RS602 TTAAAGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCC'rGCGG'fTTAAT1'GGATTCAACGCCGGIICIITCTCI\C 

RS603 TTAMGGAATTGGCGGGGGAGCACCACAACGCGTGGI\GCC'J'GCGGTTTAA'rTGGAT'J'CAA=GGACATCTCAC 

RS604 'fTAAAGGMTTGGCGGGGGAGCACCACAACGCGTGGIIGCCTGCGGTTTAATTGGATTCAACGCCGGACATCTCAC 

RS605 'J'TAMGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAA1'TGGATTCAACGCCGGIICATCTCAC 

RS606 TTAAAGGAA'M'GGCGGGGGAGCACCACAACCCG'rGGAGCCTGCGG1'TTAAT'J'GGJIT'J'CAACGCCGGACATCTCAC 

RS607 TTAAAGGAATT=GGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAATTGGATTCAACGCCGGACATCTCI\C 

RS608 TTAMGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAATTGGATTCAACGCCGGJICATCTCAC 

RS609 TTMAGGAATTGCCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAATTGGATTCAACGCCGGACATCTCI\C 

RS610 TTAMGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAA'J'TGGATTCAACGCCGGACATCTCAC 

E. coli TCAAATGMTTGA GGGGGCCCGC -ACAAGCGGTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTT AC 

65 95 105 115 ns 135 145 

------- ---t-- ------- -+-- ------ --t-------- -+-- ---- -- -+---- --- --+- -- ----- -+--- --
RS10 1 CAGGGGC-GACAGCA- -GTATGATGCTCAGA1'TGATGATCT'l'ACTT-GACAAGC -TGAGA- -GGAGGTGCATGGC 

RS102 Cl\GGGGC-GACAGCA- -GTATGATGGCCAGGTTGATGGTCT'I'GCTT-GACAAGC-TGAGA --GGAGGTGCATGGC 

RS 103 CAGGGGC- GACAGCA- -GTATGATGGCCAGGTTGATGGTCTTGCTT -GACMGC- TGAGA- -GGAGGTGCATGGC 

RS104 CAGGGGC-GACAGCA--G'J'ATGATGGTCAGIITTGATGATCTTACTT-GACAAGC-TGAGA- -GGAGGTGCATGGC 

RS105 CGGATM -GACAGCT- -GCGTGATGGTCAA TCTGAAGGTT1'TACCT-GACTAGC -TGAGA- -GGAGGTGCAT= 

R$106 CAGGGGC -GACAGCA- -GTATGATGGTCAGATTGATGATCTTACTT-GACAAGC-TGAGA-- GGAGGTGCAT= 

RS107 CAGGGGC- GACAGCA- -GTATGATGGTCIIGATTGATGATCTTAC'rT -GACAAGC-TGAGA- -GGAGGTGCATGGC 

RS106 CAGGGAA -GACTGTT-- ACA TGAAAGCCAGGC'fAACGIICCTTGCTC -GIITTTTC-AGAGA-- GGTGGTGCATGGC 

RS109 CAGGGGC-GACAGCA--GTATGATGGCCAGGT'rGATGGTC'I'TGCTT-GACAACC-TGAGA--GGAGGTGCATGGC 

RSllO Cl\GGGGC -GACAGCA-- GTATGATGGCCAGGTTGA TGGTCTTGC'rT-GACAAGC -TGAGA-- GGAGGTGCAT= 

RS201 CAGGGGC -GACAGCA- -GTATGATGGCCAGGTTGATGGTCTTGCTT- GACAAGC -TGAGA- -GGAGGTGCATGGC 

RS202 Cl'\GGGGC -GACAGCA-- GTATGATGGCCAGGTTGATGGTC'rTGCTT -GACAAGC -TGAGA- - GG!,GGTGCATGGC 

RS203 CAGGGGC -GACAGCA- - GT ATGATGGTCAGAT'I'GATGATCT'l'ACTT -GACAAGC-TGAGA- -GGAGGTGCATGGC 

RS204 CAGGGGC -GACAGCA- -G'fATGATGGTCAGATTGAl'GATCTTACTT -GACAAGC -TGAGA- -GGAGCTGCATGGC 

RS205 CAGGGGC -GACAGCA- -GTATGATGGTCAGATTGA'I'GATCTTACTT -GACAAGC -TGAGA- -GGAGGTGCATGGC 

RS206 CAGGGGC -GACAGCA- -GTI\TGATGGCCAGGTTGATGGTCTTGCTT-GACAAGC-'I'GAGA- -GGAGGTGCATGGC 

RS207 CAGC',CCC -Gr>.CAGCA --GTATGATGGTCAGATTGATGATCTTI\CTT -GACAAGC- TGAGA- -GGAGGTGCATGGC 

RS20 0 CAGGGGC- GACAGCl\- -GTATGATGGCCAGGTTOATGGTCTTGCTT -GACAAGC -TGAGA- -GGAGGTGCATGGC 

RS209 CAGGGGC-GACAGCA- -GTATGATGGTCI\Gl\T'l'GATCATC'J'TACTT-GACAAGC-TGAGA - -GGI\GGTGCAT= 

RS210 CAGGGGC-GACAGCA- -GTATGATGGCCAGGTTGATGGTCTTGCT'l'-GACAAGC-TGAGA- -GGAGGTGCATGGC 

RS301 CAGGGGC-GACAGCA- -GTATGATGGCCAGGTTAATGGTCTTGCTT-GI\CAAGC-TGl'\GA- -GGAGGTGCATGGC 

RS302 CAGGGGC-GACAGCA- -GTATGATGGCCAGGTTGATGGTC'rTGC'rT-01\CAAGC-TGAGA- -GGAGG'I'GCATGGC 
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RS303 CAGGGGC -GJICAGCA-- GTATGATGGCCAGGTTGII1'GGTC'l'TGCTT- GI\CMGC - TGAGA- - GGIIGGTGCJ\TGGC 

RS304 CAGGGGC -GACIIGCA- -GTATGATGGCCAGGTTGA TGGTCTTGCTT-GJ\CAAGC-TGAGA- -GGAGGTGCATGGC 

RS305 CAGGGGC -GACAGCA- -GTATGIITGGCCAGGTTAA TGGTC'J"fGCTT- GACAAGC -TGAGA- - GGAGGTGCATGGC 

RS3 06 CAGGGGC -GACAGCA- -GTATGATGGCCAGGTTGATGGTC'fTGCTT- GACAAGC -TGAGA- ·GGAGGTGCATGGC 

RS307 CAGGGGC -GACAGCA-- GTATCATGGCCI\GGT'fGJITGGTCT'rGCTT -GIICAAGC- TGAGII- -CiGAGGTGCA'l'GGC 

RSJO B CAGGGGC -GI\CAGCA- -GTA1'GATGGCCAGGT1'GATGGTCTTGCTT -GACAAGC -TGAGA- -GGAGGTGCATGGC 

RS309 CAGGGGC -CACAGCA-- GTATGATGGCCAGG'rTGATGGTCTTGCTT- GACAAGC -TGAGA- - GGAGGTGCATGGC 

RS310 CAGGGGC -GACAGCA- -GTATGATGGCCAGGTTGATGG1'CT'rGC'l"r -GACAAGC -TGAGA-- GGAGGTGCATGGC 

RS4 01 CAGGGGC -GACAGCA- -GTA'l'GATGGCCAGGTTGATGGTCTTGC'fT -GACAAGC -TGAGA-- GGAGGTGCATGGC 

RS403 CAGGGGC-GACAGCA--GTATGA1'GGCCAGG'I'TGATGG'l'CTTGCTT·GACAAGC-TGAGA--GGAGGTGCATGGC 

RS4 04 CAGGGGC -GACJ\GC-- ·GTATGATAGCCJ\GTTTGATGAGCTTGCTT ·GACAAGC -TGAGA- ·GGAGGTGCATGGC 

RS4 05 CAGGGGC -GACAGCA- -GTATGATGGCCAGG'rTG!tTGGTCT'l'GCTT-GACAAGC -TGAGA- -GGAGGTGCATGGC 

RS4 0 6 CAGGGAA ·GACTGTT--ACA'fG!tAAGCCAGGCTMCGACCTTGCTC • GAT'rTTC -A GAGA- ·GGTGGTGCATGGC 

RS407 CAGGGGC-GACAGCA--GTATGATGGCCAGGT'l'GATGGTCT'rGCTT-GACAAGC-TGAGA--GGAGGTGCATGGC 

RS4 08 CAGGGGC -GACAGCA- -GTATGATGG'rCAGA1'TGATGJITCTTACTT -GACAAGC -TGAGA- -GGAGGTGCATGGC 

RS409 CAGGGAA ·GAC'fG'l"r- -ACATG!tAAGCCAGGCTAACGACC'l"rGCTC -Gi\TTTTC-i\Gi\GA- ·GGTGGTGCATGGC 

RS410 CAGGGGC- GACAGCA- -GTATGATGGCCAGGTTGA'fGGTCTTGCTT -GACAAGC·TGAGA • ·GGAGGTGC!tTGGC 

RSSO 1 CAG= -GACI\GCA- -GTATGATGGTCAGAT'rGATGA'fC'fTAC'rT -GACMGC-TGAGA- - GGAGGTGCA'rGGC 

RS502 CAGGGGC ·GACAGCA • • GTATGI\TGGCCAGGTTGATGGTCTTGCTT -GACAAGC· TGAGJI • ·GGAGGTGCM'GGC 

R$503 CAGGCGC -GACAGCA- -GTATGATGGTCAGA1'TGATGM'CTTAC1"r ·GACAAGC ·TGAGA- ·GGAGGTGCATGGC 

RS504 CAG=c -GI\CAGCA- -GTATGATGGTCAGI\TTGA'rGJ\TC'fTACTT -GACMGC -'!'GAGA- -GCAGG'l'GCATGGC 

RSSO 5 CAGGGGC- Gl\CAGCA- -GTATGATGGTCAGATTGATGI\TC'fTACT'r-GACMGC -TGAGA- ·GGAGGTGC!tTGGC 

RS506 CA=GC -GACAGCA- -GT!tTGI\TGGTCAGI\TTGATGA'rCTTACTT -GACAAGC ·TGAGA- -GGAGGTGCATGGC 

RS507 CAGGGGC-GACAGCA- ·GTATGATGGTCI\GATTGATGJ\TC'f'fACTT·GACMGC-1'GAGA· -GGAGG'rGCATGGC 

RS508 CitGGGGC ·GACAGCA ·-GTATGATGGCCAGGTTGATGGTCTTGC'rT • GACAAGC -TGAGA- -GGAGGTGCATGGC 

RS509 CA=GC-GI\Ci\GCA- ·GTATGJ\TGGTCAGAT'rGATGATC'rTACTT-GACAAGC-1'CAGA··GGAGGTGCATGGC 

RS510 CAGGGGC -GACAGCA- -GTATGATGGTCACI\TTGATGA=l'TACTT-GACAAGC·TGAGA- ·GGAGG'l'GCATGGC 

RS601 CAGGGGC -GACAGCA- -GTATG!tTGGTCAGATTGATGATCTTACTT·GACAAGC-TGAGA- -GGAGGTGCATGGC 

RS602 CAGGGGC ·GACAGCA- ·GTATGATGGTCI\GATTGI\TGI\TCTTACTT -GACAAGC -TGAGA- -GGAGGTGCATGGC 

RS603 CAGGGGC-Gl\CAGCA--GTATGATGGTCI\GATTGATGATCTTACTT-GACAAGC-TGAGA--GGAGGTGCA'fGGC 

RS604 CAGGGGC -GI\CAGCA • -GTATCI\T=AGGT'l'GATGGTCTTGCTT -GACAAGC- TGAGA- ·GGAGGTGCATGGC 

RS605 CAGGGGC -GACAGCA- -GTATGATGG'l'CAGATTGI\TGI\TCTTI\CTT -GACAAGC ·TGAGA- ·GGAGGTGCATGGC 

RS606 CAGGGGC ·GACACCA- -GTi\TGATGGCCAGGTTGATGGTCTlfGCTT -GACAAGC -TGAGA- -GGAGGTGCATGGC 

RS607 CAGGGGC ·GACI\GCA- ·G'rA'fGATGGTCAGM'TGATGATCTTACT'f- GACMGC- TGIIGA- ·CGAGGTGCATGGC 

RS608 CAGGGGC ·GACAGCA- ·GTATGATGGTCAGAT'rGATGl\TC'I'TA T'r -CI\CMGC-TGAGA- -GGAGGTGCATGGC 

RS609 CAGGGGC·GACAGCA- -GTATGI\TGGCCAGGTTGATGGTCTTGCTT-GACAAGC-TGAGA- -GGAGGTGCATGGC 

RS610 CIIGGGGC · GACAGCA- -GTATGATGGCCA(".C'r'rGJITGGTCTTGCT1'- GACAAGC-'rGAGA- -GGAGGTGCM:GGC 

E. coli CTGGTCTTGJ\CATCCACGGAAGT'rTTCAGAGATGAGAATGTGCCTTCGGGAACCGTGAGACAGGTGC'IGCATGGC 

155 165 .175 185 195 205 215 220 

--- -+-- ----- --+-- ------- ... ---- --- -+-- ---- ---+--- ---- --+--- ------+----- --- -+ 
RS10 1 CGCCGTCAGCTCGTACCGTGAGGCGTCC'fGTTAACTCAGGCAACGAGCGAGACCCACGCCCTTAG'l"rACCAGCAA 

RS102 CCCCGTCI\GCTCGTACCGTGAGGCGTCCTGTTMGTC!tGGCAACGAGCGI\GACCCACGCCC'rTAGTTACCAGCAT 

RS103 CGCCGTCAGCTCGTACCGTGAGGCG'rCCTGTTAAGTCAGGCAACGAGCGAGACCCACGCCC'fTAGTTACCAGC!tT 

RS104 CGCCGTCAGCTCGTACCGTGAGGCGTCC'fGTTAAGTCAGGCAACGAGCGAGACCCACGC=TI\GTTACCAGCAA 

RSlOS CGTCGTCAGT'fCGTAC'rGTGMGCATCCTG1'TAAGTCAGGCMCGAGCGAGl\CCCACGCCAACAATTGCCAGCI\G 

RS106 CGCCGTCAGCTCGTi\CCGTGACGCG1'CCTGTTMGl'CAGGCMCGAGCGI\GACCCACGCCCTTAGTTACCAGCAA 

RS107 CGCCGTCAGCTCGTACCGTGAGGCG'l'CCTGTTAAGTCAGGCAACGAGCGAGACCCACGCCC1'TAGl'TACCAGCM 

RS108 CGTCGTCAGTTCGTACCGTAAGGCGTTCTCT'rAAGTGAGATMCGAACGAGACCCTCACCAATAGT'rGC'rACTTC 

RS109 CGCCGTCAGC'rCGTI\CCGTGI\GGCGTCCTG'rl'AAGTCAGGCAACGAGCGI\GACCCACGCCC'J'TAG'rTACCAGCA'r 

RSUO CGCCG'fCAGCTCGTACCGTGI\GGCGTCCTGT'l'AAG'tCAGGCMCGAGCGAGACCCACGCCCTTAGTTACCAGCAT 

RS201 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCMCGAGCGAGACCCACGCCCTTAGTTACCAGCAT 

RS202 CGCCGTCAGCTCGTACCGTGAGGCGTCC'rGTTAAG1'CAGGCMCGAGCGAGACCCACGCCCTTAGTTACCAGCAT 

RS203 CGCCGTCAGCTCGTACCGTGAGGCGTCCCG'rTAAGTCAGGCMCGAGCGAGACCCIICGCCCT1'AGTTACCAGCAA 
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RS204 CGCCGTCAGCTCGTACCGTGA=GTCCTGTTMGTCAGGCMCGAGCGAGI\CCCACGCCCTTAGTTIICCAGCM 

RS205 CGCCG'l'CAGCTCGTACCGTGA=GTCCTGTTMGTCAGGCAACGAGCGAGACCCACGCC T'l'AG1'TACCAGCM 

RS206 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCMCGAGCGAGACCCACGCCCTTAG'l'TACCAGCI\T 

R5207 CGCCGTCAGCTCGTACCGTGAGGCG'I'CCCGTTAI\GTCAGGCMCGAGCGAGACCCACGCCCTTI\GTTACCAGCM 

R5208 CGCCGTCliGCTCGTACCGTGAGGCGTCCTGT'l'I\AGTCI\GGCMCGAGCGAGACCCACGCCCTTAG'I'TACCAGCAT 

RS209 CGCCG'I'CAGCTCGTACCGTGAGGCG'l'CC1'GTTAI\GTCAGGCMCGAGCGAGACCCACGCCCTTI\GTTI\CCAGCI\A 

RS21 0 CGCCGTCI\GCTCGTACCGTGAGGCGTCC'l'GTTAAGTCA=MCGliGCGAGACCCACGCCCTTI\GTTACCAGCA'l' 

RS301 CGCCGTCAGCTCGTACCGTGAGGCGTCC'l'GTTMG'l'CAGGCI\ACGAGCGAGACCCACGCCCTTAGT'rACCAGCGG 

RS302 CGCCGCCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCA=AACGAGCGAGACCCACGCCCTTAGTTACCAC,CAT 

RS303 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAI\GTCI\GGCMCGAGCGAGACCCACGCCCTTAGTTACCAGCAT 

RS304 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCMCGAGCGAGACCCACGCCCTTAG'l"l'IICCAGCAT 

RS305 CGCCGTCAGCTCGTACCGTG~GTCCTGTTAI\G'l'CI\GGCAACGAGCGAGACCCACGCCCTTAGTTACCAGCGG 

RS306 CGCCG1'CAGCTCGTGCCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCACGCCCTTAGTTACCI\GCAT 

RS307 CGCCGTCAGCTCGTACCGTGA=GTCCTGTTAAGTCAGGCMCGIIGCGAGACCCIICGCCCTTAGTTACCAGCAT 

R5308 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCACGCCCTTAGTTACCAGCAT 

RS309 CGCCGCCAGCTCGTACCGTGAGGCGTCCTGTTMGTCA=MCGAGCGAGACCCI\CGCCC'l"l'AGTTACCAGCAT 

RS310 CGCCG'rCAGCTCGTACCGTCAGGCGTCCTGT~·AI\GTCI\GGCIIACGAGCGAGACCCACGCCCT'l'AGTTACCAGCAT 

RS4 01 CGCCGTCAGCTCGTACCGTGAGGCGTCC'l'GTTAI\GTCII=AACGAGCGAGACCCACGCCCTTAGTTACCAGCAT 

R5403 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCACGCCC'rTAGT1'ACCAGCAT 

RS404 CGCCGTCI\GCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGliGCGAGACCCACGCCCTTAGTTACCI\ACAG 

R540 5 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTl'MGTCAGGCAACGAGCGI\GACCCACGCCCTTAGTTACCAGCAT 

RS406 CGTCGTCI\GTTCGTACCGTAAGGCGTTCTCTTMGTGAGATMCGMCGAGACCCTCI\CCAATAGTTGCTAC'l'TT 

RS407 CGCCG~'CAGCTCGTl\CCGTGAGGCGTCCTG1'TAAGTCAGGCAACGAGCGAGACCCACGCCCT'fAG'l'TACCAGCAT 

R5408 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAG'rCI\~GAGCGAGI\CCCACGCCCTTAGTTI\CCAGCAA 

RS409 CGTCGTCAGTTCGTACCGTMGGCGTCCTGTTMGTCAGGCAACGAGCGAGACCCTCACCI\ATAGTTGCTACTTT 

R5410 CGCCGTCAGCTCGTACCGTGI\GGCGTCCTGTTI\AGTCA=I\ACGAGCGAGACCCACGCCCTTAGTTACCAGCAT 

RS501 c=TCAGC'l'CGTACCGTGI\GGCGTCCTGTTAAGTCAGGCMCGAGCGAGACCCI\CGCCTTTAGTTACCAGCAA 

RS502 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCA=MCGI\GCGAGACC'CACGCCCTTAGTTACCAGCI\T 

RS503 CGCCGTCAGCTCGTACCGTGA=GTCCTGTTAAGTCA=AACGAGCGAGACCCACGCCTTTAGTTACCAGCI\A 

RS504 CGCCGTCAGCTCGTACCGTGA=GTCCTGTTAAGTCA('.GCAACGAGCGAGAC'CCACGCCTTTIIGTTACCAGCAA 

RS505 CGCCGTCAGC'l'CGTACCGTGAGGCGTCCTGTl'AAGTCA=MCGAGCGAGACCCACGCCTTTAGTTACCAGCAA 

RS506 CGCCGTCAGCTCGTACCGTGAGGCG'rCCTGTTI\AGTCA=AACGAGCGI\GACCCACGCCTTTAGTTACCIIGCAT 

RS507 CGCCGTCAGCTCGTACCGTGA=GTCCTGTTMGTCAGGCMCGAGCGAGI\CCCACGCCTTTAGTTACCAGCI\A 

RS508 CGCCGTCAGCTCGTACCGTGAGGCG'XCCTGTTAAGTCAGGCI\ACGAGCGIIGACCCACGCCCTTIIGTTACCAGCAT 

RS509 CGCCGTCAGCTCGTACCGTGI\GGCGTCCTGTTMGTCAGGCAACGI\GCGAGACCCACGCCTTTAGTTI\CCAGCM 

RS510 CGCCGTCAGCTCGTl\CCGTGAGGCGTCCTGTTMGTCAGGCMCGAGCGAGACCCI\CGCCTTTAGTTACCAGCM 

RS601 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTMGTCAGGCMCGAGCGAGACCCACGCCC.'TTAGTTACCAGCAA 

R5602 CGCCGTCAGC'rCGTACCGTGAGGCGTCCTGTTAAGTCAGGCMCGAGCGAGACCCI\CGCCCTTAGTTACCAGCM 

RS603 CGCCGTCAGCTCGTACCGTGAGGCG'rCCTGTTAAGTCAGGCAA GAGCGAGACCCACGCCCTTI\GTTI\CCAGCI\A 

RS604 CGCCGTCAGC'J'CGTIICCG'rGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCACGCCCTTAGTTACCAGCAT 

RS605 CGCCGTCAGCTCGTACCGTGA=GTCCTGTTAAGTCAGGCMCGAGCGAGACCCACGCCCTTAGTTACCAGCM 

RS606 CGCCGTCAGCTCGTACCG'l'GAGGCGTCCTGTTI\AGTCAGGCAACGAGCGAGACCCACGCCCTTAGT~'ACCAGCAT 

RS607 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTMGTCI\GGCI\ACGAGCGAGACCCACGCCCTTAGTTACCAGCAA 

RS608 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTMGTCI\GGCAACGAGCGAGACCCACGCCCTTAGTTACCAGCAA 

RS609 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTMGTCA=AACGAGCGAGACCCACGCCCTTAGTTACCAGCAT 

RS610 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCA=I\ACGAGCGAGACCCACGCCCTTAGTTACCI\GCAT 

E. coli TGTCGTCAGCTCGTGTTGTGAAATGT'l'GGGTTAAG'l'CCCGCMCGAGCGCAACCCTTI\TCCT1'TGTTGCCI\GC-G 

23~ 245 255 265 275 285 295 
------ ---+--- ------4--------- -+--- ---- -+- ------- -+------ ---+------ ---+-----

RSlOl GT-C-T'fTTTTTMGATGTTTGGGCACACTI\AGGGGACCGCCAGTGATAAACTGGAGGAAGGAGTGGIICGACGGT 

RS102 GT-CC-TTTTTTTGGATGTTTGGGCACACTI\AGGGGACCGCCAGTGATAAATTGGAGGMGGAGTGGACGACGG'l' 

RS103 GT-CCTTTTTTT-GGATGTTTGGGCACACTMGGGGACCGCCAGTGATAAATTGGAGGMGGAGTGGACGACGGT 

R5104 GT-C-TTTTTTTAAGATGTTTGGGCACACTMGGGGACCGCCAGTGATAI\ACTGGAGGAAGGAGTGGACGACGGT 
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RS10 5 - - -C- • ATCTCTG-GATGGCTGGGGACAT'l'Gl'TGGGACCGCCCCTGCGAMGGGG.>.GGMGGAA TGGGCMCGGT 

RS106 GT·C-'fTTT'rTTMG.>.1'GTTTGGGCACACTAAGGGGACCGCCAGTGATAAACTGGAGGAAGGAGTGGACGACGGT 

RS107 GT-C-TTTTTTTAAGATGTTTGGGCACI\C'fAAGGGGACCGCCAG1'GATAAAC'l'GGAGG.>.AGGAGTGGACGACGGT 

RSlOB A'f ·CCTCCG-- --GGATGGA- -=ACAC'.rA1'TGGGACCGCTGGCGCTAAGTCAGI\GGMGGAGAGGTCMCGGT 

RS109 GT-CCTTTTTTTG·GA'rGTT'fGGGCACIICTAAGGGGACCGCCAGTGATAAATTGGAGGAAGGAGTGGIICGACGGT 

RSllO GT-CC'l'TTTTTT-GGi\TGTTTGGGCACACTMGGGGACCGCCAGTGATAAATTGGI\GGAl\GGAGTGGI\CGACGGT 

RS:lOl GT-C TTT'fTTTG-GATGTTTGGC',CACAC'fAAGGGGACCGCCAGTGATAAATCGGAGGMGGI\GTGGACGACGGT 

RS:lO:l GT-CCTTTTTTT-GGATGTTTGGGCACACTAAGGGGACCGCCAGTGATAAATTGGAGGAAGGIIGTGGACGACGGT 

RS203 GT-CTTTTTTTA-AGATGTTTGGGCACAC'fAAGGGGACCGCCAGTGATAMCTGGAGGAAGGAGTGGACGACGGT 

RS204 GT-C-TTTTTTTAAGATGTTTGGGCACACTAAGGGGACCGCCI\G'I'GATAAACTGGAGGAAGGI\GTGGACGACGGT 

RS205 GT-CTTTTT'M'·AAGATGTTTGGGCACI\CTAAGGGGACCGCCAGTGATMACTGGAGGAAGGAGTGGACGACGGT 

RS206 GT-CCTTTTTTT-GGATGTTTGGGCACACTAAGGGGACCGCCAGTGATAAATTGGAGGAAGGAG1'GGACGACGGT 

RS207 GT-C-TTTTTTTAAGATGTTTGGGCACAC'fAAGGGGI\CCGCCAGTGATAAACTGGAGGAAGGAGTGGACGACGGT 

RS208 GT-CC-TTTTTTTGG.>.TGTTTGGGCACACTAAGGGGACCGCCAGTGATAAATTGGAGGAAGGAGTGG.>.CGACGGT 

RS209 GT-C-TTTT'l'T-AAGIITGTITGGGCACAC'rMGGGGACCGCCAGTGATMACTGGAGGAAGGAGTGGACGACGGT 

RS210 GT-CCTTTTTTT-GGATGTTTGGGCACAC'rMGGGGACCGCCI\G'I'GATAAIITTGGAGGMGGAG'l'GGACGACGGT 

RS301 AT-C-- --CTCCGGGATGCC-GGGCACACTAAGGGGI\CCGCCAGTGATAAACTGGAGGAAGGAGTGGACGACGGT 

RS302 GT-CCTTT'I'TTTG-GATGTTTGGGCACI\CTAAGGGGI\CCGCCAGTGATAMTTGGAOGAAGGAGTGGACGACGG'r 

RS303 GT -CC-TT'fTTTTGGATGTTTGGGCl\CAC1'MGGGCACCGCCAGTGATAAATTGGAG<.iAAGGI\GTGGACGACGGT 

RS304 GT-CC-TTTTTTTGGATGTTTGGGCACACTMGGGGACCGCCAGTGATAAATTGG11GGAAGGAG1'GGACGI\CGGT 

RSJOS AT -CCTTC-- - -GGGATGCC -GGGCACACT AAGGGGACCGCCAGTGIITAAAC'rGGAGGAAGGAGTGGACGI\CGGT 

RS306 GT-CCTTTTTTT-GGATGTTTGGGCACAC'rMGGGGACCGCCAGTGATAMTTGGAGGAAGGAG'rGGACGACGGT 

RS307 GT-CC-TTTT'I'TTGGATGTTTGGGCACACTAAGGGGACCGCCAG1'GATAAATTGGAGGAAGGAGTGGACGACGGT 

RS308 GT-CC-TTTTTTTGGATGTTTGGC',CACACTMGGC'.CACCGCCAGTGATAAAT'rGGAGGAAGGAGTGGACGI\CGGT 

RS309 GT-CC'!'TTTTT--GGATGT'fTGGGCI\CACTMGGGGACCGCCAG'fGATAMTTGGAGGAAGGAGTGGACGACGGT 

RS310 GT-CC-TTTTTTTGGATGTTTGGGCACACTAAGGGGACCGCCAGTGATAAATTGGAGGAAGGAGTGGACGACGGT 

RS4 01 GT -CCTTTTTT- -GGATGTTTGGGCACACTMGGGGACCGCCAGTGATMATTGG.>.GGAAGGAGTGG/,CGACGGT 

RS403 GT-CCTTTTTTT-GGATGTTTGGGCACAC'rAAGGGGACCGCCAGTGATMATTGGAGGAAGGAGTGGACGACGGT 

RS404 AT-CCTTTATT- -GGATGCT-GGGCACACTMGGGCACCGCCAGTGl\.TAAAcrGGAGGAAGGAGTGGACGACGGT 

RS405 GT-CC'fTTTTTT-GGATGTTTGGGCACACTAAGGGGACCGCCAGTGATAAATTGGAGGAAGGAGTGGACGl\CGG'f 

RS4 06 AT -CCTCCGGGATGGA- -- • - -Gc;GACACT ATTGGGACCGCTGGCGCTAAGTCAGAGGAAGGAGAGGTCAACGGT 

RS407 GT-CCTTTTTTT-GGATGTTTGGGCACAC1'AAGGGGACCGCCAGTGATAAATTGGAGGAAGGAGTGGACGACGGT 

RS4 08 GT -C-TTTTTT- AAGATGTTTGGGCACACTAAGGGGACCGCCAGTGATAAAC'fGGAGGAAGGAGTGG.>.CGACGGT 

RS4 09 AT-C- -CTCCG- -GGATGG--AGGCACAC1'A'f1'GGGACCGCTGGCGCTAAGTCAGAGGAAGGAGAGGTCAACGGT 

RS410 GT·CcrTTTTTTG-GATGTTTGGGCI\CACTAAGGGGIICCGCCAGTGA1'AAAT1'GGAGGAAGGAGTGGI\CGACGGT 

RSSOl GT-C- -TTTT1'TMGATGTTTGGGCACAC'fAGGGGGACCGCCI\GTGATAAl\CTGGAGGAAGGAGTGGACGI\CGG'r 

RS502 GT-CCTTTTTTT-GGATGTTTGGGCACAC'fAAGGGGACCGCCAGTGATAM1'TGGAGGMGGAGTGGACGACGG'f 

RS503 GT-C-TITTTTA-AGATGTTTGGGCACACTAGGGGGACCGCCAG'fGATAMCTGGAGGAAGGAGTGGACGIICGGT 

R$504 GT-C-TTTTTT-MGATGTTTGGGCACACTAGGGGGACCGCCAGTGATMAC1'GGAGGMGGAGTGGACGACGGT 

RS505 GT-C-TTTTTT-AAGATGTTTGGGCACACTAGGGGGACCGCCAGTGATAAACTGGAGGAAGGAGTGGACGACGGT 

RS506 GT-CCTTT'I'TT-TGGATGTTTGGGCACACTAGGGGGACCGCCAGTGATAAACTGGAGGAAGGI\GTGGACGACGGT 

RS507 GT-C-T1'TTTT-AAGATGTITGGGCACIICTAGGGGGACCGCCAGTGATAAACTGGAGGAAGGAGTGGACGACGGT 

RS508 GT-CCl'TTTTTTG -GATGTTTGGGCACAC'rAAGGGGACCGCCAGTGl\TAAII TTGGAGGAAGGAGTGGACGIICGGT 

RS509 GT-C-TT'I"l'TT-MGATGTTTGGGCACACTAGGGGGACCGCCAGTGATAAACTGGAGGAAGGAGTGGACGACGGT 

RS510 GT-C-T'I'TTTT-AAGATGTTTGGGCACACTAGGGGGACCGCCAGTGATAAACTGGAGGAAGGAGTGGl\CGACGGT 

RS601 GT-C-TTTTTT-AAGATG1'TTGGGCACACTAAGGGGACCGCCAGTGATAMCTGGAGGAAGGAGTGGACGACGGT 

RS602 GT-C-TTTTTT-AAGATGTTTGGGCACACTMGGGCI\CCGCCAGTGATAAACTGGAGGAAGGAGTGGACGACGGT 

RS603 GT- C -TTTTTT-AAGIITGTTTGGGCACAC'f MGGGGACCGCCIIGTGATAMCTGGAGGAAGGAGTGGACGACGGT 

RS604 GT-CC'fT'rT~'T-TGGATGTTTGGGCACACTAAGGGGACCGCCAGTGATMATCGGAGGMGGAGTGGACGACGGT 

RS605 GT- -C-TTTTTTAAGATGTTTGGGCACAC'rMGGGGI\CCGCCAGTGATAAACTGGAGGAAGGAGTGGACGACGGT 

RS606 GT-CCT~'~'T'r'r- TGGATGTTTGGGCI\CACTAAGGGGACCGCCAG'.rGATl\AAT'EGGAGGMGGAG'rGGACGACGGT 

RS607 GT-C-T'I'TTTT-AAGI\'rGTTTGGGCACACTAAGGGGI\CCGCCAGTGIITAAACTGGAGGAAGGAGTGGACGACGGT 

RS608 GT--C-TTTT1'TAAGATGTTTGGGCACACTAAGGGGACCGCCIIGTGATAAACTGGI\GGAAGGAGTGGACGACGGT 

RS609 GT-CCTTTTTT-TGGATGTTTGGGCACACTAAGGGGACCGCCAGTGATAAAT'rGGAGGMGGAGTGGACGACGGT 
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RS610 G'!'-CC'l'TTTTT-TGGATGTTTGGGCACAC'rAAGGGGIICCGCCIIGTGM'AAATCGGAGGMGGAGTGGACGACGG'I 

E. coli GTCC--------- --- -GGCCGGGAAC'l'CAAAGGI\GAC'l'GCCJIG1'GATAAACTGGIIGGAAGGTGGGGIITGIICGTC 

305 315 325 335 345 355 365 370 
--- ·+-- --------4------ ---i -------- --+--------- t---------+- --------+------- -- .. 

RSl.Ol 1\GGTCCGTJITGCCCCGAATCCCCTGGGC'l'ACACGCGGG-GTACMTGGCTGAGACAATGGGTTCCGACATTGI\AA 

RS102 AGGTCCGTATGCCCCGAATCCCC1!GGGCMCACGCGGG-CTACMTGGCTMGI\CMTGGGT1'C'l'GIICA'r'J'GMA 

RS103 1\GG'l'CCG'l'ATGCCCCGA/\TCCCC'rGGGCMCACGCGGG-CTIICMTGGCTAAGACAATGGG'l'TCTGACATTGMA 

RS104 AGGTCCGTATGCCCCGAA TCCCCTGGGCTACACGCGGG -CTACAATGGCTGAGACAATGGGTTCCGACATTGMA 

RS105 TGGTCAGCATGCCCCGAI\TTATCCGGGCTACACGCGGG -CTACAATGGCCGGGACAATGGG'l'CACAIICACCGAM 

RS106 AGG'J'CCGTATGCCCCGAATCCCC'rGGGCTACACGCGGG-CTl\CAATGGCTGAGACAATGGG'J'TCCC.ACATTGMA 

RS107 AGG'l'CCG'l'IITGCCCCGAATCCCCTGGGCTI\CACGCGGG-CTACAATGGC1'Gl\GACAATGGGTTCCGACA'rTGMA 

RSl 08 AGG'J'CAGTATGCCCCGAI\TT'rCC'rGGGC'l'ACACGCGCG-C'l' ACMAGGGCGGGAC/\11 'l'GGG'J'CCCTACACCGMA 

RS109 AGG<J'CCGTATGCCCCGAATCCCCTGGGCAACACGCGGG-CTACAATGGCTAAGACMTGGGTTCTGACATTGMA 

RSllO AGGTCCGTATGCCCCGAATCCCCTGGGCAACACGCGGG-C."TACAATGGC'rAAGACMTGGGTTCTGACATTGMA 

RS201 AGGTCCGTATGCCCCGAA=C'rGGGCAACACGCGGGGCTACAATGGC'rAAGACMTGGG'l'TCTGIICATTGJ\AA 

RS202 AGGTCCGTI\TGCCCCGAATCCCCTGGGCAACIICGCGGG -CTIICMTGGCTAAGI\CM'TGGGTTCTGIICI\TTGMA 

RS203 IIGGTCCGTATGCCCCGAATCCCCTGGGCTI\CIICGCGGG-CTACIIATGGCTGI\GACAIITGGG'rTCCGI\CII1"1GIIAA 

RS20<1 AGGTCCGTATGCCCCGAATCCCCTGGGCTACACGCGGG-C'111CMTGGC'l'GI\GACAATGGG'M'CCGACATTGMA 

RS205 AGGTCCGTATGCCCCGAATCCCCTGGGCTIICACGCGGG -CTACAA1'GGC'I'GAGI\CAATGGG1"l'CCGI\CAT~'GAAA 

RS206 1\GGTCCGTl\TGCCCCGAATCCCC'rGGGCAACACGCGGG-C'rACAATGGCTAAGI\CAA'l'GGGTTCTGACATTGMA 

RS207 AGGTCCGTATGCCCCGAAT CCCTGGGCTACACGCCGG-CTACAATGGC'rGAGACAATGGGTTCCGI\CIITTGMA 

RS208 AGGTCCGTATGCCCCGAATCCCCTGGGCAIICACGCC.GG -C'rACAATGGCTl\1\GACAATGGGTTCTGI\CATTGMA 

RS20 IIGGTCCGTI\TGCCccGAATCCCCTGGGC'l'ACACGCGGG-CTACAATGGCTGAGACAIITGGGTTCCGIICATTGMA 

RS210 1\GGTCCGTATGCCCCGAATCCCC'l'GGGCAACIICGCGGG-CTACMTGGCTAAGACAATGGGTTCTGACATTGAA/1 

RS301 AGG'J'CCG'l'll TGCCCCGAATCCCC'TGGGCTACACGCGGG -CTIICM=TAAGACAATGGGTTCCAACACTGMA 

RSJ 02 AGGTCCGTATGCCCCGAATCCCCTGGGCAACI\CGCGGG -CTACMTGGC'rAAGACMTGGGTTC1'GJICI\TTGMA 

RS303 AGG'rtCGTATGCCCCGI\ATCCCC'rGGGCAACIICGCGGG-CTACAA=TAAGACAATGGGTTC'rGACATTGMA 

RS304 AGG'fCCGTATGCCCCGAATCCCCTGGGCAACACGCGGG-CTIICAATGGC'rAAGACAATGGGTTCTGI\Cl\T'l'GMA 

RS305 AGGTCCGTATGCCCCGMTCCCC'rGGGCAACIICGCGGG-CTIICMTGGCTAAG/\CAATGAGTTCCGCCAC'rGAA/1 

RS306 AGGTCCGTATGCCCCCAATCCCCTGGGCAACACGCGGG-C'rACAATGGCTAAGACAATGGGTTC'rGACATTGMA 

RS3 0 7 1\GGTCCGTATGCCCCGAATCCCC'rGGGCAACI\CGCGGG-CT ACAATGGC'rAACACMTGGGTTCTGACA TTGMA 

RS308 AGGTCCGTATGCCCCGAATCCCCTGGGCAACACGCGGG -C'l'ACAATGGC'rAAGACAATGGGTTCTGACI\TTGMA 

RS309 1\GGTCCGTATGCCCCGAATCCCCTGGGCMCACGCGGG-CTACIIATGGCTAIIGACAATGGGTTCTGIICAT'l'GI\AA 

RS3l0 l\GGTCCGTATGCCCCGAATCCCCTGGGCAACIICGCGGG-CTACAATGGCTAAGI\CAATGGGTTCTGACIITTGMA 

RS401 AGGTCCGTATGCCCCGAATCCCCTGGGCAACI\CG GGG-CTACAATGGCTAAGACAATGGGTTCTCACATTGMA 

RS403 AGGTCCGTATGCCCCGMTCCCCTGGGCAACACGCGGG-CTACMTGGCTMGIICAATGGGTTCTGACATTGMA 

RS404 1\GGTCCGTIITGCCCCGAATCCCCTGGGCMCACGCGGG-C'riiCAATGGCTAIIGI\CAATGGGTTCCGI\CATTGMA 

RS4 0 5 AGGTCCGTA'rGCCCCGAATCCCC'rGGGCAACACGCGCG -C'rACAATGGCTAAGIICM TGGGTTCTGACATTGAAA 

RS406 AGGTCAGTATGCCCCGMTTTCC'l'GGGCTACACGCGCG-CTACMAGGGCGGGACAATGGGTCCCTACACCGMA 

RS4 07 1\GGTCCGTATGCCCCGAATCCCCTGGGCMCACGCGGG -C'rACAATGGCTAAGACAATGGG'J'TC'rGACATTGMA 

RS408 AGGTCCGTATGCcCCGAATCCCCTGGGC'rl\CACGCGGG-C'l'ACAATGGCTGAGACAATGGGTTCCGACI\TTGAAA 

RS409 1\GGTCAGTATGCCCCCAATTTCC'rGGGC'rl\CACGYGCG-CTACMAGGGCGGGACAATGGGTCCC'rACACCGMA 

RS410 AGGTCCGTI\TGCCCCGAATCCCCTGGC,CAACACGCGGG-C'rACAIITGGCTMGACAATGGGTTC'l'GACATTGMA 

RSSOl AGGTCCGTATGCCCCGAATCC CTGGGCTACACGCGGG-C'l'ACAATGGCTGAGACAATGCGTTCCGACATTGMA 

RS502 AGGTCCGTATGCCCCGAIITCCCC'l'GGGCAACACGCGGG-C'rl\CAA'£GGCTAAGACAATGGGT'I'CTGACI\TTGI\AA 

RS503 AGG'J'CCGTl\TGCCCCGAATCCCC'rGGGCTACI\CGCGGG-C'l'ACAATGGCTGAGACMTGGGTTCCGI\CM'TGAIII\ 

RS504 IIGGTCCGTIITGCCCCGAA'I'CCCCTGGGCTACACGCGGG-C'rliCAATGGC'rGAGACIIATGGGTTCCGACI\TTGIIAA 

RS505 AGGTCCGTII'rGCCCCGAATCCCCTGGGCTACACGCGGG-CTACAATGGCTGAGACAATGGGTTCCGACATTGAAA 

RS506 AGGTCCGTATGCCCCGAATCCCCTGGGC'I'ACACGCGGG-CTACAATGGCTGAGACIIATGCGT'rCCGACI\TTGAAA 

RS507 AGGTC GTATGCCCCGAAIJ'CCCCTGGGC'rACACGCGGG-CTI\CAATGGCTGAGACMTGGGTTCCGACATTGMA 

RS508 AGGTCCGTI\TGCCCCGAATCCCCTGGGCMCACGCGGG-CTI\CAATGGC'l'AAGACMTGGGTTCTGI\CAT'fGMA 

RS509 AGGTCCGTA'I'GCCCCGAIITCCCCTGGGCTI\Cl\CGCGGG-CTACAATGGCTGAGACMTGGGTTCCGACATTGMA 

RS510 AGGTCCGTATGCCCCGAATCCCCTGCGC'riiCI\CGCGGG-C'rACMTGGCTGAGACAATGGGTTCCGACATTGI\AA 
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RS601 AGGTCCGTATGCCCCGMTCCCC'rGGGC'rACACGCGGG-CTACAATGGCTGAGACAA'I'GGGTTCCGACATTGAAA 

RS602 AGGTCCGTATGCCCCGAATCCCCTGGGCTACACGCGGG·CTACAATGGCTGAGACAATGGGnCCGACA'rTGAAA 

RS603 AGGTCCGTATGCCCCGMTCCCCTGGGCTACACGCGGG-CTACMTGGCTGAGACAA'l'GGGTTCCGACATTGAAA 

RS604 AGG'rCCGTATGCCCCGAATCCCCTGGGCMCACGCGGG·CTACAATGGC'rAAG'ACAATGGGTTCTGACATTGAAA 

RS60 5 AGGTCCGTATGCCCCGM TCCCCTGGGCTACACGCGGG -CTACAA 1'GGCTGAGACAATGGGTTCCGACATTGAAA 

RS606 AGGTCCGTATGCCCCGMTCCCCTGGGCMCACGCGGG -CTACAATGGCTGAGACAATGGGT'rCCGACAT'l'GAAA 

RS607 AGGTCCG'I'ATGCCCCGMTCCCC'rGGGCTACIICGCGGG-CTACAATGGCTGAGACAA'I'GGGTTCCGACATTGAAA 

RS608 AGG'I'CCGTATGCCCCGAATCCCC'rGGGCAA ACGCGGG-CTACAATGGCTGAGACAATGGGTTCCGACA'I'TGAAA 

RS609 AGGTCCGTATGCCCCGMTCCCCTGGGCMCACGCGGG-CTACAATGGCTAAGACMTGGG'!'TCTGACATTGAAA 

RS610 A=CGTA=CCGMTCCCC1'GGGCMCACGCGGG- CTACIIATGGCTMGACMTGGGTTC'rGACATTGAAA 

E. coll AAGTCATCATGGCCCTTACGACCAGGGCTACACACGTG-C'rACMTGGCGCATACAAAGAGAAGCGACCTCGCGA 

385 395 405 415 425 435 445 

-------- -+- ----- --+-- ----- --+-- --- ----t--- --- --+---- --- --+- -------- t-----
RS101 AGTGGAGG·TAATCCCC-TAAAC'l'TAGTC -G'I'AGTTCGGATTGAGGGCTGTAAC1'CGCCCTCATI\AAGCTGG-AA 

RS102 GGTGGAGG-TAATCCCC-TAAACTTGGTC-GTAGTTCGGI\TTGI\GGGC'rGTGAC'l'CGCCCTCA1'GMGCTGG-M 

RS103 GG'fGGAGG-TAATCCCC-TAAAC'rTGG'fC-G'l'AGl'TCC.GATTGAGGGCTGTGACTCGCCCTCATGAAGCTGG-M 

RS104 AGTGAAGG-TAATCCCC-TAMCTTAGTC-GTAG'l'TCGGATTGAGGGCTGTAAC'l'CGCCC'rCATMAGC'l'GG-M 

RS105 GGTGGCGC-CAATCTCC-TAACCCCGGTC-T1'1\G'l"l'AGGATTGCGGG'l'TGCMCTCACCCGCATGAA'rTTGG-M 

RS106 AGTGGAGG -TAATCCCC -TAAACTTAGTC-GTAGTTCGGATTGI\GGGCTGTAACTCGCCC'rCATAMGCTGG-AI\ 

RS107 1\GTGGJIGG-TAATCCCC-TAMC'l'TI\GTC-GTAGTTCGGATTGAGGGCTGTAACTCGCCC'rcATAAAC,C'l'GG-M 

RS108 GGTGGAGG- 'l'MTCCCG-- AMCCCGTCC -GTAGTTCGGA'l'TGAGGGTTGT AAC'rCACCC'!CATGMGCTGG -AT 

RS109 GGTGGAGG-TAATCCCC-TAMC1TGGTC-GTAGTTCGGI\1"rGAGGGCTGTGACTCGCCCTCATGAAGCTGG-AA 

RSUO GGTGGAGG-TAATCCCC-TAAAC'l'TGGTC-GTAGTTCGGI\TTGAGGGCTGTMCTCGCCCTCATGAAGCTGG-M 

RS201 AGTGGAGG-TAATCCCC-TAAACTTGGTC-GTAGTTCGGATTGAGGGCTGTAACTCGCCCTCATGMGCTGG-M 

RS202 GG1'GGAGG-TAATCCCC-TAMCTTGGTC-G'l'I\GTTCGGATTGAGGGCTGTGACTCGCCC'rcA'l'GAAGCTGG-M 

RS203 1\GTGGAGG-TAATCCCC-TAAACTTAGTC-GTAGT'l'CGGATTGAGGGCTGTAACTCGCCC'rCATMAGCTGG -AA 

RS204 AGTGGAGG -TAATCCCC -TAAACTTAGTC -GTI\GTTCGGATTGAGGGC'rGTAACTCGCCCTCATMAGCTGG-AA 

RS205 AGTGMGG-TAATCCCCC'rAAAC'l'TAGTC-GTAGTTCGGATTGAGGGCTGTAACTCGCCCTCATAAAGCTGG-M 

RS206 GGTGGAGG-TAATCCCCCTAAACTTGGTC-GTAGTTCGGATTGAGGGCTGTGAC'rcGCCCTCATGAAGCTGG-M 

RS207 AGTGGAGG -TAATCCCC-'fAAACT1'AGTC -GTI\GTTCGGATTGAGGGC'rGTAACTCGCCCTCA'l'AAAGCTGG-AA 

RS208 GGTGGAGG-TAATCCCC-TAAAC'ITGGTC-GTAGTTCGGAT1'GAGGGCTGTAACTCGCCCTCATGAAGCTGG-AA 

RS209 AGTGAAGG-TAATCCCC-TAAACTTAGTC-GTAG'l'TCGGAl'TGAGGGCTGTAACTCGCCCTCI\TAAAGCTGG-AA 

RS210 GGTGGAGG-TAATCCCC-TAAl\CTTGGTC- GTAGTTCGGAT'l'GAGGGCTGTAACTCGCCCTCATGAAGCTGG - AA 

RS301 1\GTGAAGG-TAA'I'CCCC-TMA TTliGTC-GTAGTTCGGAT'IGAGGGCTGTAAC'l'CGCCCTCATGAAGC'l'GG-M 

RS302 GGTGGAGG-TMTCCCC-TAM TTGGTC-GTAGTTCGGATTGAGGGCTGTAAC'fCGCCCTCA1'GMGCTGG-AA 

RS303 GGTGGAGG -T AATCCCC- TAAACTTGGTC -GTI\GTTCGGI\TTGAGGGCTGTAAC'OCGCCCTCATGAAGCTGG-AA 

RS304 GGTGGAGG-TAATCCCC-TAAAC'l'TGGTC-GTAGTTCGGA'rTGAGGGC'l'GTAACTCGCCCTCATGAAGCTGG-AA 

RS305 AGTGMGG-TAATCTCC-TAAACTTAGTC-GTAGTTCGGAT'rGAGGGCTGTMCTTGCCCTCATGAAGCTGG-AA 

RS306 GG'l'GGAGG -TMTCCCC-TAAACTTGGTC -GTAGTTCGGATTGAGGGCTGTAACT=C'rcATGMGCTGG- AI\ 

RS307 GGTGGIIGG- TAA'l'CCCC -TAMCTTGGTC -GTAGTTCGGATTGAGGGCTGT MC'rCGCCCTCATGAAGCTGG- AA 

RS308 GG'J'GGAGG-TMTCC C-TAAACTTGGTC-GTAGTTCGGA1'TGAGGGCTGTAACTCGCCCTCATGMGCTGG-AA 

RS309 GGTGGAGG -TAATCCCC -TAMCTTGG'I'T -GTAGTTCGGA'I'TGAGGGCTGTAAC'rcGCCCTCATGAAGCTGG-AA 

RS310 GG'l'GGAGG-TAATCCCC-TAAACTTGGTC-GTAGTTCGGATTGAGGGCTGTAACTCGCCCTCATGAAGCTGG-AA 

RS401 GGTGGAGG-TAATCCCC-TAAACTTGGTC-GTAGT'l'CGGATTGAGGGC'rGTAACTCGCCCTCATGliAGCTGG-AA 

RS403 GGTGGAGG-TAATCCCC-TAMCTTGGTC-GTAGTTCC.GA'l'TGAGGGC'rGTAACTCGCCCTCATGAAGC'tGG-AA 

RS4 04 l\GTGGAGG- T AATCCCCT- AMCTTGGTC-GTAGTTCGGATTGAGGGCTGTMCTCGCCC'l'CATGMGCTGG-AI\ 

RS405 GGTGGI\GG-TMTCCC(:-TAAACT'rGGTC-GTAGTTCGGA'l'TGAGGGCTGTAACTCGCCCTCATGAAGC'rGG-AA 

RS4 0 6 GGTGGAGG- TMTCCCG- - AAACCCGT C- GTAGTTCGGATTGAGGGTTG'l'AACTCACCCTCATGAAGCTGG -1\T 

RS407 GGTGGAGG-TAATCCCC-TAAACTTGG'I'C-G'ri\GTTCGGA1"rGAGGGCTGTAACTCGCCCTCATGMGCTGG-M 

RS408 AGTGAI\GG-TAATCCCC-TAAACTTAGTC-G'l'AGTTCGGATTGAGGGCTGTMCTCGCCCTCATAAAGCTGG-AA 

RS409 GGTGGI\GGGTM1'CCcG--AAACCCGTCC-G'l'AGT'l'CGGATTGAGGGTTGTMCTCACCCl'CATGMGCTGGGAT 

RS41 0 GCTGGI\GG-TAA TCCC -TAAI\CTTGGTC -GT 1\G'XTCGGATTGAGGGCTGTIIACTCGcCCTCATGAAGCTGG - AI\ 
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RSSOl AGTGMGG -TMTCCCC-Tl\AACTl'AGTC-GTAGT'rCGGATl'GAGGGCTGTMCTCGCCCTCATJ\AAGCTGG-1\A 

RS502 GGTGGAGG-TMTCCCC-'l'AAACTTGGTC-GTAGTTCGGIITTGAGGGCTGTL:ACTCGCCCTCIITGMGCTGG-M 

RS503 1\Gl'GMGG-TMTCCCC-TMACTTIIGTC-GTAGTTCGGATTGAGGGCTGTAACTCGCCCTCATJ\AAGCTGG- AA 

RS504 AGl'GAAGG-TAATCCCC-TAAAC'I'TAGTC-GTIIGTTCGGATTGAGGGC'rGTAAC'l'CGCCC'I'CIITAAAGCTGG-M 

RS505 1\GTGAAGG-TAATCCCC-TMACTTI\Gl' -G1'1\G1'l'CGGII'fTGAGGGCTGTAAC'l'CGCCCTCIITMAGC'rGG-M 

RS506 AGTGMGG-TAATC C-TMACTTAG'rC-Gl'AG'fTCGGI\'rTGIIGGGCTG'rAACTCGCCCTCIITJ\AAGCTGG-AA 

RS507 1\GTGMGG-TAATCCCC-TMACTTAGTC-G'CAGTTCGGATTGAGGGCTG'fMCTCGCCCTCI\TAAAGC'rGG- AA 

RSSOB GGTGGAGG-'I'AATCCCC-TAAACTTGGTC-GTIIGTTCGGATTGAGGGCTGTGIICTCGCCCTCIITGAAGCTGG-AA 

RS509 AGTGAAGG-TAATCCCC-TAAAC'ITAGTC-GTAGT'I'CGGATTGAGG=GTAACTCGCCCTCATAAAGCTGG-AA 

RS510 AGTGAAGG-TMTCCCC-TAAACTTAGTC-GTAc;T1'CGGATTGAGGGCTGTAAC'l'CGCCCTCIITAAAGC'rGG-M 

RS60 l AGTGAAGG -TM1'CCCC- TAJ\ACTTAGTC -GTAGTTCGGATTGAGGGCTGT AAC'l'CGCCCTCATI\AAGCTGG-AA 

RS602 IIGTGAAGG -T AATCCCC -TAAACTTAGTC- GTIIGTTCGGATTGIIGGGCTGTAACTCGCCCTCATAAAGC'fGG -AA 

RS603 AGTGMGG-TAATCCCC-TAAACTTAGTC-GTAGTTCGGATTGAGG=GTAACTCGCCCTCATAAAGCTGG-M 

RS604 AGTGGAGG-TAATCCCCT-AAACT'rGGTC-GTAGTTCGGATTGIIGGGCTGTMCTCGCCCTCII'fAMGCTGG-AA 

RS605 AGTGMGG-TMTCCCC-TAAAC'ITAGTC-G'CAGTTCGGATTGAGGGCTGTMCTCGCCC'fCATAMGCTGG-M 

RS606 AGTGAAGG-TMTCCCC-TAAACTTGGTC-GTAG'l''l'CGGAT1'G11GGGCTGTGI\CTCGCCCTCIITGAAGCTGG-M 

RS607 AGTGAAGG-TAATCCCC-TAMCTTAGTC-G'fAGTTCGGATTG,\GGGCTGTM TCGCCCTCI\TAMGCTGG-AA 

RS608 IIGTGAAGG-TAATCCC -TAAACTTAGTC-GTAGl'TCGGAT'l'GAGGGCTGTMCTCGCCCTCATAMGCTGG-M 

RS609 GGTGGAGG-TAATCCCC-TAMCTTGGTC-GTAGTTCGGATTGAGGGC'l'GTGACTCGCCCTCIITGAAGCTGG-AA 

RS61 0 AGTGGAGG- TAATCCCC- TAMC'I'TGG'CC -G'rAGTTCGGATTG!IGGGCTGl'AACTCGCCCTCATGMGCTGG- M 

E coli GAGCMGCGGA- -CCTCIITAAAGTGCGTC-GTAGTCCGGll'l'TGGAG'l'C'fGCAACTCGACTCCATGMGTCGG-AA 

455 465 475 485 495 505 515 

--- -+-- ------ --+ - --- --- --+- ------ --+----- ----+- ------- -+-- ---- -- -+ ---
RSlO 1 TGCGTAGTAATCGTGTGTCIITMTCGCIICGGTGAATATGTCCCTGCTCCTTGCIICACACCGCCCGTCA 

RS 102 TGCGTAG'fAATCGTGTGTCIITAA TCGCIICGGTGAATATGTCCCl'GCTCCTTGCACACA CGCCCGTCII 

RSlOJ TGCGTAGTMTCGTG1'GTCIITMTCGCIICGG'rGAATATGTCCCTGCTCCTTGCACIICIICCGCCCGTCII 

RS104 TGCG1'AGTAATCGTGTGTCATAA1'CGCACGGTGAATATGTCCCT=CCTTGCACACACCGCCCGTCA 

RS105 TCTGTAGTAATCGCGTTTCACTATAGCGCGGTGMTII'l'GTCCCTGCTCCTTGCIICACIIC=CGTCA 

RS106 TGCGTAGTMTCGTGl'GTCATAATCGCACGGTGAATATGTCCCTGCTCCTTGCACIICIICCGCCCGTCII 

RS107 'l'GCGTAGTMTCGTG1'GTCIITAATCGCIICGGTGMTATGTCCC1'GCTCCTTGCIICIICIICCGCCCGTCII 

RSlOB TCCGTAGTAATCGCGAATCMCMCTCGCC'.GTGAATATGCCCCTG TCCTTGCIICACIICCGCCCGTCII 

RS109 l'GCGTAGTMTCGTGTGTCII'rMTCGCACGGTGMTATGTCCCTGCTCCTTGCACIICACCGCCCGTCA 

RSllO TGCGT!IG1~MTCGTGTGTCATAATCGCACGGTGAATATGTCCC'rGC'fCCTTGCIICIICIICCGCCCGTCA 

RS201 TGCGTAGTMTCG'rGTGTCATMl'CGCACGGTGMTATGTCCCTGCTCC'fTGCIICACIICCGCCCGTCII 

RS202 TGCGTAG1'MTCG'I'G'I'GTCATAATCGC11CGGTMATA1'GTCCCTGCTCCTTGCACACIIC GCCCGTCII 

RS203 TGCGTAGT!\ATCGTGTGTCATAA'£CGCACGG1'GAATATGTCCCTGCTCCTTGCACIICACCGCCCGTCII 

RS204 TGCGTAGTAATCGTGTGTCIITMTCGCACGGTGAATATGTCCCTGCTCCTTGCIICACACCGCCCGTCII 

RS205 TGCGTAGTAATCGTGTGTCATAATCGCACGGTGAATATGTCCCTGCTCCTTGCACACACCGCCCGTCII 

RS206 TGCGl'AGTM1'CGTGTGTCATAATCGCIICGGTGAATA'rG1'CCCTGCTCCTTGCACACACCGCCCGTCII 

RS207 TGCGTAGTAATCGTGTGTCIITAATCGCIICGGTGAATATGTCCCTGCTCCTTGCACACACCGCCCGTCII 

RS208 TGCGTAGTMTCGTCTGTCATAATCGCACGGl'GAATATG'l'CCCTGCTCCTTGCIICACACCGCCCGTCA 

RS209 TGCGTAGTAATCGTGTGTCATAATCGCACGGTGAATATGTCCCTGCTCCTTGCACACIICCGCCCG'rCII 

RS210 TGCGTAGTAATCGTGCGTCIITAATCGCACGGTGMTATGTCCC'rGCTCCl'TGCACIICACCGCCCGTCII 

RS301 TGCGTAGTAATCGCGTGTCATAATCGCGCGGTGMTACGTCCCTC'.cTCCTTGCACIICIICCGCCCGTCII 

RS302 TGCGTAGTAATCGTGTGTCATAATCGCACGG'fGAATA1'GTCCCTGCTCC'f'CGCIICIICIICCGCCCGTCA 

RS303 TGCGTAGTAATCGTGTGTCIITAATCGCACGGTGAATIITGTCCCTGCTCC'I'TGCACI\CIICCGCCCGTCII 

RS304 TGCGTAGTMTCGTGTGTCATAATCGCACGGTGAATATG'l'CCCTGCTCCTTGCIICACIICCGCCCG1'CA 

RS305 TGCGTIIGTAATCGCGTGTCAT!\ATCGCGCGG'fGAATACGTCCCl'GCTCCTTGCI\CACACCGCCCGTCA 

RS306 l'GCGTAC1'AA1'CGTGTG']CA'rAATCGCACGGTGMTI\TGTCCC1'GC'rCCTTGCACI\CACCGCCCG'rCJI 

RS307 TGCG1'1\GTMTCGTGTGTCATMTCGCI\CGGTGMTATGTCCCTGCTCC'l'TGCIICAC!ICCGCCCGTCII 

RS308 'fGCG'fAGTMTCGTGTGTCATMTCGCACGGTGAA'l'ATGTCCCTGC'fCCTTGCACACACCGCCCGTCII 

RS309 TGCGTAGTAATCGTGTGTCA'fAATCGCACGGTCAATATGTCCCTGCTCCTTGCACIICACCGCCCGTCII 

RSJlO TCCGTAGTAATCGTCTG1'CATAA'l'CGCACGGTGMTATGTCCCTGCTCCTTGCIICIICACCGCCCGTCII 
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RS4 01 TGCG'I'AGTMTCGTGTG1'CATMTCGCACGGTGAATATGTCCC1'GCTCCTTGCACACACCGCCCGTCA 

RS40 TGCGTAGTAATCGTGTGTCATAATCGCACGGTGAATATGTCCCTGCTCCT'I'GCACACACCGCCCGTCA 

RS404 ~'GCG1'AGTAATCGCGTGTCATAATCGCGCGG'l'GAATACG'l'CCC~'GCTCC'l"l'GCACACACCGCCCG1'CA 

RS405 TGCGTAGTAATCGTGTGTCI\TMTCGCACGGTGAATII'l'GTCCCTGCTCCT~'GCACACACCGCCCGTCA 

RS4 0 6 TCCGTAGTAATCGCGAATCMCMCTCGCGGTGMTJI!'GCCCC'l'GCTCCTTGCACIICACCGCCCGTCA 

RS407 TGCGTAGTMTCGTGTGTCATAATCGCACGGTGAATATGTCCCTGCTCCT'!'GCACIICACCGCCCGTCA 

RS4 08 TGCGTAG'l'MTCGTGTG1'CATAATCGCACGGTGAATATGTCCCTGCTCCTTGCACACACCGCCCGTCA. 

RS409 TCCGTIIGTAATCGCGAATCAACAACTCGCGGTGAATATGCCCCTGCTCCTTGCACACACCGCCCGTCA 

RS410 TGCGTAGTAATCGTGTGTCATAATCGCACGGTGMTATGTCCCTGC1'CCTTGCACACACCGCCCGTCA 

RS501 TGCGTAGTAATCGTGTGTCATMTCGCACGGTGAATATGTCCC'l'GCTCCTTGCACACACCGCCCGTCJI 

RS502 TGCGTAGTAATCGTGTGTCATAATCGCACGG'l'GM'l'ATGTCCC'TGCTCCTTGCACACACCGCCCGTCA 

RS503 TGCGTAGTAATCGTGTGTCATMTCGCACGGTGAATIITGTCCCTGC'rcCT'IGCACACACCGCCCGTCA 

RS504 TGCGTAGTMTCGTGTGTCATAATCGCACGGTGAATA'I'GTCCCTGCTCCT'I'GCACACACCGCCCGTCA 

RS505 TGCGTAGTAATCGTGTGTCATAATCGCACGGTGMTATGTCCCTGCTCCTTGCACACACCGCCCGTCA 

RS506 TGCGTAGTAATCGTGTGTCAl'MTCGCACGGTGMTATGTCCCTGCTCCTTGCACACACCGCCCTTCA 

RS507 TGCG'I'AGTAATCGTGTGTCATMTCGCACGG'TGAA1'A'I'GTCCC'I'GCTC TGCACACACCGCCCGTCA 

RS508 TGCGTAGTAATCGTGTGTCATAATCGCACGGTGMTA1'GTCCCTGCTCCTTGCACACACCGCCCGTCA 

RS509 TGCGTAGTA.ATCGTGTGTCATA.ATCGCACGGTGMTATGTCCCTGCTCCTTGCIICACACCGCCCGTCA 

RS510 TGCGTAGTAATCG'l'GTGTCATM'rCGCACGGTGMTATGTCCCTGC1'CCTTGCACACACCGCCCGTCA 

RS601 'IGCG'rAGTAATCGTGTG'l'CATAATCGCACGGTGAATATGTCCCTGCTCCTTGCACACACCGCCCGTCA 

RS602 TGCGTAGTMTCGTGTGTCATAA1'CGCACGG'l'GAATAT(,'TCCCTGC'l'CC1"rGCACACACCGCCCGTCA 

RS60J TGCGTAGTAATCGTG'TGTCATAATCGCACGGTGAATATGTCCC'I'GCTCC'l'TGCACACACCGCCCGTCA 

RS604 TGCGTAGTAATCGTGTGTCIITAATCGC"ACGGTGAATA'I'GTCCCTGCTCC'rTGCACACACCGCCCGTCA 

RS605 TGCGTAGTAATCG'l'GTGTCATMTCGCACGGTGAATATGCCCCTGCTCCl'TGCACACACCGCCCGTCA 

RS606 TGCGTAGTAATCGTATGTCATAATCGCACGGTAMTATGTCCCTCCTCCTTGCACACACCGCCCGTCA 

RS607 TG GTAGTAAT GTGTGTCATAATCGCACGGTGAATJITGTCCCTGCTCCTTGCACI\CACCGCCCGTCA 

RS608 TGCGTAGTMTCGTGTGTCATMTCGCACGGTGMTA'l'GTCCCTGCTCCTTGCACACACCGCCCG1'CA 

RS609 TGCGTAG'rMTCGTGTGTCA'I'AATCGCACGGTAMTATGTCCC'I'GCTCC'rTGCACACACCGCCCGTCA 

RS610 TGCGTAGTMTCG1'GTGTCATMTCGCACGGTGMTATGTCCCTGCTCCTTGCACACACCGCCCGTCA 

E . coli TCGCTAGTAATCGTGGATCAGM'I'GCCACGGTGAA 'I'ACGTTCCCGGGCCT'l'GTACACACCGCCCGTCA 
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2. SSU rRNA gene sequences of symbiotic methanogens in the Japanese termites. 

RKlOl-105: Reti cul i termes kannmonensis 

CF101-105: Coptotennes fonnosanus 

NKlOl-105: Neotermes koshunensis 

HJlOl-105: Hodotermopsis japonica 

PNlOl-105: Pericapritermes nitobei 

NT101-l05: Nasutitermes tak.dsagoensis 

OFlOl-105: Odontotermes formosan us 

15 25 35 45 55 65 75 
-·- --+--- -- ----+----- -- --+- ------- +------ ---·t-- -------+--- ---- --+-------- -+ 

RKlOl TTAAAGCMTTGGCGGGGCI\GCI'<CCACMCGCGTGCIICCCTGCGGTTTMTTGCATTCMCGCCCGACATCTCAC 

RKl02 TTAAAGGAIITTGGCGGCGCIIGCACCACMCGCG'l'GGI\CCCTGCGGTT'fAIITTGCATTCMCGCCGGI\CATCTCAC 

RKl03 TTAAAGCAATT=GGGGCAGCACCACMCGCGTGGIIGCCTCCGGTTTAIITTGGATTCAACGCCGGACATCTCAC 

RK104 T'rAAAGCAATTGGCGGGGGIIGCACCACAACGCGTGGIIGCCTGCGGTT'l'AII'PTGGA'rTCI\ACGCCGCACATCTCAC 

RK105 T'rAAAGCAATTGCCGGGGGAGCACCACMCGCGTGCAGCCTGCGGTTTAATTGGM'TCAACGCCGGACATCTCAC 

CF101 TTAAAGGAIITTGGCGGGGGAGCACCACAACGCGTGGI\GCCTGCGGTTTMTTGGATTCAIICGCCGGACA'r TCAC 

CF102 TTAAAGGMT'rGGCGGGGGI\GCACCACMCGCGTGGIIGCCTGCGGTTTAATTGGATTCAACGCCGGACATCTCAC 

CF103 TTAAAGGAATTGGCGGGGCI\GCACCACMCGCGTGCAGCCTGCGCTTTI\A1'TGGATTCAACGCCGGI\CI\TCTCAC 

CFl04 TTAAAGGMTTGGCGGGGGAGCACCACMCGCGTGGIIGCCTGCGGTTTAATTGCATTCAACGCCGGACATCTCAC 

CFlOS TTAMGCAATTGGCGGGGGAGCACCACAACGCGTGGI\GCCTGCGCTTTAA'I'TGGATTCAACGCCGGACATCTCAC 

NKl01 TTAMGGAIITTGGCGGGGCI\GCACCACAACGCGTGGAGCCTGCGGTTTAATTGG/,TTCAACGCCGGACATCTCAC 

NK102 TTAAAGGAATTGGCGGGGGAGCACCACAIICGCGTGGIIGCCTGCGGTTTAATTGCATTCMCGCCGGACATCTCAC 

NK103 TTAAAGGAATTGGCGGGGGAGCACCACIIACGCGTGGAGCCTGCGGTTTAATTGGI\TTCAACGCCGGACATCTCAC 

NK104 'I"''AMGGMTTGGCGGGGCI\GCACCI\CAACGCGTGGAGCCTGCC".GTTTIIATTGCATTCAACGCCGGACATCTCAC 

NK105 TTAAAGGAIITTCGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTT'rAATTGGI\TTCAACGCCGGACATCTCAC 

HJl 01 TTAMGGMTTGGCGGGGCI\GCACCI\CMCGCGTGGIIGC- TGCGCTTTAATTGGATTCMCGCCGGACATCTCAC 

HJ102 TTAMGCMTTGCCGGGGGI\GCACCGCAACGGGIIGCAGCGTGCGGTTTAAT1'GGATTCAACACCGGAAAACTCAC 

HJl03 TTAAAGGAATTGCCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAATTGGATTCAACGCCGGI\CA'rCTCAC 

HJl04 TTAMGGI\ATTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGG1'1'TAATTGGATTCMCGCCGGI\CATCTCAC 

HJ105 TTAMGGIIATTGGCGGGGGAGCACCACAACGCGTGGIIGCCTGCGGTTTAATTGGATTCAACGCCGGI\CATCTCAC 

PNlOl TTAAAGGAATTCGCGGGGGAGCAOCACMCGCGTGGAGCCTGCGGTTTMTTGGATTCAACGCCGGACATCTCAC 

PN102 1'TAAAGGIIATTGGCGGGGGI\GCACCACAACGCGTGCAGCCTGCGG'l'TTAATTGGATTCAIICGCCGGACATCTCAC 

PN103 TTAAAGGMTTGCCGGGGGAGCIICCI\CAACGCGTGGAGCCTGCGGTTTMTTGGATTCAACGCCGGACATCrCIIC 

PN104 TTAAAGGAATTGGCGGGGGI\GCACCACAACGCG'l'GGAGCCTGCGGTTTMTTGGATTCMCGCCGGACI\TCTCAC 

PN105 TTAAAGGAATT=GGGGGAGCACCACMCGCGTGGAGCCTGCGGTTTMTTGGATCCAACGCCGGI\CI\TC'rCAC 

NT101 TTAMGGMTTGGCGGGGGAGCACCACIIACGCGTGGIIGCCTGCGGTTTAATTCGATTCAACGCCGGI\CATCTCAC 

NT102 TTIIAAGGAATTGCCGGGGGI\GCACCACAACGCGTGGAGCCTGCGGTTTMTTGGATTCAACGCCGGACATCTCAC 

NT 1 0 3 '1"1'1\AAGGAA TTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAATTGGATTCAACGCCGGACATCTCAC 

NT104 TTAMGGAATTGGCGCGGGAGCACCACAACGCGTGGI\GCCTGCGGTTTAATTGGATTCMCGCCGGACATCTCAC 

NT105 TTAMGGAATTGGCGGGGGAGCACCACAACGCGTGGAGCCTGCGGTTTAIITTGGATTCAACGCCCGACATCTCAC 

OFlOl TTAMGGAATTCGCGGGGGAGCACCACAACGCGTGGI\GCCTGCGGTT'l'AATTGGATTCAACGCCGGI\CATCTCAC 

OF102 TTAMGCMTTGGCGGGGGI\GCliCC'IICAACGCGTGCAGCCTCCGGTTTAIITTGGATTCAACGCCGGI\CATC'PCliC 

OF103 TTAMGGIIATTGGCGGGGGAGCACCI\CAACGCG'rGGI\GCCTGCGG1'TTAATTGGATTCI\ACGCCGG'IICATCTCAC 

OF104 T1'AAAGCAATTGGCGC".GGGAGCACCACAACGCG'rGGIIGCCTGCGGTTTAATTGGATTCAIICGCCGGACATC'l'CAC 

0Fl05 TTAMGGAIITTGGCGGGGGI\GCACCGCAACGGGIIGGAGCGTGCGGTT'l'MTTCGATTCMCACCGGAAAAC'rCAC 

8. col J 1'CAAATGAATTGACGGGGGCCCGC -1\CMGCGCTGGI\GCATGTGGTTTMTTCGATGCMCGCGAAGI\ACCTTAC 
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85 95 105 115 125 135 145 
-------- -+-- --- -----! -------- -+--- -- ---- t--- --- ---+ -------- -+--- ------ +--- --

RK101 CAGGGGC -GACAGCAG'I'ATGA- TGGTCAGA'I' ·TGATGA'rCT'rACTT ·GACAAGC· TGAGA • • GGAGGTGCATGGC 

RK102 CAGGGGC ·GACAGCAGTATGA ·TGGTCAGAT- TGATGA1'CT'rA<."l'T-GI\CMGC- TGAGA • •GGAGGTGCI\TGGC 

RK103 CAGGGGC -GACAGCAGTATGA -TC,CCCAGGT -TGATGGTCTTGCT'l' ·GACMGC·TGAGA • ·GGAGGTGCJ11'GGC 

RK104 CAGGGGC -GACAGCAGTATGA- TGG1'CAGAT -TGATGATCTTAC'I'T -GACMGC·TGAGI\ • ·GGI\GGTGCATGGC 

RKlOS CAGGGGC-GACI\GCAGTATGA-TGG'l'CAGAT·TGA1'GA'fCTTACTT·GACMGC·TGAGA··GGAGGTGCATGGC 

CFlO 1 CAGGGGC ·GACAGCAGTATGA -TGGCCAGGT • TGATGGTCTTGCTT -GACAAGC -TGAGA • ·GGAGG1'GCATGGC 

CF102 CAGGGGC·GACAGCAGTATGA-TGGTCAGAT·TGATGATCTTACTT·GACMGC·TGAGA··GGAGG'l'GCATGGC 

CFlOJ CAGGGGC·GACAGCIIGTATGI\·TGGTCAGAT·TGATGATCTTACTT-GACMGC·TGAGA· ·GGAGGTGCATGGC 

CF104 CAGGGGC·GIICAGCAGTATGA·TGGCC'.AGGT -TGATGGTCTTCCTT·GACMGC -TGIIGA • -GGAGGTGCIITGGC 

CF105 CAGGGGC·GACAGCAGTATGA·TGGCCAGGT·TGATGGTCTTGCTT-GACAAGC-TGAGA--GGAGGTGCATGGC 

NKlOl CAGGGGC-GACAGCAGTATGA·l'GGTCAGAT-TGATGATC'I"fAC'rT-GACAAGC-TGAGA·-GGAGGTGCA'I'GGC 

NK102 CAGGGGC·GACAGCAGTATGA -TGGCCAGGT • TGAT<:.GTCTTGCTT ·GACAAGC -TGAGA • -GGI\GGTGCA'I'GGC 

NKlO 3 CAGGGGC -GACAGCAGTATGA ·TGGTCAGAT -TGATGATCfTACTT ·GACAAGC -TGAGA • -GGAGGTGCATGGC 

NK104 CAGGGGC ·GACAGCAGTATGA -TGGTCI\GAT· TGATGATCTTACTT-GACAI\GC-TGAGA- -GGAGGTGCl\TGGC 

NK] 05 CAGGGGC-GACAGCAGTATGA -T=AGG'l'·TGATGGTCTTGCTT· GACAAGC -TGAGA • -GGAGGTGCATGGC 

HJl 01 CAGGGGC ·GIICAGCAGTATGA- TGGTCAGA T -'fGA'rGATCTTACTT -GACMGC ·TGAGA • -GGIIGG1'GCATGGC 

HJl 02 CAGGGGC -GACAGCAGT ATGA- TGGTCTIGAT ·TGATGATCTTACTT -GACAAGC-TGAGI\ • -GGAGGTGCATGGC 

HJ"l 03 CAGGGGC- GACAGCAGTATGA ·TGGTCAGAT ·Tt:ATGATCTTACTT -GACAAGC ·TGAGA- -GGAGGTGCATGGC 

HJlO~ CAGGGGC- GACAGCAGTATGA • TGGTCAGAT ·TGATGI\TCTTACTT ·GACAAGC·TGAGA - -GGAGG1'GCATGGC 

HJ105 CAGGGGC ·GACAGCAGTATGA • TGGTCI\GAT- TGATGM'CTTACT'f -GACMGC·TGAGA • • GGAGGTGCATGGC 

PN101 CAGGGGC ·GACAGCAGTl\TGA- TGGTCAGAT -TGATGATCTTACT'f ·GACAI\GC·TGAGA· -GGAGGTGCATGGC 

PN102 CAGGGGC ·GACAGCAGTATGII·TGGCCAGGT- TGA'fGGTCTTGCTT- GACAAGC·TGAGA- -GGAGGTGCATGGC 

PN103 CAGGGGC-GACAGCAGTATGA·TGGCCAGGT·TGATGGTC1'TGCTT·GACAAGC-TGI\GA· -GGAGGTGCATGGC 

PN104 CAGGGGC-GACAGCAGTATGA·TGGTCAGAT-TGATGATCTTACTT-GACAAGC-TGAGA··GGAGGTGCATGGC 

PNl 0 5 CAGGGGC ·GACAGCAGTATGA ·TGGTCAGAT- TGATGATCfTACTT-GACAAGC·TGAGA • -GGAGGTGCATGGC 

NT 101 CAGGGGC -GACAGCAGTATGA-TGGTCI\GAT -TGATGATCTTI\CTT-GACMGC -TGI\GA- -GGAGGTGCATGGC 

NT102 CAGGGGC·GACAGCAGTI\TGA ·TGGCCAGGT·TGATGGTCfTGCTT-GACAI\GC·TGAGA • -GGAGGTGCATGGC 

NTl 03 CAGGGGC ·GACAGCAGTATGA -TGGCCAGGT -TGATGGTCTTGCTT·GACMGC ·TGIIGA- -GGAGGTGCATGGC 

NT104 CAGGGGC·GACAGCAGTATGA·TGGTCAGAT·TGI\TGATCTTACTT·GACAAGC-TGAGA··GGAGGTGCATGGC 

NT105 CAGGGGC·GACAGCAGTATGA·TGGCCAGGT·TGATGGTCTTGCTT-GACAAGC·TGAGl\-·GGAGGTGCATGGC 

OFlOl CAGGGGC·GACAGCAGTATGA·TGGTCAGI\T·TGATGATCTTACTT-GACAAGC-TGAGA-·GGAGGTGCATGGC 

OF102 CA=C-GACAGCAGTATGA-TGGTCAGAT·TGATGATCTTACTT-GACAI\GC·TGAGA·-GGAGGTGCATGGC 

OF103 CAGGGGC·GACAGCAGTATGA-TGGTCAGA'f·TGI\1'GII'l'CfTACT1'-GACMGC·TGAGA··GGAGGTGCATGGC 

OF104 CAGGGGC·GI\CAGCAGTATGA·TGGCCI\GGT·TGATGGTCTTGC'fT-GACMGC·TGI\GA-·GGI\GGTGCATGGC 

OF105 CAGGGM -GACTGTTACATGI\ • MGCCAGGC -T AI\CGACCTTGCTC -GATTTTC -/\GAGA·- GGTGGTGCATGGC 

E . coli CTGGTCTTGI\CATCCACGGAAGTTTTCAGAGA TGAGAATGTGCCfTCGGGAACCGTGAGACI\GGTGCTGCATGGC 

155 165 175 185 195 205 215 220 
-- --+- ----- ---+-- ------ -+ ------- --+----- -- --+---- ---- -+-------- ·+- ---- ----+ 

RKlOl CGCCG1'CAGCTCGTACCGTGAGGCGTCCTGTTMGTCAGGCMCGAGCGI\GACCCACGCCCTTAGTTACCAGCAA 

RKl02 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTMGTCAGGCMCGAGCGACACCCACGCCCTTAGTTACCAGCM 

RK103 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCMCGAGCGAGACCCACGCCCTTAG1"l'ACCAGCI\T 

RKl04 CGCCGTCAGCTCGTI\CCGTGAGGCGTCC'fGTTMGTCAGGCMCGAGCGAGACCCACGCCCTTAGTTACCAGCAA 

RK105 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTMGTCAGGCAI\CGAGCGAGACCCACGCCCTTAGT'rACCAGCAA 

CPlOl CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGCCAACGAGCGAGACCCACGCCCTTAGTTACCAGCAT 

CF102 CGCCCTCAGCTCGTACCGTGAGGCGTCCTGTTMGTCI\GGCMCGAGCGAGACCCACGCCCTTAG'fTACCIIGCM 

CF103 CGCCGTCAGCTCCTI\CCGTGAGGCGTCCTG'l"l'MG'rCAGGCMCGAGCGAGACCCACGCCCTTAG'fTACCAGCAA 

CF104 CGCCGTCAGCTCGTACCGTGI\GGCGTCCTGTTAI\G'rCAGGCMCGAGCGAGACCCI\CGCCCTTAm'TACCAGCAT 

CFlOS CGCCG1'CAGCTCGTACCG'fGAGGCGTCCTGTTMG'fCAGGCAACGAGCGA<lACCCACGCCC'rTAGTT11CCI\GCAT 

NK101 CGCCGTCACCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCMCGAGCGAGACCCACGCCCTTAGTTACCAGCAA 

NK102 CGCCGTCACCTCGTACCGTGI\GGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCACGCCCTTAGTTACCI\GCAT 

N!U03 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGACCGAGACCCACGCCCTTAGTTACCAGCM 
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t1Kl04 CGCCGTCAGCTCGTACCGTGAGGCGTCCCGTTAAGTCAGGCMCGAGCGAGACCCACGCCCTTI\GT'J'ACCAGCM 

NK105 CGC GTCAGCTCGTACCGTGAGGCG'PCCTGTTMGTCAGGCMCGAGCGAGACCCACGCCCT'£AGT'l'ACCAGCAT 

HJ!Ol CGCCGTCAGCTCGTACCGTGAGGCGTCCCGTTMGTCAGGCAACGAGCGAGACCCACGCCCT'rAGT'fACCAGCM 

f1Jl02 CGCCGTCAGCTCGTACCGTGI\GGCGTCCCGTTMGTCI\GGCMCGAGCGI\GACCCI\CGCCCT'fAG'f'fACCAGCAA 

JIJ103 CGC GTCAGCTCGTACCGTGAGGCGTCC1!GTTAAGTCAGGCMCGAGCGAGACCCACGCCC'£'£AGT'£ACCAGCM 

HJ104 CGCCGTCJ\GCTCGTJ\CCGTGAGGCGTCCTGTTAAGTCI\GGCMCGI\GCG!IGI\CCCACGCCCTTAGT,'ACCAGCAA 

HJ105 CGCCGTCAGCTCGT!ICCGTGAGGCGTCCTGTTMGTCAGGCAACGAGCGAGACCCACGCCCT'fAGT'rACCIIGCM 

PNlOl CGCCGTCAGCTCGTACCGTGI\GGCGTCC'fGTTMGTCAGGCAA GAGCGI\GACCCACGCCC'fTAGTTACCAGCM 

PN102 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCACGCCCTTAGTTACCAGCAT 

PNl03 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTMGTCAGGCAACGAGCGAGACCCACGCCCTTAG1'TACCAGCAT 

PN104 CGCCG'rcAGCTCGTACCGTGI\GGCGTCCTGTTAAGTCAGGCMCGAGCGAGACCCAC=CTTAGTTACCAGCM 

PN105 CGCCGTCAGCTCGTA CGTGAGGCGTCCTGTTMGTCAGGCAACGAGCGAGACCCACGCCCTTAGTTACCl\GCAA 

NTlOl CGCCGTCl\GCTCGTl\CCGTGI\GGCGTCCCGTTMGTCI\GGCMCGI\GCGl\GI\CCCACGCCC'fTJIGTTI\CCAGCAA 

NT! 02 CGCCGTCAGCTCGTACCGTGAGGCGTCC1'GTTAAGTCAGGCAACGAGCGAGACCCI\CGCCCTTAGTTACCAGCAT 

NT103 CGCCGTCAGCTCGTI\CCGTGAGGCGTCCTGTTAAGTCAGGCAI\CGAGCGAGACCCACGCCCTTAGTII'ACCAGCAT 

t1Tl04 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAI\CGI\GCGI\GACCCACGCCTTTAGTTACCI\GCM 

NT105 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTMGTCAGGCMCGI\GCGAGACCCACGCCCTTAG1'TI\CCAGCAT 

OF !0 l CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCI\GGCMCGAGCGAGJICCCACGCCCTTI\GTTACCAGCM 

OF102 CGCCGTCAGCTCGTI\CCGTGI\GGCGTCCTG'rTAAGTCAGGCAIICGAGCGAGI\CCCACGCCC'fTAGTTIICCAGCM 

OF103 CGCCGTCI\GCTCGTACCGTGAGGCGTCCTG'fTAJ\G'PCAGGCAACGAGCGAGACCCI\CGCCC'fTI\GT1'ACCAGCM 

OFl 04 CGCCGTCAGCTCGTI\CCGTGI\GGCGTCCTGTTMGTCAGGCMCGAGCGI\GI\CCCACGCCCTTI\GTTI\CCI\GCAT 

OF105 CGTCGTCAGTTCGTACCGTA!IGGCG1"£CTCT'fAAGTGI\GATAACGMCGAGACCCTCI\CCAATAGTTGCT ACT- -

E . coli TGTCGTCAGCTCGTGTTGTGAAI\TG'I"l'GGGTTMGTCCCGCAACGAGCGCAACCCTTATCCTTTGTTGCCAGCG-

235 245 255 265 275 285 295 

---------... - ----- - ---t- ----.- --T-- -------...-- •- ---- --·t-- - -- - ----+-- ----- --+-----
RJ<l01 GT-CTTTTTTTAAGI\TGTTTGGGCACACTAAGGGGACCGCCI\GTGATI\AACTGGI\GGAAGGI\GTGGI\CGI\CGGTA 

RK102 GT-CTTTTITTAAGATGTTTGGGCI\CACTMGGGGACCGCCI\GTGATAAACTGGAGGAAGGAGTGGACGACGGTA 

R.Kl03 GTCCTT'rT'J'TT-GGATGTTTGGGCACACTMGGGGACCGCCIIGTGATAAACTGGAGGAAGGl\GTGGACGACGGTI\ 

RKl04 GT -C-TTTTTTAAGATGT'l'TGGGCACACTAAGGGGI\CCGCCI\GTGATAAACTGGAGGAAGGI\GTGGACGACGGTA 

RJ<l05 GT-C-TTTTTTMGI\TGTTTGGGCACI\CTAAGGGGACCGCCAGTGATAAACTGGAGGAAGGI\GTGGACGACGGTI\ 

CF101 GTCCTTT'l'TTT-GGI\TGTTTGGGCACAC'fAAGGGGI\CC=AGTGATAAATTGGAGGMGGAGTGGI\CGACGGTA 

CF102 GTC-TTTT'fTTAI\GI\TGTTTGGGCACACi'AAGGGGI\CCGCCAGTGI\TI\MCTGGAGGAAGGI\GTGGACGI\CGGTA 

CF103 GTC-TTTTTT-AAGATGTT1GGGCI\CIIC'I'AI\GGGGACCGCCAGTGI\TAI\ACTGGI\GGMGGAGTGGI\CGACGGTA 

CF104 G'CCCTTTTTTT-GGA'IlGT'l"''GGGCJICACTMGGGGI\CCGCCAGTGATI\AAC'fGGAGGAAGGAG'fGGACGACGGTA 

CF105 GTCCTT'l'TTTT-GGATGTTTGGGCACI\CTAAGGGGACCGCCAGTGP.Tl\AACTGGAGGAAGGAGTGGP.CGACGG'I'A 

NK101 GT- -CTTTTTTAAGATGTTTGGGCACACTI\AGGGGACCGCCAGTGATAAACTGGAGGAAGGAG'rGGACGI\CGGTI\ 

NKl02 GTCCTTTT'fTT-GGATGTTTGGGCACI\CTMGGGGIICCGCCAGTGATI\AATTGGI\GGAAGGAGTGGACGACGGTJI 

NKlOJ GT- -CT1.rTTTAAGATGTTTGGGCACACTMGGGGI\CCGCCAGTGATAAAC1GGAGGAAGGAG'l'GGACGACGGTA 

NKl04 GTCTTT'I''I'TTA-AGATGTTTGGGCACACTAAGGGGACCGCCAGTGATAAACTGGAGGAAGGI\GTGGACGACGGTA 

NK105 GTCC-TTTT11'TGGI\TGTT1GGGCACACTAAGGGGJICCGCCMTGATI\AATTGGAGGAAGGAGTAGI\CGACGGTA 

HJlOl GTCTTT'M'TTA-AGATGTTTGGGCACACTAAGGGGACCGCCAGTGATMACTGGAGGI\GGGI\GTGGACGACGGTA 

f!JlO 2 GTCTTTTTT- 11-AGATGTTTGGGCACIICTMGGGGACCGCCAGTGATAAACTGGAGGAAGGAGTGGACGACGGTA 

HJ103 GT-CTTTTTTTAAGI\TGTT1GGGCACACTMGGGGACCGCCAGTGATJ\AACTGGAGGAAGGAGTGGACGACGGTA 

llJl 04 GT -CTTTTTTTAAGATG1'TTGGGCI\CAC'rMGGGGACCGCCAG'rGATAAAC'rGGAGGI\AGGAGTGGACGACGGTA 

HJ105 GT--CTTTTTTMGATGTTTGGGCACIICTAAGGGGACCGCCAGTGATI\AACTGGAGGAAGGAGTGGACGACGGTA 

PN101 GT-CTT'£TTTTAAGATGTTTGGGCACACTMGGGGACCGCCAGTGATAAACTGGAGGMGGAGTGGI\CGACGGTA 

PN102 GTCCTTT'rTT -TGGA TGTTTGGGCACACTMGGGGACCGCCI\GTGATAAAT1GGAGGMGGAGTGGACGACGGTII 

PN103 GTCCTTTTTTT-GGA''GTTTGGGCI\CACTAAGGGGACCGCCAGTGATI\AATTGGAGGMGGAGTGGACGACGGTA 

PN104 GT-CTTT'I'TTTAAGATm'TTGGGCACAC'rMGGGGI\CCGCCAGTGI\Tl\AACTGGAGGMGGAG,'GGACGACGGTA 

PN105 Gl'C- -T'VTT1'TAAGATGT'l'TGGGCACACTAAGGGGACCGCCAGTGATAAACTGGAGGAAGGAGTGGACGACGGTA 

NTlO 1 GTCTT'rTTTTA -AGATGTTTGGGCACACTMGGGGACCGCCAGTGI\TAAACTGGAGGAAGGAGTGGI\CGACGGTA 

N'r !02 GTCC -TT1'TT'l'TGGI\TGTTTGGGCACAC'fAAGGGGACCGCCAGTGATIIMTTGGAGGMGGAG'VGGI\CGACGGTA 

NT103 G1'CCTTTTTTT-GGATGTTTGGGCACACTAAGGGGI\CCGCCAGTGI\Tl\AATTGGIIGGMGGAGTGGI\CGACGGTA 
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NT104 GTC'fTTTTT•I\- AGATGT'rTGGGCACACTAGGGGGACCGCCAGTGI\T 1\MCTGGAGGMGGAGTGGACGACGGTA 

NT105 GTCCTTTTTTT-GGATG'rTTGGGCACACTMGGGGACCGCCAGTGATAMTTGGAGGMGGAG'fGGI\CGACGGTA 

OFlOl GT- -C'l'TTTliTMGATGTTTGGGCIICACTl\1\GGGGACCGCCAGTGATAAACTGGAGGAAGGAGTGGACGI\CGGTA 

OF102 GT- -CTTT'l'TTAIIGATGl"l'TGGGCACAC'rMGGGGACCGCCAGTG!I'ri\AIICTGGAGGMGGAGTGGACGACGGTA 

OF103 GT--CTl'TTTTMGA'fGTTTGGGCIICA 1'1\AGGGGIICCGCCAG'rGATMACTGGAGGMGGAGTGGACGACGGTA 

OF104 GTCCTT1'TT'I'T·GGATGTTTGGGCI\CIICTMGGGGACCGCCAGTGATI\MTTGGAGGMGGAGTGGACGACGGTII 

OF105 -TCATCCTCCG-GGI\TGGI\--GGCACACTATTGGGACCGC'rGGCGCTMGTCAGAGGMGGAGAGG'rCMCGGTA 

E. coli GTC- - -- - - -- • - - ·CGGCCGGGAAC'fCI\AAGGAGACTGCCAGTGATAMC'TGGAGGMGGTGGGGATGACGTCA 

305 315 325 335 345 355 365 370 

--- ·+--- ---- --+--- ---- --1--------- -+----- -- --i- ---- ----+-- ------- t--- ------I 

RJ<lOl GGTCCGTATGCCCCGMTCCCCTGGGCTACACGCGGGC1'ACMT=GAGACM1'GGGTTCCGI\CATTGMMG 

RK102 GGTCCGTATGCCCCGAATCCCCTGGGCTACACGCGGGCTACMTGGC'rGAGACMTGGGTTCCGACA'I"l'GMMG 

RK10J GGTCCGT/\TGCCCCGMTCCCCTGGGCAAC/\CGCGGGCTACMTGGC'TMGACAATGGGTTC'TGACATTGAMGG 

RK104 GGTCCGTATGCCCCGAATCCCCTGGGCTACACGC=TACAATGGCTGAGACAATGGGTTCCGACATTGMAIIG 

RK105 GGTCCGTATGCCCCGAATCCCCTGGGCl'ACACGCGGGCTACMTGGCTGAGACMTGGGTTCCGACA'I"l'GMAIIG 

CFlOl GGTCCGTATGCCCCGAATCCCCTGGGCAJ\CACGCGGGCTIICMTGGCTMGACAATGGGTTCTGIICATTGAAI\GG 

CF102 GGTCCGTATGCCCCGMTCCCCTGGGCTACACGCGGGC'I'ACAATGGCTGAGACAATGGG'rTCCGACI\T'rGMMG 

CF103 GGTCCG'I'ATGCCCCGAATCCCCTGGGC'PACACGCGGGCTACI\A'fGGCTGAGACMTGGGT1'CCGACAT'fGAAI\AG 

CF104 GGTCCGTJ\TGCCCCGMTCCCCTGGGC'rACACGCGGGC'rACI\ATGGC'l'GAGACMTGGGTTCCGACATTGMAIIG 

CF105 GGTCCGTATGCCCCGI\ATCCCCTGGGCTACACGCGGGC'rACAATGGCTGAGACM1'GGGTTCCGACATTGMMG 

NJUOl GGTCCGTII'rGCCCCGMTCCCCTGGGCTACACGCGGGCTACI\A1'GGCTGAGACAI\TGGGTTCCGACATTGMMG 

NK102 GGTCCGTJ\TGCCCCGAATCCCCl'=MCACGCGGGCTIICAATGGCTMGACMTGGGTTCTGACA1"1'GMMG 

NK103 GGTCCGTATGCCCCGAATCCCCl'=TACJ\CGCGGGCTIICAATGGCTGAGACAATGGGTTCCGACATTGMMG 

NK104 GGTCCGTATGCCCCGAATCC CTGGGCTACACGCGGGCTACMTGGCTGAGACAATGGGTTCCGACJ\TTGMMG 

NK105 GGTCCGTATGCCCCGAATCCCCTGGGCAACACGC=TACAATGGCTMGACAATGGGTTCTGACATTGAAAGG 

HJ101 GGTCCGTI\TGCCC GAATCCCCTGGGCTIICJ\CGCGGGCTACMTGGCTGAGACAATGGGTTCCGACATTGMMG 

HJ102 GGTCCGTATGCCCCGAATCCCCTGGGCl'ACACGC=TACAATGGCTGJ\GACAATGGGTTCCGIICATTGMAIIG 

HJ103 GGTC GTA'rGCCCCGMTCCCCTGGGCl'ACJ\CGC=TACMTGGCTGAGACAATGGGTTCCGACATTGMAIIG 

HJ104 GGTCCGTATGCCCCGAATCCCCTGGGCTACACGC=TIICAATGGC'l'GAGACAJ\TGGGTTCCGACATTGMAIIG 

HJl 05 GGTCCGTATGCCCCGAATCCCCTGGGC'rACACGC=TACAAT=GAGACAATGGGTTCCGACATTGMMG 

PN101 GGTCCGTATGCCCCGMTCCCCTGGGCTACACGCGGGCTACMTGGCTGAGACAATGGGTTCCGACATTGMMG 

PN102 GGTCCGTA'l'GCCCCGAATCCCCTGGGCAACACGCGGGC."l'ACMTGGCTMGACAATGGGTTCTGACATTGAAI\GG 

PN103 GGTCCG'fATGCCCCGAATCCCC'fGGGCAACI\CGC=TACAATGGCTMGACAI\TGGGTTCTGACATTGAMGG 

PN104 GGTCCGTATGCCCCGMTCCCCTGGGCl'ACA GCGGGC'rACAATGGCTGAGACAATGGGTTCCGACA'l'TGAAAAG 

PN105 GGTCCGTIITGCCCCGMTCCCC'fGGGCTACACGCGGGCl'ACAATGGCTGAGACAATGGGTTCCGACATTGMMG 

NTlOl GGTCCGTATGCCCCGAATCCCCTGGGCTACACGCGGGCTACJ\1\TGGCTGAGACMTGGGTTCCG/\CAT'fGAAAAG 

NT102 GGTCCGTATGCCCCGAATCCCCTGGGCMCACGCGGGCTI\CMTGGCTAAGACAATGGGTTCTGACJ\T'!GAMGG 

NT103 GGTCCGTATGCCCCGMTCCCCTGGGCAACACGC='fi\CMTGGCTMGACJ\ATGGGTTCTGACATTGAMGG 

N'fl04 GGTCCGTATGCCCCGAATCCCCTGGGCl'ACACGC=TACAAT=GAGACAATGGGTTCCGACIITTGMAIIG 

NT105 GGTCCGTATGCCCCGMTCCCCTGGGCAACA GC=TACMTGGCTAAGACAATGGGTTCTGACAT'I'GAMGG 

OFlOl GGTCCGTA TGCCCCGM'rCCCCl'GGGCl'I\CACGCGGGCTACMTGGCTGI\GI\CAATGGGTTCCGACI\TTGMMG 

OF102 GGTCCGTATGCCCCGAATCCCcr=TACACGCGGGCTACAATGGCTGAGACAATGGGTTCCGACATTGMAIIG 

OFlOJ GGTCCGTATGCCCCGMTCCCCTGGGCTACACGCGGGCTACMTGGCTGAGACMTGGG~'TCCGACi\TTGMMG 

OF104 GGTCCGTATGCCCCGMTCCCCTGGGCAACACGCGGGCTIICMTGGCTAAGACAATGGGTTCTGACAT'l'GI\MGG 

0Fl05 GGTCAGTATGCCCCGAATTTCCTGGGCTACA GCGCGCTACAMGGGCGGGACMTGGGTC CTACACCGAMGG 

E. coli AGTCATCATGGCCCl'TACGACCA='l'ACACACGTGC'rACMTGGCGCATACAMGAGMGCGACCTCGCGA-G 

385 395 405 415 425 435 445 

-------- -+------ ---+---- --- --+- ------- -+-- ------ -+--- ---- --+- ------- -+-----
RKlOl TGGAGGTMTCCCC-TAAACTTAGTCGTAG'f1'CGGATTGAGGGC'rGTAACTCGCCCTCATAAAGCTGGAATGCG'l' 

RK102 TGGAGG'l'AATCCCC-TAMCTTAGTCGTAGTTCGGATTGAGGGCTGTAACTCGCCCTCATAAAGCTGGM'rGCGT 

RK103 TGGAGG'fAATCCCC-TAMCTTGGTCGTAGT'XCGGATTGAGGGCTG'fGACTCGCCCTCATGAAGCTGCMTGCGT 

RK104 TGAAGGTAATCCCC-TAAACTTAGTCGTAGTTCGGATTGIIGGGC'l'GTAACTCGCCCTCATAAAGCTGGAATGCGC 
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RK105 TGAAGGTAATCCCC-TAAACTTAGTCGTAGTTCGGA1'TGAGGG TGTAACTCGCCCTCATAAAGC'fGGMTGCGT 

CFlOl TGGAGGTAATCCCC-'rMACTTGGTCGTAGTTCGGATTGAGGGCTGTMCTCGCCCTCATGMGC'l'GGAATGCG'f 

CF102 TGGIIGGTMTCCCC-TAAACTTAGTCGTAGTTCGGATTGAGGGCTGTMCTCGCCCTCATAAAGCTGGAATGCGT 

CF I 03 TGAAGGTAATCCCC -TAAACT'fAGTCG'fAGTTCGGA'fTGAGGGC1'GTMC'rc=c·rCATAAAGC'rGGAATGCGT 

CF104 TGGAGGTAATCCCC -TAAAC1'TAGTCGTAGTTCGGATTGAGGGCTGTAACTCGCCCTCATAAAGCTGGMTGCGT 

CFlOS TGGAGGTAATCCCC-TAAACTTAGTCGTAGT'fCGGATTGAGGGCTGTMC'rCGCCCTCJ\TAAAGCTGGAATGCGT 

NKlOl TGAAGGTAATCCCCCTAAACTTAGTCGTAGTl'CGGAl'TGAGGGCTGTAACTCGCCCTCATAAAGCTGGAATGCG'l' 

NK102 TGAAGGTMTCCCC-TMAC'!TAGTCGTAGTTCGGATTGAGGGCTGTGAC1'CGCCCTCA1'GAAGCTGGAATGCG'f 

NK103 TGAAGG'fAATCCCC-TAAACTTAGTCG'fAGTTCGGAT'fGAGGGCTGTAACTCGCCCTCATAAAGCTGGAATGCGT 

NK104 TGGAGGTAATCCCC -1'AAACTTAGTCGTAGTTCGGATTGAGGGCTGTAACTCGCCCTCATAAAGCTGGAATGCGT 

NKl05 1'GGAGGTAA TCCCC·TAAAC'l'TGGTCGTAGT'l'CGGA'l'TGAGGGC'rG1'GACTCGCCCTCATGAAGCTGGAATGCGT 

HJlO 1 TGGAGGTAATCCCC -TAAACTTAGTCGTAGTTCGGATTGAGGGCTGTAACTCGCCCTCATAAAGCTGGAATGCGT 

HJ102 TGGAGG'fAATCCCC-TAAACTTAGTCGTAGTTCGGAT'rGI\GGGCTGTAACTCGCCCTCATAAAGCTGGMTGCGT 

AJ103 TGGAGGTAATCCCC-TAAACTTAGTCGTAGTTCC.Gl\TTGAGGGCTCTMCTCGCCCTCATAAAGCTGGAATGCGT 

HJ104 TGGI\GGTAATCCCC·TMACTTAGTCGTAGTTCGGA'f1'GAGGGC1'GTAACTC=CTCATAAAGCTGGMTGCGT 

HJlOS TGMGGTAATCCCC-TAAA TTAGTCGTAGTTCGGATTGAGGGCTGTMCTCGCCCTCATMAGCTGGAATGCGT 

PNlOl TGGAGG'rMTCCCC-1'AAAC'TTAGTCG1'AGTTCGGATTGAGGGCTGTAACTC=CTCATAAAGC'rGGMTGCGT 

PN102 TGGAGGTAATCCCC-TMACTTGGTCGTAG'rTCGGATTGAGGGCTGTGACTCGCCCTCATGMGC'rGGMTGCGT 

PN103 TGGAGGTAATCCCC-TAAACTTGGTCGTAGTTCGGI\T'rGACGGCTGTAACTCGCCCTCATGMGCTGGAA'l'GCG1' 

PN104 TGGAGGTAATCCCC-TAAACTTAGTCGTAGTTCGGA'rTGAGGGCTGTAACTCGCCC.'tCATAMGCTGGAAT{;CG'~ 

PN105 TGMGGTMTCCCC-TAAACTTAGTCGTAGTTCGGATTGAGGGCTGTMCTCGCCCTCATAAAGCTGGAATGCGT 

NTlOl TGGAGGTAATCCCC-TAAACTTAGTCGTAGTTCGGA1'TGAGGGC'rGTAAC'rCGCCCTCATAAAGCTGGAATGCGT 

NT102 TGGI\GGTAATCCCC-TAAACI'TGGTCGTAGTTCGGAT'rGAGGGCTGTGACTCGCCCTCATGAAGCTGGAATGCGT 

NT103 TGGAGGTAATCCCC-TAAACTTGGTCGTAGTTCGGATTGAGGGCTGTAACTCGCCCTCATGAAGCTGGAATGCG1' 

NT104 TGAAGGTAATCCCC-TAAACTTAGTCGTAGTTCGGATTGAGGGCTGTAACTCGCCCTCATAAAGCTGGAA'fGCGT 

NT105 TGGAGGTAATCCCC-TAAACTTGGTCGTAGTTCGGI\TTGAGGGCTGTAAC'OCGCCCTCATGAAGCTGGAATGCGT 

OFlOl TGAAGGTMTCCCC-TMACTTAGTCGTAGTTCGGATTGAC.GGCTGTAACTCGCCCTCI\TMAGCTGGMTGCGT 

0<'102 TGAAGGTAATCCCC-TAAACTTAGTCGTAGTTCGGATTGAGGGCTGTAACTCGCCCTCA1'AAAGCTGGAAl'GCGT 

OF103 TGAAGG1'AA'fCCCC-TAAACTTAGTCGTAGTTCGGAT'rGAGGGCTGTAACTCGCCCTCATAAAGCTGGAATGCGT 

Ot'104 TGGAGGTMTCCCC-TAAACT'rGGTCGTAGTl'CGGAT'rGAGGGCTGTAAC'rCGCCCTCATGAAGCTGGAATGCGT 

OF105 TGGAGGTAATCCCG--AAACCCGTCCGTAGTTCGGATTGAGGGTTGTAACTCAC=CATGAAGCTGGATTCCGT 

E.coli AGCAAGCGGACCTCATAAAGTGCGTCGTAGTCCGGAT'rGGIIG'rcTC£AACTCGACTCCI\TGAAGTCGGAATCGCT 

455 465 475 485 495 505 

--- -+-- ------ -+·· ------- t-· •• ---- --T------ ·--+------ ---+- -------
RK101 AGTAATCGTGTGl'CATMTCGCACGGTGAA'rATGTCCCTGC.'TCC'rTGCACACACCGCCCGTCA 

RK102 AGTAATCGTGTGTCATAATCGCACGGTGAATATGTCCCTGCTCCTTGCACACACCGGCCGTCA 

RK103 AG'fAATCGTGTGTCATMTCGCACGG'fGMTATGTC CTGCTCCTTGCI\CACACCGCCCGTCA 

RK104 AGTAATCGTGTGTCATMTCGCACGGTGMTATGTCCC'rGC'fCC'I'rGCACI\CACC=CGTCA 

RK105 AG'l'MTCGTGTGTCATAATCGCACGGTGAATATGTCCCTGCTCC'rTGCACACACCGCCCGTCA 

CFlOl AGTAATCGTGTGTCATAATCGCACGGTGAATATGTCCC'rGCTCCTTGCACACACCGCCCGTCA 

CFl02 AGTAATCG'rGTGTCATAATCGCACGGTGAATATGTCCC'rGCTCCTTGCACACACCGCCCGTCA 

CF103 AGTAATCGTGTGTCATAATCGCI\CGGTGAATATGTCCC=CCTTGCACACACCGCCCGTCA 

CF104 AGTAATCGTGTGTCATAATCGCACGGTGMTATGTCCCTGCTCCTTGCACACACCGCCCGTCA 

Cr!OS AGTMTCGTGTGTCATMTCGCACGGTGAATATGTCCCTGCTCC'fTGCACACACCGCCCGTCA 

NK10.1 AGTAATCGTGTG'fCATAATCGCACC.GTGAATATGTCCCTGCTCCTTGCACACACCGCCCGTCA 

NK102 AGTAATCGTGTGTCATAATCGCACGGTGAATATG'fCCCTGCTCCTTGCACACACCGCCCGTCA 

NK103 1\GTAATCGTGTGTCATAATCGCACGGTGAATATGTCC<:'l'GCTCCTTGCACACACCGCCCGTCA 

NK104 AGTAA'rCGTGTG'rCATGATCGCACGGTGAA1'ATG1'CCCTG TCCTTGCACI\CACCGCCCGTCA 

NK105 AGTMTCGTGTGTCATAATCGC11CGGTCMTATG1'CCCTGCTCCTTGCACIICACCGCCCGTCA 

HJ101 AG'fAATCG'I'G'rGj'CA'l'AATCGCACGGTGAATATGrCCCTGC'l'CCTTGCACACACCGCCAATCA 

HJ102 AGTMTCGTGTGTCATAATCGCACGGTGAA'rATGTCCCTGCTCCTTGCACACACCGCCCGTCA 

HJ103 AGTAATCGTGTGTCATMTCGCACGGTGM'fATG'fC CTG TCCTTGCACACACCGCCCGTCA 

HJ1.04 AGTMTCGTGTGTCATAATCGCACGGTGAATATGTCCCTGCTCCTTGCACACACCGCCCGTCA 

108 



HJ105 AGTAATCGTGTGTCATMTCGCACGGTGAATA'I'GTCCCTGCTCCTTGCACACACCGCCCGTM 

PN101 AGTMTCGTGTG'l'CATM1'CGCACGGTGAJ\TATGTCCCTGCTCC1'TGCACAC'.ACCGCCCG1'CA 

PN102 AG'I'AATCGTGTGTCATMTCGCACGGTGMTATGTCCCTGC'l'CCTTGCACACACCGCCCGTCA 

PN103 AGTAM'CGTGTGTCATAATCGCACGG'I'GAJ\'I'A'l'GTCCCTGCTCCTTGCACACACCGCCCGTCA 

PN104 AGTAATCGTGTGTCATAATCGCACGGTGMTATGTCCCTGCTCCTTGCACACACCGCCCGTCA 

PNlOS A<Jl'AA'PCGTGTGTCGTAATCGCACGG'l'GAA'fATGTCCCTGCTCC'l''l'GCACACACCGCCCGTf".J\ 

NT101 AGTAATCGTGTGTCATAATCGCACGGTGMTATGTCCC'l'GCTCCTTGC!\CACACCGCCCG'l'CA 

NT102 AG'l'AATCGTG'l'GTCATMTCGCACGGTGAATATGTCCCTGCCCCTTGCACACACCGCCCGTCA 

NT103 AGTAATCGTGTGTCA1'AATCGCACGGTGMTATGTCCCTGCTCC'J"l'GCACACACCGCCCGTCA 

NT104 AGTAATCGTGTGTCATAATCGCACGGTGAATATGTCCCTGCTCCTTGCACACACCGCCCGTCA 

NTlOS AGTAATCGTGTGTCA'l'AATCGCACGGTGMTATGTCCCTGCTCCTTGCACIICACCGCCCGTCA 

OFlOl AGTMTCGTCTGTCA'rMTCGCACGGTGMTIITGTCCCTGCTCCT1'GCACACACCGCCCGTCA 

OF102 AGTMTCGTG1'G'l'CATAATCGCACGGTGMTATGTCCC'l'GC'rCCTTGCACACACCGCCCG'rCA 

OF103 AG'fAATCGTGTGTCATAATCGCACGGTGAATATGTCCCTGCTCCTTGCACACACCGCCCGTCA 

OF104 AGTAATCGTGTGTCATAATCGCACGGTGMi'ATGTCCC1'GCTCCTTGCACACACCGCCCGTCA 

0Fl05 AGTAATCGCGAATCMCAACTCGCGGTGMTATGCCCCTGCTCCTTGCACACACCGCCCGTCA 

E. coli AGTAATCGTGGATCAGAATGCCACGGTGMTACGTTCCCGGGCCTTGTACACACCGCCCGTCA 
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3. SSU rRNA gene sequences of symbioric methanogens in M.danviniensis. 

15 25 35 45 55 5 75 
-- --+--- ---- --+- ---- --- -+--- ------ +-------- -+- ------- -+---- ---- --+- ------- -+ 

MOlOl TTMAGGMT1'GGCGGGGGAGCACCACMCGCGTGGAGCCTGCGGTT1'M'I'TGGATTCAACGCCGGACA'rC'I'CAC 

M0102 TTMAGGMTTGGCGGGGGl\GCACCACAACGCG1'GGAGCC'!'GCGGTTTAATTGGATTCMCGCCGG1\CATCTCAC 

~ID103 TTMAGGMTTGGCGGGGG1\GCACCACAACGCG1'GGAGCCTGCGGTTTMTTGGAT'rCAACGCCGGACATC1'C1\C 

M01D4 TTMAGGM'rTGGCGGGGGAGCACCACMCGCGTGGl\GCC'rGCGmTTAATTGGl\TTCAACGCCGGACATC'I'CAC 

MOlDS TTMAGGAATTGGCGGGGGl\GCACCACAACGCGTGGAGCC'rGCGGTTTMTTGGIIT'rCAACGCCGGACATCTCAC 

E. coli TCAAATGAATTGl\CGGGGGCCCGC ·ACMGCGGTGGAGCATGTGGTTTMTTCG1\1'GCMCGCGAAGAACCTTIIC 

85 95 105 115 125 135 145 

-------- -+----- --- -+----- -- --+--- ----- -+--- -- ---- +---- ----- +- ------- --t -- ---

MOl 01 CAGGGGC -GACAGC/1- ·GMTGATGGCCAGGTTGATGGTC'r'rGCTT ·GACAAGC ·TGAGA- ·GGl\GGTGCA TGGC 

M0102 Cl\GGGGC-GACAGI\G· -GMTGl\Tl\GCCAGGTTGATGG'rT'I'TGCTT-GACAAGC ·TGAGA - -GGAGGTGCATGGC 

MOl 03 CAGGGGC ·GI\CAGCA- -GTI\1'GATGGTCAGGTTGATGGTC'rTGCTT -CACAAGC -TGAGI\ • -GGAGGTGCATGGC 

~10104 CAGGGGC -GACAGCA - -GMTGATGGCCAGGTTGATGGTC'l'TGCTT -GACMGC -TGI\GA- -GGAGGTGCATGGC 

M0105 CAGGGGC-GACAGr..A- -GTATGl\TGGCCAGG'I'TGA TGGTCTTGC1'T-GACAAGC· TGAGA- -GGAGGTGCATGGC 

E. coli CTGG1'CTTGACATCCACGGAAGTTTTCAGAGI\TGAGAATGTG=TCGGGMCCGTGAGACAGGTGC1'GCATGGC 

155 165 175 185 195 205 215 220 
--- -+-- • -•- -- ·+-- •---- -+----- -----+------- --+------- --T--- ----- -+- -------- .. 

110101 c=GTCAGCTCGTACCG1'GAGGCGTCC'I'GTTAAGTCAGGCAACGAGCGAGACCCACGCCCTTAG'rTACCAGCGG 

M0102 c=GTC.AGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCACGCTCTTAGTTACCAGCAG 

M0103 CGCCGTCAGCTCGTl\CCGTGAC'.GCGTCC1'GTTMGTCAGGCMCGAGCGAGACCCACGCCCTTAGTTACCAGCGG 

MD104 CGCCGTCAGCTCGTACCGTGl\GGCGTCCTGT'CAAGTCAGGCMCGAGCGAGACCCACGCCC'I'TAGTTACCAGCGG 

MOlDS CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTMGTCAGGCAACGAGCGl\GACCCACGCCCTTAGT'fACCAGCGG 

E. coli TGTCGTCAGCTCGTGTTGTGMATGTTGGGTTMGTCCCGCMCGACcGCAACCCTTATCCTTTGTTGCCAGCGG 

235 245 255 265 275 285 295 
-------- -+-- ------ -+- --------+- ------ --+----- --- -+---------+- ------ --+-- ---

MD101 A'!'CCTCCG-- • -GGI\TGCCGGGCACACTAAGG(;GACCGCCAGTGATAMC'I'GGAGGAAGGAGTGGACGACGG'PAG 

MD102 GTCCTTTT'r·-TGGATGCTGGGCACACTAAGGGGACCGCCAGTGATAMC'rGGAGGMGGAGTCCACGI\CGGTAG 

M0103 ATCCTTTTTTTTGGATGCCGGGCACACTAAGGGGI\CCGCCAGTGATAMTTGGAGGI\AGGAG'CGGACGACGGTAG 

MDl04 ATCCTCCG-- • -GGA'fGCCGGGCACAC'I'AAGGGGI\CCGCCAGTGATMACTGGAGGAAGGAGTGGl\CGACGGTAG 

110105 ATCCTC- -- -CGGGATGCCGGGCACAC'fMGGGGI\CCGCCAGTGI\TAMC'I'GGAGGAAGGAGTGGACGACGGTAG 

E. coli -'l'CCG- ---- ---- --CCCGGGAAC'I'CMAGGl\GACTGCCAGTGATAAAC'I'GGAGGAAGGTGGGGATGACGTC'.M 

305 315 325 n5 345 355 365 37D 
--- -+-- ------ -+---- ---- -t--- -------+---------1------- -- -+- --- -----+---- --- --+ 

MDlOl GTCCGTATGCCCCGAATCCCCTGGGCMCACGCGGGCTACAA'rGGCTAAGACMTCGGTTCCAl\CACTGAAMGT 

M0102 GTCCGTATGCCCCGAATCCCC'I'GGGCAACACGCGGGCTACAATGGCTGI>.GIICAATGGGTTCCGACGCTGAMGGC 

MOl 03 GTCCGTATGCCCCGAATCCCC'l'GGGCMCl\CGCGGGCTACAATGGC'rGAGACAA'l'GGGTTCCGACATTGAAMGT 

M0104 GTCCGTATGCCCCGMTCCCCTGGGCAACACGCGGGCTI\CMTGGCTAAGACAATGGGTTCCAl\CACTGAMI\GT 

M0105 GlfCCGTATGCCCCGAATCCCC'I'GGGCAACACGCGGGCTACAATGGCTAAGI\CAATGGGTTCCAACACTGMAAGT 

E. coli GTCATCATGGCCC.'T'I'ACGI\CCAGGGCTACACACGTGCTACAATGGCGCA'l'ACAMGACMGCGACCTCGCGAGAG 

385 395 405 415 425 435 445 

------- --+-- ----- --+--·-- -· -- f -- ------ -+-- ---.-- --+- ------- -+-- ---- -- ·T- ----

MOlQ} GAAGGTAA~'CCCCTAAACTTAGTCGTAGTTCGGA'fTGAGGGCTGTAACTCGCCC'rCATGAAGCTGGMTGCGTAG 

M0102 GAGGGTMTCCTCTAAACT1'AGTCGTl\GTTCGGM'TGI\GGGCTGTAAC'rCGCCCTCATGAAGCTGGMTGCGTAG 

MD103 GGAGGTM'I'CCTCTMACT'l'AGTCGTAGTTCGGATTGAGGGCTGTAACTCGCCCTCATGAAGCTGGAATGCGTI>.G 

MD104 GAAGGTAATCCCCTAAACTTAGTCGTAGTTCGGl\TTGI\GGGCTG'l'AAC'rCGCCC~rCATGAAGCTGGAATGCGTAG 

MOlDS GMGGTAATCCCCTMACTTAGTCGTI>.GT'!'CGGI>.TTGAGGGC'rGTAACTCGCCCTCATGAAGCTGGAA'l'GCGTAG 

11 0 



E. coli CAAGCGGACCTCATAJ\AGTGCGTCGT/\GTCCGGA'l'TGGAGTCTGCMCTCGAC'PCCATGMG'fCGGMTCGC'l'AG 

455 465 475 485 495 505 
- ---+- ---- ~--- t----- --- --+---- -- ---+------ ---+- -------- ------

MDlOl 1'AATCGCGTGTCATAA'l'CGCGCGGTG/\ATACGTCCC7'GCTCCTTGCACACACCGCCCGTCA 

MD102 TAA'fCGCGTG'fCAT/\ATCGCGCGGTGM'PACG'l'CCCTGC'PCC'l''l'GCACACACCGCCCGTCA 

MD103 T/\1\TCGCG'l'GTCATMTCGTGCGGTGM'l'ACGTCCCTGCTCCTTGCACACACCGGCCGTCA 

MD104 TAATCGCG'fG'l'CM'AATCGCGCGGTGAATACG'fCCC'PGCTCCT'fGCACACACCGGCCGTCA 

MD105 T/\ATCGGGTGTCAT/\1\TCGCGCGGTGAATACGTCCCTGCTCCTTGCACACACCGCCCGTCA 

E. coli TAATCGTGGATCAGMTGCCACGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCA 

111 



4. SSU rRNA gene sequences of symbiotic methanogens in the cockroach S. esakii. 

15 25 35 45 55 65 75 

---- ~--- ------+--- ------+-- ------- .. ----- ----+- ------- -+-- ------ -+-- - --- ---T 

SE101 TTAGAGGAA1'TGGCGGGGGGGCACCGCMCGGGAGGAGCGTGCGGT'fTMTTGGATTCMCACCGGAAMCTCAC 

SE102 TTGMGGGI\TTGGCGGGGG ·GCACCI\CMCGCG'fGGI\GC • TGCGGTTT AATTGGA'l'TCMCGCCGGACA'l'CTCAC 

SE103 T'l'TAGGGMTTGGCGGGGGAGCACCACMCGCGTGGAGC·TGCGGTTTMTTGGATTCMCGCCGGACATCTCAC 

SE104 TTMGGGMTTGGCGGGGGAGCACCGCMCGGGAGGAGCGTGCGGT'fTMTTGGATTCMCACCGGAAMCTCAC 

SEJ 05 GMT'fCGATTl'GGCGGGGGAGCACCGCMCGGGAGGAGCG'l'GCGGTTTAATTGGATTCAACACCGGAAMCTCAC 

E coli TCAMTGMTTGACGGGGG·CCCGCI\CMGCGGTGGAGCATGTGGTTTMTTCGATGCAACGCGAAGMCCT'!AC 

as 95 105 115 125 135 145 
-------- -+-------- -+----- --- -+---------+------- --+--------- t --------- .. -----

SE101 CAGGAGC-GACG- ·- ··GTTACATGAAAGTCAGGCTGA'l'G·ACC.'TTACTCGATTTTCCGAGAGG'l'GGTGCATGGC 

SEl 02 CAGGGGC ·GACA • • • • ·GCAGTATGATGGCCAGGCTGATG ·GCCTTGCTTGACAAGC'l'GAGAGGAGG'l'GCA'l'GGC 

SElO 3 CAGAGGC ·GACA • - ·- -GCAGTATGA'l'GGCCAAGCTGATG·ACTTTGCTTGACAAGCTGAGAGGAGGTGCATGGC 

SE104 CI\GGGGA ·GAC'f·--- ·GTTACATGAAAGCCAGGCTAATG ACTT'rGC'l'AGA'l"''TTCAGAGAGGTGGTGCATGGC 

SElO 5 CAGGGGA • Gl\CT • - • • -GTT ACI\'l'GAAAGCCAGGTTMTG • ACTTTGCTAGATTTTCAGAGAGGTGGTGCATGGC 

E. coli CTGGTCTTGACA'fCCACGGAAGTT'I"I'CAGI\Gl\TGAGAATG'l'GCC'l'TCGGGAACCGTGAGACAGGTGCTGCATGGC 

155 165 175 185 195 205 215 220 

- ---+-------- --r-- ------- +. -------- t-------- -+-- -------+---- ---- -+-----------+ 
SE101 CGTCGTCAGTTCGTACCGTAAGGCGTTCTCTTAAGTGAGATMCGAACGAGACCCTCACCAATAGTTGC'l'ACCG'I' 

SE102 CGCCGTCAGCTCG'I'ACCGTGAGGCGTCC'l'GTTAAGTCAGGCMCGAGCGAGACCCACGCCC'fTAGTTACCAGCGG 

SE103 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAG'l'CAGGCAACGAGCGAGI\CCCACATTCTTAGTTACCAGCGG 

SE104 CGTCGTCAGTTCGTACCGTMGGCGTTCTCTTAAGTGAGATAACGMCGAGIICCCTCGTCAATAGTTGCTACTTC 

SE105 CGTCGTCI\GTTCGTACCGTAAGGCGTTC'l'CTTMGTGAGl\TAACGAACGI\GACCC'fCGTCMTAGTTGCTACTTT 

E. coli TGTCGTCAGCTCGTGTTGTGAMTGTTGGGTTAAGTC CGCAACGAGCGCAACCC~'TATCCTTTGTTGCCAGCGG 

235 245 255 265 275 285 295 

--------- t-- ------- -+---- ---- -+--- ------ +---- ------+---- ---- -+----------+--- --
SElOl ATCTTCCGAGGTACGGG·CACACTI\TTGGGACCGCTGGCGC'I'AAGTCAGAGGAAGGl\GAGGTCAACGGTAGGTCA 

SE102 ATCCTT'f'l'GGI\TGCCGGGCACACTAAGGGGl\ CGCCIIGTGATAMC'I'GGAGGAAGGAGTGGACGACGGTI\GGTCC 

SE103 ATCTTC ·GGGATGCCGGGCACACTMGGGGACCGCCAGTGA'I'AMCTGGAGGAAGGAGTGGACGACGGT AGGTCC 

58104 ATCCTCCGGGGTGGAGG-CACACTATl'GAGACCGCTGGCGC'I'MGTCI\GAGGAAGGAGAGG1'CAACGGTAGGTCA 

SE105 A'fCCTCCGGGATGGAGG·CI\CAC'l'ATl'GI\GI\CCGCTGGCGCTAAGTCAGAGGAAGGAGAGGTCAACGGTAGGTCA 

E. coli TCCGGCCGGGA-- ·- - • ·-AC'I'CAMGGAGACTGCCAGTGATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCA 

305 315 325 135 345 355 365 370 

---- t-----------r-------- - - t- ------ ·-t--- -- ----+- ---- --- -+--- --- - --t- --- -----+ 
SElOl GTATGCCCCGAATCTCCTGGGCTACACGCGCGCTIICAAA=GGGACAATGGGTTCCTACACCGAMGGTGACG 

SE102 GTATGCCCCGAATCCCCTGGGCMCACGC='l'ACAAT=AAGACAATGGGTT=ACATTGAMAGTGGAG 

SE103 GTATGCCCCGMTCCTCT=MCACGCGGGCTACAATGGC'l'AAGIICMTGGGTTCCGACGCTGAAAAGCGGl\G 

SE104 GTATGCCCCGAATCTCCTGGGCTACACGCGCGCTACAM=GGGACMTGGGCTCCGACACCGAAAGGTGAAG 

SE105 GTATGCCCCGMTCTCCTGGGCTACACGCGCC'.CTACAMGGGCGGGACAATGGGCTCCGACACCGAAAGGTGMG 

E. coli TCATGGCCC'fTACGACCA=TACACACG'fGCTACMTGGCGCATACI\AAGAGMGCGACCTCGCGAGAGCAAG 

385 395 405 us 425 435 445 

---------1------- ---+---- -- ---+----- -- --+-- -- --- --+---- ---- -+- ------ --+-----
SElOl GTAA'rc·CCGAAACCCGTCCGTAGTTCGGI\T'fGAGGGTTGTAACTCACCCTCATGAAGC'l'GGAT'I'CCGTAGTAA1' 

SE102 GTMTCC'I'CTAMC'I'TAG~'CGTAG'fTCGGATTGAGGGC'fGTMC11CGCCC'fCATGAAGCTGGAATGCGTAGTAAT 

SE103 GTAATCC'CCTAAACTTAGTCGTAGTTCGGAT1'GAGGGCTGTAACTCGCCCTCATGAAGCTGGM TGCG'l'AGTMT 

SE104 GTAATC ·'l'CGAAACCCGTCCG'!AG'J'TCGGATTGAGGGTTGTAACTCACCC'l'CI\TGMGCT'GGATTCCGTIIGTAAT 

SE105 GTAATC-1'CGAMCCCGTCCGTl>.GTTCGGATTGAGGGTTGTAAC'fCACCCTCATGAAGCTGGATTCCGTAG'rAAT 

112 



E. coli CGGACCTCATAAAGTGCGTCGTI\G1'CCGGATTGGAGTC1'GCMCTCGAC1'CCA'l'GAAGTCGGAATCGC'l'AGTAA'l' 

~55 465 475 485 495 505 
----+- ------- -+---- -----+----- --- -+- --------+---- -----+--

SElOl CGCGGATCAACAATCCGCGGTGAATATGCCCCTGCTCCTTGCACIICACCGCCCGGCA 

SE:l02 CGCGTGTCACTATCGCGCGGTGAATACGTCCCTGCTCCTTGCACACACCACCCGTCA 

SE103 CGCGTGTCACAATCGCGCGGTGAAl'ACGTCCCTGCTCC'I'TGCACACACCGCCCGTCA 

SE104 CGCGAATCAACAACTCGCGGTGAATATGCCCCl'GCTCC~'GCACACACCGCCCGTCA 

SEl 0 5 CGCGAA'l'CI\ACMC'l'CGCGGTGAATATGCCCCTGCTCCTTGCACACI\CCGCCCGTCA 

E. coli CGTGGIITCAGAATGCCI\CGGTGAM'ACGTTCCCGGGCCTTGTACACACCGCCCGTCA 

113 



5. SSU rRNA gene sequences of symbiotic methanogens in the rumen of cow. 

15 25 35 45 55 65 75 
----+- --------+--------- t----- ---- -+-- --- ----+----- ----+- ------- -+-------- -+ 

BRl01 TTAAAGGGATTGGCGGGGGGGCACCACMCGCGTGGAGCCTGCGG'rTTAATTGGI\TTCMCGCCGGI\CATCTCAC 

B!U02 TTGAAGGGG1"-GGCGGGGGAGCACCGCAACGGGAGGAGCGTGCGGTTTAATTGGATTCAACACCGGAAAACTCAC 

B!U03 TTAAAGGGATCGGCGGGGGAGCACCGCAACGGGAGGAGCGTGCGGTT'PAATTGGAT'PCAACACCGGAAAACTCAC 

BR104 TTAAAGGAG1'TGGCGGGGGAGCACCGCAACGGGAGGAGCG"rGCGGTTTAATTGGATTCMCACCGGAAAACTCAC 

BRl 05 TTGAAGGAGTTGGCGGGGGAGCACCACAACGCGTGGI\GCCTGCGGTTTAATTGGAT'rCAACGCCGGACATCTCAC 

E.coli TCAAATGAATTGACGGGGGCCCGC -ACAAGCGGTGGAGCATGTGGTTTAAT'!'CGATGCAACGCGAAGAACCTTAC 

85 95 105 115 125 135 145 
--------- ~-------- --+------- -- ~---- ------ -+------ -- -+------- --;---- ---- --+- ----

BRlO! CAGAGGC-GACAGCTGT- -ATGATAGCCAGGTTGATGAC'r'PTGCT"r-- ·GAC'PAGC·'rGAGAGGAGGTGCI\TGGC 

BRl02 CAAGGGC-GACTATCAC- -ATGMAGCCAGGCl'MCGACCTTGCTT-- ·GATTCTT-1\GAGAGGTGG'rGCATGGC 

BRlO 3 CAAGGGC -GAC'rATCAC- - A'l'GAAAGCCAGGCTAACGACCT1'GCTT -- -GATTCTT • IIGAGAGG'PGG'rGCATGGC 

B!U04 CAGGGGA -GACCATCAC- -ATGAAGGCCAGGCTGATGACTTTGCCT-- -GA'I"J'C'IT-GGAGAAGTGGTGCATGGC 

BRlOS CAGGAGC-GACAGCTGl'- -ATGATTACCAGGCTGATGACC'TTG1'TT-- -GliCTAGC-1'GAGAGGAGGTGCA'rGGC 

E. coli CTGGTCTTGACATCCACGGMG1"['FrCAGAGATGAGMTGTGCCTTCGGGMCCGl'GAGACI\GGTGCTGCATGGC 

155 165 175 185 195 205 215 220 
- ---+----- -- --+----------t -------- -+- ------- -+--- ---- --+------ ---i -------- -+ 

BR101 CGCCGTCAGCTCGTIICCG'rGIIGGCGTCCTGT'rMGTCAGGCAACGAGCGAGACCCACGcCC'TTAG'ITACCAGCTT 

BR102 CGTCGTCAGTT<;GTACCGTMGGCGTTCTC'PTAAGTGAGATMCGMCGAGACCCTCATCTATAATTGCTACTTC 

BR103 CGTCGTCAGTTCGTACCGTAAGGCGTTCTCT'TMG'TGAGATMCGMCG,\GACCC'PCATCTATAATTC.CTACTTC 

BRl04 CATCGTCAGTTCGTACTGTAAAGCGTTCTCTTMGTGAGATAACGMCAAGACCCTCACTTGCAATTGCTAC'l'CC 

BR105 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCIICGCCCTTAGTTACCI\TCAG 

E. coli TGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCMCCCTTATCCTT1'GTTGCCAGCGG 

235 245 255 265 275 285 295 

-------- -...--- ------ -+-- --- -----t ----- ----+-- ---- ---+-- ------ -+---- ----- ... ----
BRlOl ATCC'rTTT'I'TGGATGATGGGCI\CACTAGGGGGACCGCCTATGATAAATAGGAGGAAGGAGTGGACGACGGTAGGT 

BR102 ACCCTCCG· -GGGTGGAGG-CACATTATCGAGACCGCTGGCGCTAAGTCAGAGGAAGGAGAGGTCAACGGTAGGT 

BR103 ACCC'I'CCG- -GGGTGGAGG-CACATTATCGAGACCGCTGGCGCTAAGTCAGAGGAAGGAGAGGTCAACGGTAGGT 

BR104 GATCTCCG- -GATCGGAGG-CACA'TTGCCGGGI\CCGC'TGGCGCTMGCCAGAGGAAGGGGAGGTCAACGGTAGGT 

BRJ 0 5 i\TTCTCCG- -GAATGCTGGGCACACTAAGGGGACCGCCAG'PGA TAAAT'l'GGI\GGMGGAGTGGACGACGGTAGGT 

E. coli - - - -'PCCG - - - --- GCCGGGAACTCMAGGAGACTGCCAGTGAT AAACTGGAGGAAGGTGGGGATGACGTCMGT 

JOS 315 325 335 345 355 365 370 
-- --+- ------ --+- ------- -+-- ---- ---+----- -- --+--- ----- -+---- ----- t---- --- --+ 

BR101 CCGTl\TGCCCCGMTCCTCTGGGCAACACGCGGGCTACAATGGC'rGGGACAATGGGTTCCGACACCGAAAGG'fGG 

BR102 CIIGTATGCCCCGAATCTCTTGGGCTACACGCGCGCTACAAAGGGCGGGACMTGGGCTACGACGCCGAAAGGCGA 

BRJ03 CAGTATGCCCCGMTCTCTTGGGCTI\Ci\CGCGCGCTACAAAC,CCCGGGACMTGGGCTACGACGCCGAAAGGCGA 

B!U04 CAGTATGCCCTGMTC'TCCTGGGCTACACGCGCGCTl\CAAAGGGCGGGACAATGGGC1'CCGACGCCGAGAGGCGA 

BR105 CCGTATGCCCCGAATCCCC'TGGGCTACACGCGGGCTACAATGGC'[GGGACAATGGGTTCCGACGCCGAAAGGCGG 

E. coli CATCA TGGCCCTT8CGACCAGGGCTACACACGTGC'.rACAATGGCGCATACAAAGAGMGCGI\CCTCGCGAGAGCA 

385 395 405 415 425 435 445 
---------4--------- -+-- -------·t----------+-- -------+--- ----- -+---- ---- -+-- ---

BRlOl AGGTAATCC'rC'rAAIICTTAGTCGTAGTTCGGATTGAGGACTGTAACTCGTTCTCATGAAGCTGGAATGCGTAGTA 

BR102 AGTCAATCTCG- AAACCCGTCCGTAGTTCGGATTGAGGCTTGTAACTCAGCCTCATGAAGC'rGGATTCCGTAGTA 

BR103 AG'fCAATC'rCG-AAACCCGTCCGTAGTTCGGATTGAGGGT'rGTAACTCACCCTCl\TGMGCTGGI\TTCCGTAGTA 

BR104 AGGTMTCTCG - MACCCGTCCGTAGTTCGGACTGTGGGT'rGTMCTCI\CCCACJ\CGMGCTGGATTCCGTAGTA 

BR105 TGGTAATCTTTTAAACC'PAGTCGTAGT1'CGGATTGAGGGCTGTMC'rCGCCCTCATGAAGCTGGAA'PGCGTAGTA 

114 



E. coli AGCGGACCTCATAAAGTGCGTCGTAGTCCGGI\TTGGAGTCTGCAACTCGAC'fCCI\TGAAG'rcGGAATCGCTAGTA 

455 465 475 185 495 505 

-- . -+-- ---- - --+ - ----- ---+-- -------' --- -- -- --+ - ----- ---+- ----
BlUOl ATCGCGTATCACTl\'J:TGC=TGAATACG-TCCCTGCTCC1"fGCACACACCGCCCGTCl\ 

BIU02 ATCGCGAI\TCI\l\AAACTCGCC,GTGAATATGC'rCCCTGCTCCTTGCACACACCGCCCGTCA 

BR103 ATCGCGAATCAAAAI\CTCGCGGTGAATATG-CCCCTGC'fCCTTGCACACACCGCCCGTCI\ 

BRl 04 ATCGCGAATCAACAACTCGCGGTGAA'rA'rG -CCCCTGCTCCT1'GCACACACCGCC -GTCA 

BIUO 5 AlfCGCGTGTCACAATCGCGCGGTGAATACG- TCCCTGCTCCTTGCACACACCGCCCGTCA 

E. coli ATCGTGGATCAGAATGCCACGGTGAA TACGTTCCC -GGGCCT'fG'fACACACCGCCCGT<:A 

11 5 



6. SSU rRNA gene sequences of symbiotic methanogens in soil. 

15 25 35 45 55 65 75 

--- -+-------- -+-- ---- ---+-- ------ -t-. ------- t------ ---+--- ----- -+---- ---- -+ 
XT10l 1"l'MAGGAATTGGCGGGGGAGCACCGCAACGGGAGGI\GCGTGCGGTTTAA1'1~GGAT'J'CAACACCGGMAAC'J'CAC 

XT102 TTI\AAGGAATTGGCGGGGGI\GCACCGCAACGGGAGGAGCGTGCGGTTTMTTGGATTCI\ACACCGGI\AAAC'l'CAC 

XT103 TTI\AAGGAATTGGCGGGGGAGCACCGCAACGGGI\GGAGCGTGCGG'l'TTMTTGGATTCAACACCGGMAACTCI\C 

XTl 06 TTI\AAGGAATTGGCGGGGGAGCACCACAACGCGTC,GAGCCTGCGG'XTTAA'J'TGGATTCI\I\CGCCGGACATC1'CAC 

XT107 T'ri\AAGGAATTGGCGGGGGAGCACCGCMCGGGAGGI\GCGTGCGGTTTMTTGGAT'PCAACACCGGI\AAAC'rCAC 

XT108 TTI\AAGGAATTGGCGGGGGAGCACCACMCGCG1'GGAGCC'rGCGGTTTI\l\'l'TGGI\'£TCAACGCCGGACI\TC'XCAC 

XT109 TTI\AAGGI\l\T'l'GGCGGGGGAGCACCI\CI\ACGCGTGGAGCCTGCGGTTTI\ATTGGATTCAACGCCGGACATC'rCAC 

E. coli TCI\AATGAATTGACGGGGGCCCGC ·1\CAAGCGGTGGAGCI\'J'G'J'GGTTT AATTCGATGCAACGCGAAGI\ACCTTAC 

85 95 105 115 125 135 145 
-------- -+----- --- --t- - --- ---- t --------- t--- ----- -+--- ---- ---+- ------ --+-- ---

XTlO 1 CI\GGGGA -GAC'r • • • • -G1'TI\CATGIIAAGCCI\GGT1'AATGACTTTGCTAGA ·TT'f'l'CI\GAGAGGTGGTGCATGGC 

XT102 CI\GGGGA ·GAC'X· • • - ·GTTACATGAAAGCCAGGCTAATGAC'l'TTGCTAGA -TTTTCAGAGI\GGTGGTGCATGGC 

XTlO 3 CAGGGGA ·GACT • · • • ·GTTACATGAAAGCCAGGC'l'MTGACTT'J'GCTAGA -TT'l'TCAGAGAGG1'GGTGCI\TGGC 

XT106 CI\GGGGC ·GI\CA • • -- -GCAGTATGATGGCCAGG'XTGA1'GGTCTTGCT'rGA ·CAAGCTGAGAG(;AGGTGCATGGC 

XT107 CAGGGGA-GAC'l'··· • ·GTTACATGAAAGCCAGGCTAATGAC'fT1'GCTAGA·TTTTCAGAGAGG'fGGTCCA'l'GGC 

XT108 CI\GGGGC • GACA • • • · -GCAGTATGATGGCCAGGTTGATGGTCTTGCTTGI\ ·CAAGCTGAGAGGAGGTGCATGGC 

XTl 09 CAGGGGC ·GACA • • • • ·GCAGTATGATGGTCAGATTGATGA TC'r'rACTTGA ·CAAGCTGAGAGGAGGTGCATCGC 

E. coli CTGGTCTTGACATCCIICGGAAGTTTTCAGAGA TGACAATGTGCCT'fCGGGAACCGTGAGACAGGTGCTGCATGGC 

155 165 175 185 195 205 215 220 

--- --·t-- ----- ---+- ----- ---+------- ---+- ---- -----~--- ------- +--- ---- --+ 

X'r101 CGTCGTCACTTCGTACCGTAAGGCGTTCTCTTAAGTGACATAACGAACGAGACCCTCGTCAATI\GTT· · • ·GCTA 

XT102 CGTCGTCI\GTTCGTACCGTAAGGCGTTCTC'l'TMGTGAGATAACGAACGIIGACCC'l'CGTCAATAGT'f· • • ·GCTA 

XT103 CG'!CGTCI\GT'rCGTACCGTAA=TTCTCTTMGTGAGI\TAACGAACGAGACCCTCGTCAAmGTT-·- ·GCTA 

XT 106 CGCCGTCAGCTCGTI\CCGTGAGGCGTCCTGT'l'AAGTCAGGCAACGIIGCGAGACCCACGCCCT'l'AGTT • • ·-ACCA 

XT l 0 7 CGTCGTCAGTTCGTACCGTAAGGCGTTC'l'CTTAAGTGAGATAACGMCGAGACCC'rCGTCAATAGTT • • • ·GCTA 

XT108 CGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCACGCCCTTAGTT·· ··1\CCI\ 

XT109 CGCCG'fCI\GCTCGTACCGTGI\GGCGTCCTGTTAAG1'CI\GGCAACGAGCGAGACCCACGCCCTTAGTTACCI\GCAA 

E. co.l i TGTCGTCAGCTCCTG'PTGTGAAATGTTGGG'l''rMGTCCCGCI\ACGAGCGCAACCCT'rATCCTTTGTT • • • ·GCCA 

235 245 255 265 275 285 295 

XT101 CTTCATCCTCC· • •• ·GGGGTGGAGGCI\CACTIITTGACACCGCTGGCGC'fi\AGTCAGAGGAAGGAGAGGTCAACG 

XT102 C'l'TCATCCTCC • • • - -GGGGTGGI\GGCACACT ATTGAGACCGCTGGCGCTAAGTCAGAGGMGGAGAGGTCAACG 

XT103 CTT ATCCTCC· • • · ·GGGGTGGAGGCI\CACTATTGAGACCGCTGGCGCTAAGTCAGAGGAAGGAGAGGTCAACG 

XT106 GCATGTCCTT'T'TTTTGGI\TGT'l'TGGGCACACTMGGGGACCGCCAGTGATAAATTGGAGGAAGGAGTGGACGACG 

XT107 CTTCATCCTCC- • • • -GGGGTGGAGGCACACTATTGAGI\C=GGCGCTAAGTCAGAGGMGGAGAGGTCAACG 

XT108 GCATGTCC'l'TTTTT'rGGATGTT'I'GGGCACACTAAGGGGACCGCCAGTGATAI\ATTGGAGGMGGAGTGGACGACG 

XT109 GTC'l'TT'l'TTAA· ···-GATGTTTCGGCACACTAAGGGGACCGCCAGTGATAMCTGGAGGAAGGACTGGACGACG 

F~. coli GCGGTCCGGCC • • • • - • • GG ·- • · ·GAACTCAAAGGAGACTGCCI\GTGATI\AACTGGAGGI\l\GCiTGGGGATGACG 

305 315 325 335 345 355 365 370 

-- --+-- ------ -+----- --- --+--------- +---- ------ +-- ------ --+- ------- -+- ... ---- -- -+ 
X'fl01 GTAGG'fCAGTATGCCCCGAATCTCCTGGGCTACACGCGCGCTIICAAAGGGCGGGACI\ATGGGC'l'CCGACACCGAA 

XT102 GTAGG1'CAGTATGCCCCGAATC'J'CC1'GGGC'PACI\CGCGCGC'PACI\AAGGGCGGGACAATGGGC'l'CCGACACCGI\A 

XT103 CTAGGTCAGTATGCCCCGAATC1'CC'l'GGGCTACACGCGCGC'I'l\CAAAGGGCGGGACAATGGGC'rCCGACACCGI\A 

XT106 GTI\GGTCCG'PATGCCCCGAATCCCC'XGGGCMCACGCGGC.CTACAATGGC'l'GI\GACAATGGG1'TCCGACA1'TGAA 

XTl 07 GTAGGTCAGT ATGCCCCGAA TCTCC'!'GGGCTACACGCGCGCTACAAAGGGCGGGI\CAATGGGC1'CCGIICI\CCGAA 

XTl 08 GTAGGTCCG'l'ATGCCCCGAATCCCC1'GGGC AACACGCGGGCTACM'PGGCTGAGACAATGGGT'rCCGI\CI\TTGAA 

116 



XT109 GTAGG1'CCGTATGCCCCGAATCCCCTGGGCTACACGCGGGCTACMTGGCTGAGACMTGGGTTCCGIICA'!'TGM 

E. coli TCAAGTCATCATGGCCCTTIICGACCAGGGCTACACACGTGC1'ACMTGGCGCATACAMGAGMGCGACCTCGCG 

385 395 405 415 435 445 
------ ---+-- ---- ---+- ------ --+-------- -l-- ------ -+-------- -+-- ------ -·!-- ---

XT101 AGGTGAAGGTMTCTCG-MACCCGTCCGTAGTTCGGA1'TGAGGGTTGTMCTCACCCTCATTMGCTGGATTCC 

XT102 l\GGTGMGGTMTCTCG-MACCCG'rCCGTIIG'rTCGGA1'TGAGGGT'rGTMCTCACCCTCNrGMGC1'GGATTCC 

XT103 AGGTGMGGTMTCTCG-AMCCCGTCCGTAGTTCGGATTGAGGGTTGTAACTCACCCTCl\TGMGC'rGGA'£TCC 

X'rl06 AAGTGMC.GTAATCCCCTMACT'rGGTCG1'AG'I'1'CGGATTGAGGGCTGTGACTCGCCCTCATGAAGCTGGAATGC 

XT107 AGGTGMGG1'MTCTCG-AAACCCGTCCGTAGTTCGGATTGAGGGTTGTMCTCACCCTCI\TGAAGC'£GGIITTCC 

XTlOB MGTGAAGGTAATCCCCTAMCTTGGTCGTAGTTCGGATTGAGGGCTGTGACTCGCCCTCATGMGCTGGMTGC 

XT109 AAGTGAAGGTAATCCCCTMACTTAGTCGTAGTTCGGATTGAGGGCTGTAACTCGCCC'£CATAAAGCTGGMTGC 

E. coli AGAGCMGCGGACCTCA:J'AMGTGCGTCGTAG'rCCGGATTC'.CAG'l'CTGCAACTCGACTCCATGAAGTCGGAATCG 

455 465 475 485 495 505 510 
----+---- ---- -+-- -------+-- ------ -+-- ------ -+-- -------+--- ---- ---t 

XTlOl GTAGTMTCGCGAATCAACAACTCGCGG'£GAATA -GCCCCTGC'rCCTTGCACACACCGCCCGTCA 

XT102 GTAG1'AATCGCGAATCAACAACTCGCGGTGMTA'rGCCCC'l'GCTCCTTGCACACACCGCCCGTCA 

XT103 G'rAGTMTCGCGAATCAACMCTCGCGGTGMTA'I'GCCCC'fGCTCC'l"fGCACACACCGCCCGTCA 

XT106 GTAGTM1'CGTATG:£CATAATCGCACGGTAAATATGTCCCTGCTCCTTGCACACACCGCCCGTCA 

XT107 GTAGTAATCGCGAATCAACAACTCGCGGTGAATA'I'GCCCCTGC'I'CCTTGCACACACCGCCCGTCll 

XT108 GTAGTM1'CGTATGTCATAATCGCACGGTAAATATGTCCCTGC'KCTTGCACACACCGCCCGTCA 

XT109 GTAGTAATCGTGTGTCATAATCGCACGGTGAA'I'ATGTCCCTGCTCCTTGCACACACCGCCCGTCA 

E. coli CTAGTMTCGTGGATCAGAATGCCACGGTGMTACG'ITCCCGGGCCTTGTA ACACCGCCCG'rCA 
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