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The use of 165 rDNA is commonplace in the determination of prokaryotic species. However, it has
limitations, and there are few studies at the genus level. We investigated conserved genes and meta-
bolic pathways at the genus level in 28 strains of 13 genera of prokaryotes using the COG database
(conserved genes) and MetaCyc database (metabolic pathways). Conserved genes compared to total
genes (core genome) at the genus level ranged from 27.62%(Nostoc genus) to 71.76%(Spiribacter genus), with
an average of 46.72%. The lower ratio of core genome meant the higher ratio of peculiar genes of
a prokaryote, namely specific biological activities or the habitat may be varied. The ratio of common
metabolic pathways at the genus level was higher than the ratio of core genomes, from 58.79%
(Clostridium genus) to 96.31%(Mycoplasma genus), with an average of 75.86%. When compared among
other genera, members of the same genus were positioned in the closest nodes to each other. Interestingly,
Bacillus and Clostridium genera were positioned in closer nodes than those of the other genera. Archae-
bacterial genera were grouped together in the ortholog and metabolic pathway nodes in a phyloge-
netic tree. The genera Granulicella, Nostoc, and Bradyrhizobium of the Acidobacteria, Cyanobacteria, and
Proteobacteria phyla, respectively, were grouped in an ortholog content tree. The results of this study
can be used for (i) the identification of common genes and metabolic pathways at each phylogenetic
level and (ii) the improvement of strains through horizontal gene transfer or site-directed mutagenesis.
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FALE7E &2 F9 71E0] HATH13]. sHARF 165 rDNAE
AW AE shutol 1~15/7F BE8tH 2 AsdA e
64%°] 2ol = Qla1[14], 165 rRNA FAAE T2 Fo A3
AEEZ FEAZHE A s dol[1] #FlA 165 rDNAY
Aj Aol ool A7I= T olel Alzel 14 Ex3tHA <
A EE] BEHQ GroEL chaperonin, rpoB, gyrB, dnaK
A% Sol o= AEHI A, shte| KA} AE
AAE 2T + e A4 o8 REd FARES &
£33t MLSA (multi-locus sequence analysis) ¥ Z DNA-
DNA hybridization &2 A A& d71-4 <D< vt 70%
o) FAES YEE 22 T A A= Aol
AATH13].

3 T FE2A FAAAA FHst] HEFSl &
¥t BE A (conservative gene)E < orthologs} 3h1L,
37HA o] 49 A& Fol #ESH= orthologoll A e g &
AE+5 COG (Clusters of Orthologous Group of proteins)zt
a3k, A 7109 A EY COGE©]l ATH4]. COG
PHoE AE T AolY BE FHAE R4S 5 91T,
Hjofst Asketa A9 glo] 4 &S 715 F57t Thestth
[10, 11]. A 23 5o A=A 22ddirHes HE +4
27k ohd frAAge] e a4 fAE R, COG
TS NE BERAAT 34 4 9l MetaCye A =
database= A FAEES EUZ #3550, 2018 FA] 2,941



124 BBULRIX| 2019, Vol. 29. No. 1

el AEAM Fed 2642709 hAFRE 2 AEH]
I EES & (genus) TTAA AT AHE7F BA

3 Enterococcus [15], Novosphingobium [5], Anaerobacillus [2]

TolA B2 &l Sots FFE AvEHe 59 £F 9

=gol 2 4o FE f449 74 FALe A

L

_11}1
rlo _1

7% &

FAAE vt A FHALB] T2 BastiAT
o5& /ME &uke NS A7 AT o] £ e
Me Asidol ¢5d 137] 49 287 dINE] HEF
TR QAHEE & FEAM HlwstaAt A

B AT A EA 287] YA ES Table 19 YEFA R
o BERAAL A E BofE 98] COG database [4]9

MetaCyc database [3]°] 3522 A=
Fol 42 287 4ANES

&0
Aol

£ 3£ ¢ 50| 2E X

& —’F%Ol A EE B SolF BE 4§
MSAHe] oA Z2 (Ver. 10)
A 4631709 24746 COGE H
A8t TH10]. 2
e BE FAAE #ASA, 4

o
=

Aus. %

ZAA
137] <ol A 1070
Q7 A o1 ™, Thermoplasma, Pyrococcus, Sulfolobus 4 -&

&o] 2

o 4IPS T5U COGE T4l
Z

(R=s |l

Table 1. Studied prokaryotes and their numbers (#) and percentage (%) of total genes, conservative genes (orthologs) and metabolic

pathways at each prokaryote and genus

Each strains Each genus
Abbre- Total genes Orthologs Me:il‘c/)\;)hc Orthologs Metﬁs\?hc
Genus Strains Viatioe; pathways pathways
# % # %  # % Cz’g)‘m&i’“ C‘(’g“z“
&) ®/4) B OB © EQ geific  specific
B. anthracis Ames Bacant 5,747 31.62 1,817 7397 243 8272
Bacillus B. halodurans C-125 Bachal 4,058 4399 1,785 7529 226 8894 1344 201
B. subtilis str. 168 Bacsub 4381 4134 1,811 7421 246 8171 & 53 & 10
B. thuringiensis HD73 Bacthu 5941 3161 1,878 7157 207 97.10
Bradvrhisobiuy B Japonicum USDA 6 Brajap 8392 2645 2220 89.86 256 7813 1,997 200
Y B. oligotrophicum S58 Agroli 7,123 3065 2183 9148 244 8197 & 287 & 19
Clostridi C. acetobutylicum ATCC 824  Cloace 3,885 4157 1,615 7697 238 4916 1,243 117
OSITHAMAI . potulinum ATCC 3502 Clobut 3702 4179 1547 8035 171 6842 & 66 & 17
E— G. tundricola MP5ACTX9 Acimp5 4594 3677 1689 8561 246 5203 1446 128
PAUACERE G, mallensis MP5ACTX8 Gramal 4833 3441 1663 8695 184 6957 & 91 & 15
Mucobacteri M- leprae TN Myclep 1655 5837 966 9472 139 7554 915 105
YCODACIETIUIT M. tuberculosis H37Rv Myctub 4071 3660 1490 6141 214 4907 & 11 & 7
Mucoo] M. genitalium G37 Mycgen 557 6589 367 9837 41 9512 361 39
YCOPHISIA M. pneumoniae M129 Mycpne 1,046 3815 399 9048 40 9750 & 1 & 2
Nost Nostoc sp. PCC 7120 Nos712 6212 2993 1859 8779 251 5857 1,632 147
ostoc N. punctiforme PCC 73102 Nospun 7,074 2532 1791 9112 249 5904 & 144 & 37
Wolbachi W. endosymbiont Wolcul 1,310 5237 686 9519 102 6961 653 71
oraca Wolbachia sp. wRi Wolwri 1,287 5361 690 9464 73 9726 & 21 & 2
Spiribucter S. salinus M19-40 Ectml9 1,721 7379 1270 9213 156 7821 1,170 122
P Spiribacter sp. UAH-SP71 Spiuah 1,880 69.73 1311 8924 136 8971 & 69 & 8
Streptococcus S. pneumoniae TIGR4 Strpne 2,165 5293 1,146 79.14 137 5547 907 76
P S. pyogenes M1 GAS Strpyo 1,801 5897 1,062 8540 110 69.09 & 46 & 3
S P. abyssi GE5 Pyraby 1933 5639 1090 9294 73 %45 1,013 69
Y P. furiosus DSM 3638 Pyrfur 2,047 5511 1128 8980 82 8415 & 102 & 5
Sulfolobus S. acidocaldarius DSM 639 Sulaci 2296 4660 1070 9290 8 7529 9% 64
S. solfataricus P2 Sulsol 2,945 3847 1,133 87.73 77 8312 & 56 & 5
Thermonlnema 1+ cidophilum DSM 1728 Theaci 1571 5831 916 9498 65 8462 870 55
P T. wvolcanium GSS1 Thevol 1,596 58.33 931 9345 67  82.09 & 23 & 5
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F7F Wb A RHe] At ol FejskA xE THed Tl
Aoz AsEAH.
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=
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BE Aol 7 Q38 A=d Mycobacterium (Fig. 19
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Fig. 1. ML(Maximum Likelihood) phylogenetic tree of 28 pro-
caryotes in the point of presence or absence of the union
of 4,631 COGs. Bootstrap values at each node are ex-
pressed as a percentage of 1,000 trials. See table 1 for
abbreviations of prokaryotes.

A THAS PIAA). A, LA FQ] Thermoplasma (Theaci,
Thevol), Sulfolobus (Sulaci, Sulsol), Pyrococcus (Pyraby, Pyr-
fur) £E2 U9 25 FAsAT AA, Bacillus (Bacant,
Bachal, Bacsub, Bacthu) 43} Clostridium (Cloace, Clobut) 4
o] 71 AdAs A ol F HEL 165 IDNAE © &3 A%
T Aol gAY Aga & 4 Yok YA, Granulicella
(Acimpb, Gramal), Nostoc (Nos712, Nospun), Bradyrhizobium
(Brajap, Agroli) & 371 &°] shute] dFo|let o5 7
7} Acidobacteria, Cyanobacteria, Proteobacteria &2 % 165
DNAd A& 250 HA &eth. & AT Bradyrhizobium,
Spiribacter (Ectm19, Spiuah), Wolbachia (Wolcul, Wolwri) 4
o] Proteobacteria & ©]T}. 165 rDNA £4]-& 1]z 9] s YE
< % 52 A2 ERsked AHSSta, MLSAR Foju #5
g EFshAE AUAE A TH13]

AIEZ 2R HET

Fig. 20] &A1Y dIREEY HAHEE Bf ASTE
Yel) AT ML, MP, ME, NJ, UPGMA A5 R5o0 4 &4
He 38AE g3 244 AA, Granulicella (Fig. 29
Acimp5, Gramal) 43} Nostoc (Nos712, Nospun) <& A 9] ¢
BE &9 AL EL /I A8 A A, Granulicella 4
3} Nostoc 42 FAYEL 2 AHsHA &%, Granulicella
%9 Acimp5% Nostoc %] Nos7127} AR AL 7]



Nostoc 49| Nospun°] Z¥a 5t o]&& Fo| ZehA
core-genome> HEHZE Thl o AAAdE A H[6] A4 A7}
Hletd 35 FAAeH5, 15] 36 WAMERE B 4 9
As Aotk AA, LAFY 374 £& stte 15E A8t
Aot WA, Mycoplasma (Mycgen, Mycpne)<3 Wolbachia
(Wolcul, Wolwri) %2 Ao A8ttt A A, Bacillus
(Bacant, Bachal, Bacsub, Bacthu)$} Clostridium (Cloace, Clo—
but) £ AZ AH}AT JAFRE Bf AFTTF7H BE

A2 Bfr Alsrs AR DA st AL AA, YA, Ur/}i’lﬂ
ol Aol & Hole AL AAL YA ATT T/l

wet dASAY Aol S HAH.

16S rDNA AHS+2t Hi
Fig. 3o &4t AW EE9 165 tIDNAY F7 ML=
A4 ATTE YEIY. BE 84 9 AEE B
< (Fig. 1, Fig. 2) 18] 2 165 rDNA 7% (Fig. 3) Atol el
B dAsE AL Aol st IS 4T Aot
HE FAA Y AAABE Bf ASFAAE 52U 165
iDNA Al5FollA Aolg B 22 AA, Mycoplasma
(Mycgen, Mycpne) < # Wolbachia (Wolcul, Wolwri) €°] i
A3 oz Aolx, EA Bacillus &3 Clostridium 0] 1
HohA g Aot BE Fd44 Bf A2 165 rRNA

B

52 Bacant

Bacsub
Bachal

Bacthu
Cloace
Clobut

Strpne
Strpyo
Acimp5
Nos712
Nospun
Brajap
Agroli
Gramal

97 Ectm19
Spiuah
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7 95 Wolcul

Wolwri

60 100, Mycgen
Mycpne

7 99 Theaci
Thevol

97 — Pyraby
Pyrfur

68| 98— Sulaci

Sulsol

Fig. 2. ML (Maximum Likelihood) phylogenetic tree of 28 pro-
caryotes in the point of presence or absence of the union
of 2,526 metabolic pathways. Bootstrap values at each
node are expressed as a percentage of 1,000 trials. See
Table 1 for abbreviations of prokaryotes.
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TR ATFAA YA E 2 % 7 &0 FAYE
FroA 7 AR Aol 2¥H BE FH B
Foll A= Mycobacterium (Myclep, Myctub) 40] UPGMA,
MP AlF ol ARt 7H 1486, 165 tDNA #4747
Fo) A= ML, MP, ME, NJ, UPGMA A ¥4 25 A 714
JHsAT AvtHoRE Al AFFAAM 24 &9 FHUL
dHetE Bl UAL M AFF AololX e hAEE Hf

ATT7t & ATTEH AolE Bol Biv & = Atk

165 tDNA A5 165 rRNA 24 stz 4E 9
FHHAE sofeta A E 715 Hoste T E BE
A ARSIy AR T8I Aol & F A
165 IRNA A E & $o2 FHHLHE A E it
[1]. ohebA & AFAE BE fA4 9 dAE R v 1

i olEE o] &3 AFTFE 7T s v F o] 165 rtDNA
247 43R AHY & 9 Aot
o7z 28 Jisy
AAYESY YR AN G4, 4uH, ZAH 29 5
oA Fastth B A7 Ade AP EY &4 3 3
S[5], AHYE Atol9f Az g FHA AL5], LEE &7
43}, #H A A4 AG12]olu R 5ol EdHlE F
100 Bacthu
Bacant
Bacsub
Bachal
Strpne
Strpyo
Cloace
Clobut
100 - Mycgen
L Mycpne
100 - Myclep
Myctub
Acimp5
Gramal
40 100 - Ectm19
Spiuah
J[Brajap
99 Agroll
Wolcul
Wolwri
100[Nos712
Nospun
|:SuIaC|
160 o S;Isol
100’ yraby
77 Pyrfur
] 100 - Theaci
L Thevol

Fig. 3. ML (Maximum Likelihood) phylogenetic tree of 28 pro-
caryotes in the point of 165 rRNA genes. Bootstrap val-
ues at each node are expressed as a percentage of 1,000
trials. See Table 1 for abbreviations of prokaryotes.



128 BBULRIX| 2019, Vol. 29. No. 1

APIEE BATY BRI PYEAL AT

SolA 72ARE 88 5 e Aot

‘rr‘:.:d,

References

. Asai, T., Zaporojets, D., Squires, C. and Squires, C. L. 1999.
An Escherichia coli strain with all chromosomal rRNA oper-
ons inactivated: complete exchange of rRNA genes between
bacteria. Proc. Natl. Acad. Sci. USA. 96, 1971-1976.

. Bassil, N. M. and Lloyd, J. R. 2017. Draft genome sequences
of four alkaliphilic bacteria belonging to the Anaerobacillus
genus. Genome Announc. 5, e01493-16.

. Caspi, R, Altman, T., Dreher, K., Fulcher, C. A., Subhraveti,
P., Keseler, 1., Kothari, A., Krummenacker, M., Latendresse,
M., Mueller, L. A, Ong, Q., Paley, S., Pujar, A., Shearer,
A. G, Travers, M., Weerasinghe, D., Zhang, P. and Karp,
P. D. 2012. The MetaCyc database of metabolic pathways
and enzymes and the BioCyc collection of pathway/genome
databases. Nuc. Acids Res. 40, D742-D753.

. Galperin, M. Y., Makarova, K. S., Wolf, Y. I. and Koonin,
E. V. 2015. Expanded microbial genome coverage and im-
proved protein family annotation in the COG database.
Nucleic Acids Res. 43, D261-D269.

. Gan, H. M., Hudson, A. O., Rahman, A. Y., Chan, K. G. and
Savka, M. A. 2013. Comparative genomic analysis of six bac-
teria belonging to the genus Novosphingobium: insights into
marine adaptation, cell-cell signaling and bioremediation.
BMC Genomics 28, 431.

. Gupta, R. S. 2016. Impact of genomics on the understanding
of microbial evolution and classification: the importance of
Darwin’s views on classification. FEMS Microbiol. Rev. 40,

520-553.

7. Han, K, Li, Z. F,, Peng, R, Zhu, L. P., Zhou, T., Wang,

L. G, Li S. G, Zhang, X. B, Hu, W.,, Wu, Z. H,, Qin, N
and Li, Y. Z. 2013. Extraordinary expansion of a Sorangium
cellulosum genome from an alkaline milieu. Sci. Rep. 3, 2101.

8. Johnson, K. N. 2015. Bacteria and antiviral immunity in

insects. Curr. Opin. Insect Sci. 8, 97-103.

9. Klein-Marcuschamer, D., Santos, C. N., Yu, H. and Stepha-

nopoulos, G. 2009. Mutagenesis of the bacterial RNA poly-
merase alpha subunit for improvement of complex pheno-
types. Appl. Environ. Microbiol. 75, 2705-2711.

10. Lee, D. G. and Lee, S. H. 2015. Investigation of conservative

genes in 711 prokaryotes. |. Life Sci. 25, 1007-1013.

11. Lee, D. G. 2018. Comparison of metabolic pathways of less

orthologous prokaryotes than Mycoplasma genitalium. J. Life
Sci. 28, 369-375.

12. Qin, Q. L, Xie, B. B, Zhang, X. Y., Chen, X. L., Zhou, B.

C, Zhoy, |, Oren, A. and Zhang, Y. Z. 2014. A proposed
genus boundary for the prokaryotes based on genomic
insights. |. Bacteriol. 196, 2210-2215.

13. Rajendhran, J. and Gunasekaran, P. 2011. Microbial phylog-

eny and diversity : Small subunit ribosomal RNA sequence
analysis and beyond. Microbiol. Res. 166, 99-110.

14. Wang)Y., Zhang, Z. and Ramanan, N. 1997. Theactinomycete

Thermobispora bispora contains two distinct types of tran-
scriptionally active 16S rRNA genes. J. Bacteriol. 179, 3270-
3276.

15. Zhong, Z., Zhang, W., Song, Y., Liu, W., Xu, H, Xi, X,

Menghe, B., Zhang, H. and Sun, Z. 2017. Comparative ge-
nomic analysis of the genus Enterococcus. Microbiol. Res. 196,
95-105.

225U & YHMSS| BE
0|52 - olAE”
RESEERCERELE R RELEE

ol 16S rDNA7} AH8-H A 5E @A 7F QLo LI E S| & (genus)

AN E FFY 71 BEAH F(species)d] &
of tg AF7F BA ¥ B AFdAs BE FAAE §HG COG databasest AME 2E & H I MetaCyc
database®] FEFH AYAVE T o] 2 F < 287H«] I EE WFoRE & FEAA AF3t
Atk AA frAA A core-genome?l & HE ALY HI&E HA 27.62%(Nostoc <)M 71.76% (Spiribacter

&) WY HF 46.72% A 7 °J§1Ag%°ﬂ/ﬂ core-genomeA Hgo] Yo Eoldt LS Ho|AY A4
A7h G 4 9L Aotk & 429 TE GAARE W& AR 5879%Clostridium %) A At 96.31%
(Mycoplasma %), %3+ 75.86% = core—genomeﬂ HlgRT ot HlutdS g4t & So] BE A4
dAEEE #AT & T BE A4S dAFR B AFTsdAAe dAz 22 &9 #4950l 713
AH 3R o.M, Bacillus 3} Clostridium 4] 15S 484, 2AE7 8 215 AR BE Fd4 B4

A& 4ol A& Acidobacteria, Cyanobacteria, Proteobacteria & (phylum)®] Granulicella, Nostoc, Bradyrhizobium 2|3
N ol st 1FS FAsAT B AT Ade (i) 4 AT dAdA BEFAAY WAFEEY &2, (i) +F
A FAA Y e 79 AY egHolE T 7Y M T Eokdl VIxARR 282 F e Aotk

&

_0,
_Q,
rlm
—_
(€3]
=\.£
o Jl—



