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Sequence conservation provides

information for homology searches

Each column is 
independent

Maximum information
is 2 bits per position, if
column is 100%
conserved. 

 log2 (4/1) = 2 bits

sequence profile:
14 bits

GCAUUCGUAGC

time
past present

ancestor:

             
             
            
             
             
             
             
             2

yeast   GUCUUCGGCAC
fly     GCCUUCGGAGC
cow     GCAUUCGUCGC
mouse   GCUUUCGAUGC
human   GCGUUCGCUGC
chicken GUAUUCGUAAC
snake   GUGUUCGCGAC
croc    GUUUUCGAGAC

        21 2222  12

expect a match by chance:  1 in 214 nt =~ 16 Kb 



Structure contributes additional information from covariation

struct  <<<---->->>
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  Base-paired columns
  are not independent

   Maximum extra info:
   2 bits per base pair

   log2 (16/4) = 2 bits

             4
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yeast   GUCUUCGGCAC
fly     GCCUUCGGAGC
cow     GCAUUCGUCGC
mouse   GCUUUCGAUGC
human   GCGUUCGCUGC
chicken GUAUUCGUAAC
snake   GUGUUCGCGAC
croc    GUUUUCGAGAC

        21 2222  12

expect a match by chance:  1 in 217 nt =~ 130 Kb
reducing expected false positives by 23 = 8-fold 
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Levels of sequence and structure conservation in RNA families

Sequence profile (HMM) average score (bits)
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Eddy lab software for profile probabilistic models (since 1994)

sequence sequence and
profiles structure profiles

models profile HMMs covariance models (CMs)

software HMMER Infernal

main use proteins, structural RNAs
repetitive DNA elements

databases Pfam and Dfam Rfam
(16712 and 4150 entries) (2791 families)

performance faster but slower but
for RNAs less accurate more accurate

Nawrocki EP, Eddy SR
  Bioinformatics, 
  29:2933-2935, 2013.
Eddy SR, Durbin R. 
  Nucleic Acids Research, 
  22:2079-2088, 1994.

http://infernal.janelia.org
Eddy, SR. PLoS Comp. Biol., 
    4:e1000069, 2008.
Eddy. SR. Bioinformatics,
    14:755-763, 1998.

http://hmmer.janelia.org

Eddy, SR. PLoS Comp. Biol., 
    7:e1002195, 2011.



Infernal outperforms primary-sequence based methods on our

benchmark (and others∗, not shown)
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Infernal v1.1 (full DP) 4359 hours

BLASTN (FPW) 0.01 hours

false positives per Mb searched per query

HMMs (nhmmer) 0.02 hours

Nawrocki EP, Eddy SR. Bioinformatics, 29:2487-2489, 2013.

∗Freyhult EK, Bollback JP, Gardner PP. Genome Res. 2007 17: 117-125.



Filter target database using profile HMMs∗

HMMER3
CM scan

HMM filter first pass

CM

surviving
candidate

target sequence

∗Weinberg, Ruzzo, RECOMB, 243-251, 2004; Weinberg, Ruzzo, Bioinformatics, 22(1) 35-39
2006.



Filter target database using profile HMMs∗

HMMER3
CM scan

HMM filter first pass

CM

surviving
candidate

target sequence

• Even if we filter out 99% of the database (for up to 100X acceleration),

searches will still be too slow.

• CM step needs to be accelerated.

∗Weinberg, Ruzzo, RECOMB, 243-251, 2004; Weinberg, Ruzzo, Bioinformatics, 22(1) 35-39
2006.



Accelerating CM alignment step 1:

HMM posterior decoding to get confidence estimates



Accelerating CM alignment step 2:

use HMM alignment confidence to constrain CM alignment∗

∗M. P. Brown. Proc. Int. Conf. ISMB, 8:5766, 2000.



Accelerating CM alignment step 2:

use HMM alignment confidence to constrain CM alignment∗

∗M. P. Brown. Proc. Int. Conf. ISMB, 8:5766, 2000.



Accelerating CM alignment step 3:

use HMM alignment confidence to constrain CM alignment∗

∗M. P. Brown. Proc. Int. Conf. ISMB, 8:5766, 2000.



small subunit 
ribosomal RNA
(SSU rRNA, 1582 nt)

Sequence conservation per position
blue:highly conserved ...... red: highly variable
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transfer
RNA (71 nt)

small subunit 
ribosomal RNA
(SSU rRNA, 1582 nt)

5S ribosomal
RNA (119 nt)

Sequence conservation per position
blue:highly conserved ...... red: highly variable
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Use HMMs as filters and to constrain CM alignment

HMM banded
CM alignment

HMMER3
CM scan

HMM filter first pass

CM

surviving
candidate

target sequence



HMM-based acceleration makes Infernal 10,000 times faster
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0.001 0.005 0.010 0.050 0.100 0.500 1.000

Infernal v1.1 (full DP) 4359 hours

BLASTN (FPW) 0.01 hours

false positives per Mb searched per query

Infernal v1.1 (default) 0.43 hours
HMMs (nhmmer) 0.02 hours

Nawrocki EP, Eddy SR. Bioinformatics, 29:2487-2489, 2013.



Infernal 1.1 finds 11,000 new group I intron candidates



Group I catalytic introns

• self splicing ribozymes found in lower eukaryotes, higher plants, bacteria and bacterio-
phages

• often have ORFs (homing endonucleases) inserted in loop regions

• genes they are found in:

– bacteria and mitochondria and chloroplast of lower euks: rRNA, mRNA, and tRNAs

– higher plants mitochondria and chloroplast: a few tRNA and mRNA genes

– nuclear lower eukaryotic genomes: only rRNA

∗

∗A. Hedberg and S. D. Johansen, Mobile DNA, 2013 4:17







GISSD∗: Group I Intron Sequence and Structure Database

∗Y. Zhou et. al, NAR, 2008. 36(suppl 1), D31-D37.



Searching Rfamseq with GISSD models

# RF00028 # hits # hits # hits
type seed seqs total common unique

IA1 3 814 385 425
IA2 1 1722 823 899
IA3 958 401 557
IB1 3949 1033 2916
IB2 1861 467 1394
IB3 479 136 343
IB4 1 5717 2400 3317
IC1 3 8475 5385 3090
IC2 4870 3858 1012
IC3 4 72692 66033 6659
ID 572 0 572
IE1 1305 10 1295
IE2 1377 8 1369
IE3 1379 1 1378

total 12 106170* 80940* 16842

RF00028 - 71421 71421 -

* contains overlaps



EUKARYOTA

Group I Introns?
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Homology searches for group I introns in Archaea

• downloaded all archaeal sequences in GenBank (6.7Gb as of Sept 2017)

• searched archaeal sequences with all GISSD models + RF00028 with default cmsearch
parameters and with --anytrunc

• 95 non-overlapping hits with E < 0.01 corresponding∗ to 39 group I intron candidates
(12 IA3 and 27 IB4)

• 30/39 introns have at least one hit with E < 10−10

• 36 within LSU rRNA, 3 within SSU rRNA

• All IA3s are in one of two LSU insertion positions:

– LSU/2593 (N=10)

– LSU/2500 (N=2)

• All IB4s are in one of two LSU insertion positions and one SSU position:

– LSU/1931 (N=15)

– LSU/1923 (N=9)

– SSU/1498 (N=3)

∗as determined via manual sequence analysis by Tom Jones
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∗E. P. Nawrocki, T. A. Jones, and S. R. Eddy, NAR, 2018, gky414



Could archaeal group I introns have evolved into BHB introns?

∗

Archaeal group I introns can occur in same host gene as BHB introns

Aigarchaeota
BA000048.1

13144321317180 13127731315251

IB4.9

1133nt 1312173

LSU rRNA (complete) BHB

692nt 601nt

BHB

13116881315942 1313300

Micrarchaeota
MNVH01000001.1

IB4
IB4.5LSU rRNA (complete)Woesarchaeota

KP308748.1
21438 2174819474 22684311nt

IA3.1Woesarchaeota
CP010426.1

664815 664111667446 663820705nt

LSU rRNA (complete)

Euryarchaeota
LQMP01000030.1

IA3.3BHB

66682
66653 66091 6527368771 64825

30nt

BHB

66999 66957
43nt

819nt

LSU rRNA (complete)

13829

SSU rRNA (5’ truncated)

IA3
13564 735nt 12830 12788

IB4.19

IB4.18 IA3.11

9750 9089 8693 8621 842410442 693nt
397nt 198nt

819312393

BHBLSU rRNA (complete)

∗PNAS March 22, 2011. 108 (12) 4782-4787;



Group I introns are widespread in Archaea
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Thaumarchaeota
Aigarchaeota
Crenarchaeota
Korarchaeota

Lokiarchaeota
Thorarchaeota
Odinarchaeota
Heimdallarchaeota

Altiarchaeota
Micrarchaeota
Diapherotrites
Aenigmarchaeota
Nanohaloarchaeota
Parvarchaeota
Nanoarchaeota
Pacearchaeota
Woesearchaeota

IA3 IB4



Acknowledgements

Harvard/Janelia NCBI
Sean Eddy Alejandro Schäffer
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