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Nuclear dimorphism in ciliates
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Macronuclear development

Genome amplification

Genome reduction by 20%

Chromosome fragmentation

Precise excision of short
Internal Eliminated Sequences
(IES)
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Epigenetic inhibition of DNA excision.
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Epigenetic inhibition of DNA excision.
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Paramecium Internal Eliminated Sequences (IES)

 =45000 per haploid genome
* presentin genic and intergenic regions
* Short (28 bp length mode), single-copy, non-coding sequences

« 5 -TAYAGYNR-3~ consensus sequence extending into IES resembles
that of Tc1/Mariner transposons

mic




Paramecium Internal Eliminated Sequences (IES)
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The scan RNA model for programmed genome rearrangements.
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The scan RNA model for programmed genome rearrangements.
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New class of small RNAs in Paramecium?
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Sandoval, Swart et al. 2014, Dev Cell.
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Fraction of total reads

Ctrl early; 25 nt sRNAs

Early development
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- schRNAs overlap MAC/IES junctions and concentrate at IES ends
- iesRNAs map exclusively to IESs and concentrate at IES ends

Sandoval, Swart et al. 2014, Dev Cell.
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How to transcribe ultrashort DNA segments?

Sarah Allen

V

Circular Concatemers of Ultra-Short
DNA Segments Produce Regulatory RNAs
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Are iesRNAs formed from excised IESs?

I 1N 5'NTANN m——
——— X Assembly of RNA
polymerase complex on
5’ NTANN me— N | a 27 bp excised IES poses
N s NNATN 5 transcription? problems
excision

Allen et al. 2017, Cell.



The concatemer model

* Most IESs are too short to form circles individually

NNATNN
NNTANN

Long IES (>200 bp)

Allen et al. 2017, Cell.



Some iesRNAs map to IES-IES junctions

26-29nt iesRNA 25nt scnRNA

Coverage Coverage
1 9 19 1 9 19
= ' ] 1
ce 1. scaffoldS1_1_with_IES_233_250924_250984_IES T A EEGIAGCANTCETGEETGIAG! e 1. scaffoldS1_11_with [ES_307_670718_670776_IES T A FTANET G VA G AVANTVTA G AT C
— —
G G GTAG GIEEG FUD 2. HWI-ST1206:91:D16U1ACXX:7:1101:20498:21532 G GAG GITAG
TAATTAACAATATTGTAGATTGCTGTCT FUD 3. HWI-ST1206:91:D16UIACXX:7:1101:9553:24206 TGAATGAGAAATAATATTG TAGAAT
TAATCAAGAATATTGTAGATTGCTGTCT FUD 4. HWI-ST1206:91:D16UIACXX:7:1101:14793:64477  |[EGARTGAGCAARNTARNTAITGTAGAAT
TTTTTCTGTATATTGTAGATTGCTGTCTG FUD 5. HWI-ST1206:91:D16U1ACXX:7:1102:5280:8360 TGAATGAGAAATAATATTG TAGAAT

FID 19.
FUD 20.
FUD21.
FUD 22.
FID 23.
FID 24.
FID 25.
FUD 26.
FUD27.
FUD 28.
FID 29.
FuD 30.
FID31.
FUD 32.
FID 33.
FUD 34,
FID 35.
FUD 36.
FID37.
FUD 38.
FUD 39.
FUD 40.
FUD41.
FUD 42,
FUD 43,
FUD 44.
FUD 45.
FUD 46.
FUD 47.
FUD 48.
FUD 49,
FUD 50.
FUDS1.
FUD52.
FUDS3.
FUD 54,
FUDSS.

HWI-ST1206:91:D16U1ACXX:7:2306:2448:85265
HWI-ST1206:91:D16U1ACXX:7:2306:8355:71357
HWI-ST1206:91:D16U1ACXX:7:2302:16709:27747
HWI-ST1206:91:D16U1ACXX:7:2211:18895:23978
HWI-ST1206:91:D16U1ACXX:7:2112:4380:9835
HWI-ST1206:91:D16U1ACXX:7:1306:13854:78124
HWI-ST1206:91:D16U1ACXX:7:1215:15820:9376
HWI-ST1206:91:D16U1ACXX:7:1210:3944:57946
HWI-ST1206:91:D16U1ACXX:7:1210:2695:55480
HWI-ST1206:91:D16U1ACXX:7:1112:2639:66640
HWI-ST1206:91:D16U1ACXX:7:1112:16038:31249
HWI-ST1206:91:D16U1ACXX:7:1107:13639:59982
HWI-ST1206:91:D16U1ACXX:7:2105:18109:5111
HWI-ST1206:91:D16U1ACXX:7:1110:16274:95176
HWI-ST1206:91:D16U1ACXX:7:1101:5145:79794
HWI-ST1206:91:D16U1ACXX:7:2114:2851:63596
HWI-ST1206:91:D16U1ACXX:7:1312:9717:13163
HWI-ST1206:91:D16U1ACXX:7:1106:15243:49633
HWI-ST1206:91:D16U1ACXX:7:1111:7844:65864
HWI-ST1206:91:D16U1ACXX:7:2214:9860:72910
HWI-ST1206:91:D16U1ACXX:7:1201:11867:18849
HWI-ST1206:91:D16U1ACXX:7:2306:6573:36438
HWI-ST1206:91:D16U1ACXX:7:1301:19284:63392
HWI-ST1206:91:D16U1ACXX:7:1103:6803:21587
HWI-ST1206:91:D16U1ACXX:7:1103:2904:38472
HWI-ST1206:91:D16U1ACXX:7:2305:4433:89999
HWI-ST1206:91:D16U1ACXX:7:1211:11400:66488
HWI-ST1206:91:D16U1ACXX:7:1110:7213:95982
HWI-ST1206:91:D16U1ACXX:7:2202:13491:7541
HWI-ST1206:91:D16U1ACXX:7:1209:16072:82169
HWI-ST1206:91:D16U1ACXX:7:2202:18403:24824
HWI-ST1206:91:D16U1ACXX:7:2207:9080:30453
HWI-ST1206:91:D16U1ACXX:7:2209:11888:60336
HWI-ST1206:91:D16U1ACXX:7:1312:7610:32662
HWI-ST1206:91:D16U1ACXX:7:1304:7410:3817
HWI-ST1206:91:D16U1ACXX:7:2211:9513:35268
HWI-ST1206:91:D16U1ACXX:7:1203:16660:9667

TACTCTAAATTATTGTAGATTGCTGTCTG
TAAATACTGTATTGTAGATTGCTGTC
TTGAGTCGATATTGTAGATTGICTGTC
ATTATACAATATTGTAGATTGCTGTCT
TACCTAGAATATTGTAGATTGCTGTCT
TACTCTCTGTATTGTAGATTGCTGTCT
TAACCCCTGTATTGTAGATTGCTGTCT
TAAAAGICTATATTGTAGATTGCTGTCT
AAATGAGTGTATTGTAGATTGCTGTCT

AGAATATATTGTAGATTGCTGTCT

TATCGAGAATATTGTAGATTGCTGTCTG

TTTTGAATGTATTGTAGATTGCTGTCTG

TTCTTCCAATATTGTAGATTGCTGTCTG

TAAGAATGATATTGTAGATTGCTGTCTG

TATCCAGAATATTGTAGATTGCTGTCTG

TACCTGCTGTATTGTAGATTGCTGTCTG

TTTTCGTAATATTGTAGATTGCTGTCTG

TTTTTACTGTATTGTAGATTGCTGTCTG

AATCCAGAATATTGTAGATTGCTGTCTG

TTTCCACTGTATTGTAGATTGCTGTCTG

TATCTGTTGTATTGTAGATTGCTGTCTG

AAATGATTATATTGTAGATTGCTGTCTG

TATCGAGAATATTGTAGATTGCTGTCTG

TTGTAATTGTATTGTAGATTGCTGTCTG

TTCCGAGTATATTGTAGATTGCTGTCTG
TAGTATCATATTGTAGATTGCTGTCT
TCTAACAATATT

GTAGATTGCTGTCT
I'TGGIGTATATTIGTAGATIGETGICT
[ITAACT G ATATTGTAGATIGETGIETG

TAGGAGAATATTIGTAGATIGOTGICTG
[I'NT G AATG TATTG TAGATTIGETGTETG
TTTAGTTATATIGTAGATIGOTGICTG
[I'TG TEOTAATATTG TAGATIGETGTETG
TTTCTCATTATTGTAGATTGCTGTCTG
TATTATTG TATTGTAGATNIGETGTETG
TTCCACTGTATTGTAGATTGCTGTCTG
ITIEG AG AAATATTGTAGATNIGETGIETNG
ITTAAGTGTATIGTAGATIGETGICTG
TTTTCCTATATTGTAGATTGCTGTCTG
TATGAGAATATIGTAGATIGETGICTG
TTCATTTATATTGTAGATTGCTGTCTG
TAGATTTATATIGTAGATIGETGICTG
[T'TG ITETG TATTG TAGATIGETGTETG
ITTAAGTGTATIGTAGATIGETGICTG
TTTAACTTTATTGTAGATTGCTGTCTG
TTTGATAATATTGTAGATTGCTGTCTG
TOTCATTG TATTGTAGATNIGETGTETG
TTTAATTATATTGTAGATTGCTGTCTG
[ITIEOTTG TG TATTG TAGATNIGETGTETG
TATTAGAATATTGTAGATTGCTGTCTG

FID 6.
FID 7.
FUD 8.
FID 9.

FUD 10.
FUp 11.
FWD 12,
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FUD 15.
FUD 16.
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FUD21.
FUD 22,
FUD 23,
FUD 24,
FUD 25.
FUD 26.
FUD 27.
FUD 28.
FIUD 29.
FID 30.
FUD31.
FUD 32,
FID 33,
FUD 34,
FUD 35.
FID 36.
FWD 37.
FUD 38.
FUD 39,
FID 40.
FUD41.
FUD 42,
FID 43.
FID 44,
FUD 45.
FIID 46.
FUD 47.
FUD 48.
FUD 49,
FWD 50.
FUDS1.
FID52.
FWD 53,
FUD 54,
FID 55,

HWI-ST1206:91:D16U1ACXX:7:1102:4273:28259
HWI-ST1206:91:D16U1ACXX:7:1102:5689:72317
HWI-ST1206:91:D16U1ACXX:7:1102:2866:80395
HWI-ST1206:91:D16U1ACXX:7:1102:20519:93913
HWI-ST1206:91:D16U1ACXX:7:1103:16240:20126
HWI-ST1206:91:D16UIACXX:7:1103:16957:27750
HWI-ST1206:91:D16U1ACXX:7:1104:7266:53388
HWI-ST1206:91:D16U1ACXX:7:1104:3371:56069
HWI-ST1206:91:D16UIACXX:7:1104:15517:79440
HWI-ST1206:91:D16U1ACXX:7:1105:15449:33553
HWI-ST1206:91:D16U1ACXX:7:1105:17689:48522
HWI-ST1206:91:D16UIACXX:7:1106:12502:10415
HWI-ST1206:91:D16U1ACXX:7:1106:13607:10803
HWI-ST1206:91:D16U1ACXX:7:1106:17188:23274
HWI-ST1206:91:D16U1ACXX:7:1106:14265:86968
HWI-ST1206:91:D16U1ACXX:7:1107:9533:9442
HWI-ST1206:91:D16U1ACXX:7:1107:14006:46106
HWI-ST1206:91:D16ULACXX:7:1107:7417:48832
HWI-ST1206:91:D16U1ACXX:7:1107:10742:72187
HWI-ST1206:91:D16U1ACXX:7:1107:20691:81039
HWI-ST1206:91:D16U1ACXX:7:1108:5064:44039
HWI-ST1206:91:D16U1ACXX:7:1108:10540:63719
HWI-ST1206:91:D16U1ACXX:7:1108:5898:64816
HWI-ST1206:91:D16U1ACXX:7:1108:16781:69701
HWI-ST1206:91:D16UIACXX:7:1108:16913:74065
HWI-ST1206:91:D16U1ACXX:7:1108:14555:88272
HWI-ST1206:91:D16U1ACXX:7:1109:7934:44261
HWI-ST1206:91:D16ULACXX:7:1109:2869:52169
HWI-ST1206:91:D16U1ACXX:7:1109:17266:98986
HWI-ST1206:91:D16U1ACXX:7:1110:6455:73347
HWI-ST1206:91:D16UIACXX:7:1110:14029:90730
HWI-ST1206:91:D16U1ACXX:7:1111:9339:26097
HWI-ST1206:91:D16U1ACXX:7:1111:14846:41629
HWI-ST1206:91:D16UIACXX:7:1111:18084:47223
HWI-ST1206:91:D16U1ACXX:7:1112:8553:19044
HWI-ST1206:91:D16U1ACXX:7:2311:6874:99056
HWI-ST1206:91:D16U1ACXX:7:2312:2037:19597
HWI-ST1206:91:D16U1ACXX:7:2312:8490:83746
HWI-ST1206:91:D16U1ACXX:7:2312:9186:90320
HWI-ST1206:91:D16U1ACXX:7:2313:20016:74107
HWI-ST1206:91:D16U1ACXX:7:2313:5070:74981
HWI-ST1206:91:D16U1ACXX:7:2314:8206:8069
HWI-ST1206:91:D16U1ACXX:7:2314:2067:77794
HWI-ST1206:91:D16ULACXX:7:2314:17296:94820
HWI-ST1206:91:D16U1ACXX:7:1112:14662:48145
HWI-ST1206:91:D16U1ACXX:7:1112:5078:76593
HWI-ST1206:91:D16UIACXX:7:1113:14503:11193
HWI-ST1206:91:D16U1ACXX:7:1113:8611:27034
HWI-ST1206:91:D16U1ACXX:7:1113:3532:28902
HWI-ST1206:91:D16UIACXX:7:1113:3561:40311

TGAATGAGAAATAATATTGTAGAAT
TGAATGAGAAATAATATTGTAGAAT
TGAATGAGAAATAATATTGTAGAAT

TGAATGAGAAATAATATTGTAGAAT
TGAATGAGAAATAATATTGTAGAAT



Experimental approach: ‘cryptic’ IES excision

crypieslﬁﬂ

cryplES1 GSP...

Complement

A-A‘ ...C.A

640 650 660 670 680 690 700 710 720 730 740 750 760 770 780 790
i Cl i J
cryplES1 GSP... CTAAAATCTTTCCAAAATAATATGAGGTCCT CGAATCAG CAGA CAA( AA_CA';";'ACAA 'ATCT CTATAGGATTTAGGAAGAATAGATCCTATATTTTT TAAAGCACGACAATAAAATAAGGACAGGATCTT CAA CAAC.AC..ACA 'AAAACTAGCATA
Complement ATTTTAGAAAGGTTTTATTATACT CCAGGAGCTTAGTCGT CTGTTCATAAGTAATGTTATAGAGATATCCTAAAT CCTT CTTATCTAGGATATAARAATTTCGTCTGTT .A;'LAA_CCA TCCTAGAAGTTCGTTGAAGAAAGTATTTTGATCGTAT

« 27 bp long
* ‘consensus’ 5'TATAG
 Located in unknown genes

Allen et al. 2017, Cell.



Is cryptic IES excision dependent on iesRNAs? Dcl5 silencing

7’
5’P vucuaaGAAGAAGAAGAGCAAGCAUUU 5’P CTATAGGATTTAGGAAGAATAGATCCT ,
TCCTAAATCCTTCTTATCTAGGATATA 5’P

togamous Paramecium

us Paramecium it
(developing new MAC visible)

(developing new MAC visible)

control RNA injection Cryptic IES DNA injection

Dcl5 silenced

>

Allen et al. 2017, Cell.



Dependence of iesRNA production on 5" overhangs

Injection of cryptic IESs with 3’ overhangs does not induce excision

ctrl (cryp4) cryp2 3’ overhangs

po— 3’ overhangs
e N E—— NN TAN 3’
3’ NATNN I

Allen et al. 2017, Cell.



Sequencing identifies RNA corresponding to concatemers of IESs

1 10 20 30 a0 50 60 70 80 ] 100 110 120 130 140 150 180 170 IBI] 190 00 210 n 231
2‘.’ 3|6 4}3 5Ié a& 7b sé 9b lﬁs 1 dﬁ 1“6 1da 146 156 1da 115 1éa lds 2 25|7

slES4 IES31 J IES 30
IES97 J IES28 ) slES4

5 TAN 5'TAN

NAT 5 NAT 5
N ¢ AAATATGCTGTACGTTAAAATTTATGT

5" TAN ->TAN 5
NAT< NAT
ES

Concatemer repeat

o\
AR
1 20 40 80 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 30 ,

4?1 4.4:!2 aélz 3?2 342 3?2 3d|2 :q: 2d|: 2132 21‘: 2d|2 192 1d|: Ié: dlz ldlz sli alb 4? :.!
A ‘ m YWHYH YA umum A A A AT A I A “Hh]H“Ahlll‘l“.ldl“ll]l PRIV AR Y TN ALA A m lh VIV AU Y AN unu T VA T PRTAL A ALY L HIHNI\‘M‘ ¥ ‘MWHM l r“w‘lwlln
5 [ES31/5042 15 0.005 5 e d Esa
“ - sEStrev TR =<~ W—— “SESTEN
[ES46/sc25 rsO ) sSIES1 ) [ES46 J sIES1

Allen et al. 2017, Cell.
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How are putative concatemers formed? Ligase IV?

Silencing of Ligase IV by RNAI feeding

Control (empty vector) Ligase IV silencing
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Allen et al. 2017, Cell.



A model for small RNA production from short DNA fragments in

Paramecium
] - .
= = == — = =
2 = = =

Allen et al. 2017, Cell.



Dicer-like enzymes with sequence cleavage preferences

Dicer-like Enzymes
with Sequence Cleavage Preferences
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Dicer-like enzymes with sequence cleavage preferences

Factor of enrichment Factor of enrichment

Factor of enrichment
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5 end
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3’ end
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C UAU/CN
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last

4th  3rd
last last

2nd
last

last

5"-UNNNNNNNNNNNNNNNNNNNUCUNN -3'
3'-NNANNNNNNNNNNNNNNNNNNNAGA- 5’

5'-UNCGNNNNNNNNNNNNNNNNNCNANN -3'
3'-NNANCNNNNNNNNNNNNNNNNNGNU- 5

5'-UACGNNNNNNNNNNNNNNNNNCUAUN -3
3'-NUAUCNNNNNNNNNNNNNNNNNGAU-5'

Hoehener et al. 2018, Cell.



connector
1 helix

Dcl5  rossssssssssrosscccoooss o — HE
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500bp gene fragment

Hoehener et al. 2018, Cell.



connector
1 helix

500bp gene fragment

|ES concatemer
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Hoehener et al. 2018, Cell.
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1 helix
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Summary of Dcl cleavage preferences
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Dicer-like proteins with sequence cleavage preferences
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Elimination of transposon-derived DNA elements (IES)
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