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The impact of the A. thaliana reference sequences

• Strengthened the model species: Col-0 acts as reference line for functional analysis

• Tool to access the genome: primer and marker design, physical map for mapping

• Acts as community-wide accepted standard for annotations and as knowledge basis 

(transferred to many other plant genomes) 

Google scholar: >11,000 citations



Long-read sequencing improved genome assembly

Reference sequence not complete (119 Mb vs. ~140 Mb est. genome size)
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Rabanal et al, NAR, 2022



PacBio HiFi assemblies still include (a few) errors
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PacBio HiFi assemblies still include (a few) errors
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A community consensus assembly strategy

Consensus of 13 independent Col-0 assemblies

• (6 different stocks from 5 different labs)

Naish et al, 2021; Wang et al, 2022; Hou et al, 2022; Rabanal et al, 2022 | 6

Pros / cons of a consensus appraoch

v No corresponding individual

v Reconstruction of the ancestral Col-0 genome
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Col-CC.v1: 133 Mb of exceptional quality
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The assembly of the nucleolus organizer regions (NORs)
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A. 

B. Computational NOR assembly
C. Multiple read alignments based on VLE content

Landmark A

Visual assembly by dot-plot puzzle-fitting

Landmark B

ONT reads analyzed for 
VLE content

Unique VLE landmarks 
found and connected

Consensus sequence built 
from all reads containing the 
unique patterns 

ONT
Read 1
(~80 kb)

ONT
Read 2
(~250 kb)

ONT
Read 3
(~130 kb)

Fultz, McKinlay et al, Figure 2

E. VLE pattern similarity matrices, within and
      between NORS

D. NOR2 and NOR4 assemblies and VLE tracks

1.2
2.1
3.2
4
5

1

9

9

1

3'E
TS VL

Es

Lo
ca

l

Hom
og

en
eit

y

IG
S V

LE
s

5'E
TS VL

Es

Dele
tio

ns

B
C

A
VI
VII

V

1.1
2.2
3.1
3.2

B
C
D

A

3'E
TS VL

Es

5'E
TS VL

Es

Lo
ca

l

Hom
og

en
eit

y

IG
S V

LE
s

~5
.5

 M
bp ~3

.9
 M

bp

NO
R4

NO
R2

Dele
tio

ns

II
III
IV

I

A

B

C

D

tel

tel

cent

cent

NOR2
N
O
R
2

NOR4
N
O
R
4

A

B

C

D

#

#

tel telcent cent

begin
TAIR10 Chr4

sequence

begin
TAIR10 Chr2

sequence

tel tel

47 rRNA gene subtypes 27 rRNA gene subtypes 

  G. NOR4 rRNA gene subtypesF. NOR2 rRNA gene subtypes

Fultz et al, Science Advances, 2023

Lysak et al, Methods in Mol Biol, 2006
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IF  moved to sup
The 59 VLEs summarized in Figure 1C occur in 74 different 
combinations among full-length rRNA genes, thus defining 74 
distinct rRNA gene subtypes (Figure 1D).The most prevalent 
VLE is VARA, occurring in 64 gene subtypes and corresponding 
to the presence of two tandem C repeats within the 5’ ETS. 
VLEs corresponding to different 3’ ETS sequences provide the 
next largest groupings, with 27 gene subtypes having 
VAR1-class VLEs (with point mutations allowing 1.1 or 1.2 
sub-classifications), twenty-four having VAR3.1 or 3.2 VLEs and 
nineteen having VAR2.1 or 2.2 VLEs. The least frequent 
subtypes carry VAR4, VAR5, and VAR6 VLEs.  Subtype-specific 
VLEs occur primarily in the IGS, where there can be as few as 
one, or as many as five, clusters of Sal repeats that vary in 
number. Sal repeat cluster lengths, in bp, are given in the gene 
subtype names shown in Figure 1D. Likewise, variable numbers 
of spacer promoters (SPs) occur when there are two or more 
Sal clusters. In total, there are 42 different Sal cluster-SP 
arrangements, 27 of which are unique to single rRNA gene 
subtypes (Figure 1D). The remaining 15 IGS arrangements 
occur in two or more subtypes, an example being 294-SP-1272, 
having Sal clusters of 294 bp and 1272 bp separated by a single 
spacer promoter. This IGS arrangement is present in six 
subtypes that collectively represent the 3 major 3’ETS classes, 
VAR1, VAR2 and VAR3.  

Assembly of both NOR sequences

• from telomeres to euchromatin
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IF  moved to sup
The 59 VLEs summarized in Figure 1C occur in 74 different 
combinations among full-length rRNA genes, thus defining 74 
distinct rRNA gene subtypes (Figure 1D).The most prevalent 
VLE is VARA, occurring in 64 gene subtypes and corresponding 
to the presence of two tandem C repeats within the 5’ ETS. 
VLEs corresponding to different 3’ ETS sequences provide the 
next largest groupings, with 27 gene subtypes having 
VAR1-class VLEs (with point mutations allowing 1.1 or 1.2 
sub-classifications), twenty-four having VAR3.1 or 3.2 VLEs and 
nineteen having VAR2.1 or 2.2 VLEs. The least frequent 
subtypes carry VAR4, VAR5, and VAR6 VLEs.  Subtype-specific 
VLEs occur primarily in the IGS, where there can be as few as 
one, or as many as five, clusters of Sal repeats that vary in 
number. Sal repeat cluster lengths, in bp, are given in the gene 
subtype names shown in Figure 1D. Likewise, variable numbers 
of spacer promoters (SPs) occur when there are two or more 
Sal clusters. In total, there are 42 different Sal cluster-SP 
arrangements, 27 of which are unique to single rRNA gene 
subtypes (Figure 1D). The remaining 15 IGS arrangements 
occur in two or more subtypes, an example being 294-SP-1272, 
having Sal clusters of 294 bp and 1272 bp separated by a single 
spacer promoter. This IGS arrangement is present in six 
subtypes that collectively represent the 3 major 3’ETS classes, 
VAR1, VAR2 and VAR3.  

~3-5 Mb of 45S rDNA repeats



Integration of NORs sequences

• NOR2 (5.42 Mb) and NOR4 (3.85 Mb) assemblies overlap with Col-CC

• Extension of Col-CC.v1 at the start of Chr2 and Chr4 
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NOR4

Col-CC.v1 Chr4

3,829,980 bp 19,006 bp

NOR2

Col-CC.v1 Chr2

102,348 bp5,314,359 bp



Col-CC.v2: first real gap-less T2T assembly of Arabidopsis

• Col-CC.v2: 142.5 Mb, the sequence of Col-CC.v1 remains unchanged
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Col-CC.v2 (assembly of TAIR12): publicly available at NCBI
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