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���Š�‡�����”�ƒ�„�‹�†�‘�’�•�‹�•�����‘�’�•���•�‹�‰�•�ƒ�Ž�‘�•�‘�•�‡��
�•�—�„�—�•�‹�–���z�����������z�����‹�•���‹�•�˜�‘�Ž�˜�‡�†���‹�•��
�ƒ�†�˜�‡�•�–�‹�–�‹�‘�—�•���”�‘�‘�–���ˆ�‘�”�•�ƒ�–�‹�‘�•
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���Š�‡���������•���•�‹�‰�•�ƒ�Ž�‘�•�‘�•�‡���������������‹�•���ƒ�•���‡�˜�‘�Ž�—�–�‹�‘�•�ƒ�”�›���…�‘�•�•�‡�”�˜�‡�†���•�—�Ž�–�‹�’�”�‘�–�‡�‹�•���…�‘�•�’�Ž�‡�š���–�Š�ƒ�–���”�‡�‰�—�Ž�ƒ�–�‡�•���•�ƒ�•�›��
�ƒ�•�’�‡�…�–�•���‘�ˆ���’�Ž�ƒ�•�–���†�‡�˜�‡�Ž�‘�’�•�‡�•�–���„�›���…�‘�•�–�”�‘�Ž�Ž�‹�•�‰���–�Š�‡���ƒ�…�–�‹�˜�‹�–�›���‘�ˆ���������������æ�������
�����y���—�„�‹�“�—�‹�–�‹�•���Ž�‹�‰�ƒ�•�‡�•�����������•���ä��
�������•���—�„�‹�“�—�‹�–�‹�•�ƒ�–�‡���ƒ�•�†���–�ƒ�”�‰�‡�–���ˆ�‘�”���’�”�‘�–�‡�ƒ�•�‘�•�ƒ�Ž���†�‡�‰�”�ƒ�†�ƒ�–�‹�‘�•���ƒ���˜�ƒ�•�–���•�—�•�„�‡�”���‘�ˆ���•�’�‡�…�‹�¤�…���•�—�„�•�–�”�ƒ�–�‡���’�”�‘�–�‡�‹�•�•��
�‹�•�˜�‘�Ž�˜�‡�†���‹�•���•�ƒ�•�›���†�‡�˜�‡�Ž�‘�’�•�‡�•�–�ƒ�Ž���ƒ�•�†���’�Š�›�•�‹�‘�Ž�‘�‰�‹�…�ƒ�Ž���’�”�‘�…�‡�•�•�‡�•�á���‹�•�…�Ž�—�†�‹�•�‰���Ž�‹�‰�Š�–���ƒ�•�†���Š�‘�”�•�‘�•�‡���•�‹�‰�•�ƒ�Ž�‹�•�‰��
�ƒ�•�†���…�‡�Ž�Ž���†�‹�˜�‹�•�‹�‘�•�ä�����•���ƒ���…�‘�•�•�‡�“�—�‡�•�…�‡���‘�ˆ�����������’�Ž�‡�‹�‘�–�”�‘�’�‹�…���ˆ�—�•�…�–�‹�‘�•�á���…�‘�•�’�Ž�‡�–�‡���Ž�‘�•�•���‘�ˆ�����������ƒ�…�–�‹�˜�‹�–�›���”�‡�•�—�Ž�–�•��
�‹�•���•�‡�‡�†�Ž�‹�•�‰���Ž�‡�–�Š�ƒ�Ž�‹�–�›�ä�����Š�‡�”�‡�ˆ�‘�”�‡�á���ƒ���†�‡�–�ƒ�‹�Ž�‡�†���ƒ�•�ƒ�Ž�›�•�‹�•���‘�ˆ�����������’�Š�›�•�‹�‘�Ž�‘�‰�‹�…�ƒ�Ž���ˆ�—�•�…�–�‹�‘�•�•���‹�•���ƒ�†�—�Ž�–�����”�ƒ�„�‹�†�‘�’�•�‹�•��
�’�Ž�ƒ�•�–�•���Š�ƒ�•���„�‡�‡�•���Š�ƒ�•�’�‡�”�‡�†���„�›���–�Š�‡���‡�ƒ�”�Ž�›���•�‡�‡�†�Ž�‹�•�‰���Ž�‡�–�Š�ƒ�Ž�‹�–�›���‘�ˆ��csn���•�—�Ž�Ž���•�—�–�ƒ�•�–�•�ä�����‡�”�‡���™�‡���”�‡�’�‘�”�–���–�Š�‡��
�‹�†�‡�•�–�‹�¤�…�ƒ�–�‹�‘�•���ƒ�•�†���…�Š�ƒ�”�ƒ�…�–�‡�”�‹�œ�ƒ�–�‹�‘�•���‘�ˆ���ƒ���˜�‹�ƒ�„�Ž�‡���ƒ�Ž�Ž�‡�Ž�‡���‘�ˆ���–�Š�‡�����”�ƒ�„�‹�†�‘�’�•�‹�•���������•���•�‹�‰�•�ƒ�Ž�‘�•�‘�•�‡���•�—�„�—�•�‹�–���z��
���������z���ä�����Š�‡���ƒ�Ž�Ž�‡�Ž�‡�á���†�‡�•�‹�‰�•�ƒ�–�‡�†���…�•�•�z�æ�x�v�y�{�á���•�—�’�’�”�‡�•�•�‡�•���–�Š�‡���ƒ�†�˜�‡�•�–�‹�–�‹�‘�—�•���”�‘�‘�–�������������’�Š�‡�•�‘�–�›�’�‡���‘�ˆ���–�Š�‡��
Arabidopsis �•�—�’�‡�”�”�‘�‘�–�x�æ�w���•�—�–�ƒ�•�–�á���’�‘�–�‡�•�–�‹�ƒ�Ž�Ž�›���„�›���ƒ�Ž�–�‡�”�‹�•�‰���‹�–�•���ƒ�—�š�‹�•���•�‹�‰�•�ƒ�Ž�‹�•�‰�ä���	�—�”�–�Š�‡�”�•�‘�”�‡�á���™�‡���•�Š�‘�™���–�Š�ƒ�–��
�ƒ�Ž�–�Š�‘�—�‰�Š���–�Š�‡���…�•�•�z�æ�x�v�y�{���•�—�–�ƒ�–�‹�‘�•���ƒ�¡�‡�…�–�•���’�”�‹�•�ƒ�”�›���ƒ�•�†���Ž�ƒ�–�‡�”�ƒ�Ž���”�‘�‘�–�������������ˆ�‘�”�•�ƒ�–�‹�‘�•���‹�•���–�Š�‡���x�v�y�{ suppressor 
�•�—�–�ƒ�•�–�á���������z���ƒ�•�†���‘�–�Š�‡�”���•�—�„�—�•�‹�–�•���‘�ˆ���–�Š�‡���������•���…�‘�•�’�Ž�‡�š���•�‡�‡�•���–�‘���†�‹�¡�‡�”�‡�•�–�‹�ƒ�Ž�Ž�›���…�‘�•�–�”�‘�Ž���������ƒ�•�†��������
�†�‡�˜�‡�Ž�‘�’�•�‡�•�–�ä

�e CSN was �rst discovered in Arabidopsis, during a screening for mutants exhibiting constitutive photomor-
phogenic development in darkness, and was subsequently shown to be evolutionary conserved across eukaryotes 
(reviewed in ref. 1). �e complex is composed of eight subunits, CSN1-CSN8. Six (CSN1-CSN4, CSN7 and CSN8) 
contain a PCI (Proteasome, COP9 signalosome and eukaryotic initiation factor 3, eIF3) domain, and two (CSN5 
and CSN6) contain a MPN (Mpr1p-Pad1p-N-terminal) domain2. In Arabidopsis, the PCI domain-containing 
subunits are encoded by single copy genes, while the MPN domain-containing subunits are each encoded by 
two highly homologous genes. �e two genes encoding CSN5 (CSN5A and CSN5B) play unequal roles in the 
regulation of plant development, while CSN6A and CSN6B, the genes encoding the CSN6 subunit, act largely 
redundantly3. �e PCI and MPN subunits are structurally interdependent during the formation of the COP9 
complex, thus explaining why loss of any of the eight CSN subunits leads to an apparently identical seedling lethal 
phenotype in Arabidopsis3. �erefore, a detailed analysis of CSN physiological functions in adult Arabidopsis 
plants has been hampered by the early seedling lethality of the null csn mutants.

Before the availability of T-DNA insertion lines, the only known Arabidopsis csn mutants were the pleiotropic 
seedling lethal mutants, now collectively known as the cop (constitutively photomorphogenic)/det (de-etiolated)/
fus (fusca), which were identi�ed through genetic screenings (reviewed in refs 1 and 4). Recent identi�cation of 
alleles with partial loss of CSN function has shed light on some aspects of CSN functions beyond the seedling 
stage. However, to our knowledge, viable csn mutants are available only for �ve of the eight CSN subunits, includ-
ing the double encoded MPN domain-containing subunits CSN55 and CSN63, and only for three out of the six 
single copy gene-encoded PCI domain-containing subunits, CSN16, CSN27, and CSN38. It has been suggested 
that one potential reason for the lack of viable known csn mutants is that CSN-independent functions of CSN 
subunits can only be uncovered under speci�c conditions4, and probably in particular types of screening. In this 

�w���•�‡�¤�����Ž�ƒ�•�–�����…�‹�‡�•�…�‡�����‡�•�–�”�‡�á�����‡�’�ƒ�”�–�•�‡�•�–���‘�ˆ�����Ž�ƒ�•�–�����Š�›�•�‹�‘�Ž�‘�‰�›�á�����•�‡�¤�����•�‹�˜�‡�”�•�‹�–�›�á�������æ�•�v�w�~�}�á�����•�‡�¤�á�����™�‡�†�‡�•�ä��
�x���•�‹�˜�‡�”�•�‹�–�›���‘�ˆ�����‰�”�‹�…�—�Ž�–�—�”�ƒ�Ž�����…�‹�‡�•�…�‡�•���ƒ�•�†�����‡�–�‡�”�‹�•�ƒ�”�›�����‡�†�‹�…�‹�•�‡�á���z�v�v�y�}�x�á�����Ž�—�Œ�����ƒ�’�‘�…�ƒ�á�����‘�•�ƒ�•�‹�ƒ�ä���y���•�•�–�‹�–�—�–�����ƒ�–�‹�‘�•�ƒ�Ž���†�‡��
�Ž�ƒ�����‡�•�‡�ƒ�”�…�Š�����‰�”�‘�•�‘�•�‹�…�á���������w�y�w�~�����������æ���‰�”�‘���ƒ�”�‹�•���‡�…�Š�á�����•�•�–�‹�–�—�–���
�‡�ƒ�•�æ���‹�‡�”�”�‡�����‘�—�”�‰�‹�•�á�����•�‹�˜�ä�����ƒ�”�‹�•�æ���—�†�á���	�æ�}�~�v�v�v�á��
���‡�”�•�ƒ�‹�Ž�Ž�‡�•�á���	�”�ƒ�•�…�‡�ä���z���”�‡�•�‡�•�–���ƒ�†�†�”�‡�•�•�ã�����™�‡���”�‡�‡�����‡�…�Š�•�‘�Ž�‘�‰�‹�‡�•�������á�����ä���ä�����‘�š���z�v�•�{�á�������æ�•�v�z���v�y�á�����•�‡�¤�á�����™�‡�†�‡�•�ä�����„�†�‡�Ž�Ž�ƒ�Š��
���ƒ�•�‡�Š�ƒ�Ž���ƒ�•�†�����•�†�”�‡�ƒ�����ƒ�”�‹�ƒ�•�ƒ�����ƒ�…�—�”�ƒ�”���…�‘�•�–�”�‹�„�—�–�‡�†���‡�“�—�ƒ�Ž�Ž�›���–�‘���–�Š�‹�•���™�‘�”�•�ä�����‘�”�”�‡�•�’�‘�•�†�‡�•�…�‡���ƒ�•�†���”�‡�“�—�‡�•�–�•���ˆ�‘�”���•�ƒ�–�‡�”�‹�ƒ�Ž�•��
�•�Š�‘�—�Ž�†���„�‡���ƒ�†�†�”�‡�•�•�‡�†���–�‘�����ä���ä���ä�����‡�•�ƒ�‹�Ž�ã�����ƒ�•�‹�‡�Ž�ä���ƒ�…�—�”�ƒ�”�;�•�™�‡�–�”�‡�‡�ä�…�‘�•�����‘�”�����ä���ä�����‡�•�ƒ�‹�Ž�ã�����ƒ�–�Š�‡�”�‹�•�‡�ä���‡�Ž�Ž�‹�•�‹�;�—�•�—�ä�•�‡)
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report, we introduce a viable allele of Arabidopsis CSN4, identi�ed in a screening for mutants suppressing the 
adventitious root formation of the auxin overproducer superroot29.

���‡�•�—�Ž�–�•���ƒ�•�†�����‹�•�…�—�•�•�‹�‘�•
���•�‘�Ž�ƒ�–�‹�‘�•���‘�ˆ���–�Š�‡���x�v�y�{���•�—�–�ƒ�•�–���ƒ�•�†���‹�†�‡�•�–�‹�¤�…�ƒ�–�‹�‘�•���‘�ˆ���–�Š�‡���…�•�•�z�æ�x�v�y�{���•�—�–�ƒ�–�‹�‘�•�ä Aiming to identify 
new Arabidopsis genes involved in the control of adventitious root (AR) formation, we screened for suppressors 
of the superroot2-1 (sur2-1) mutant10. We isolated, mapped and characterized a number of suppressors, and, for 
a subset of mutants, we identi�ed the causal mutations in the corresponding genes9. Using the combined advan-
tages of classical map-based-cloning11 and whole genome re-sequencing12, we identi�ed a point mutation in the 
locus At5g42970, which encodes the subunit 4 of the COP9 signalosome complex, as the potential causal muta-
tion for the phenotype of one of the sur2-1 suppressors, designated 2035. �e mutant carries a G-to-A mutation 
at position 2592 in the tenth exon of the CSN4/COP8/FUS4 gene, which results in an Ala-302-to-Val amino acid 
substitution (Fig.�1a,b). �e Ala 302 is part of a putative helix-loop-helix domain centered around amino acids 
294 and 30213. A comparison of the CSN4 protein with homologs from other organisms reveals that the Ala302 
mutated in 2035 is highly conserved even in more divergent proteins (Fig.�1b), being located in the PCI domain of 
the protein, that has previously been identi�ed to be critical for the stability of the complex13, and recently shown 
to act as the sca�old for CSN4-6-7 interaction in Arabidopsis2. More recently, the crystal structure of the human 
COP9 signalosome has highlighted the important role of the PCI domain CSN4 subunit in sensing the binding 
of the neddylated Cullin–RINGE3 ubiquitin ligases to CSN, which is subsequently communicated to CSN5 and 
CNS6 for de-neddylation14–16. �erefore, the mutation of the Ala302 could induce a destabilization of the CSN and/
or a�ect the de-neddylation process.

Segregation analysis of the F2 progeny from a sur2-1gl1 �  2035 cross showed a 3:1 ratio of superroot:suppres-
sor phenotype consistent with a single recessive mutation9. �e mutant is viable and fertile as a homozygote, both 
in the sur2-1 mutant and in the Ws-4 wild-type backgrounds and does not exhibit the characteristic csn mutant 
phenotype, in contrast to seedling lethal csn4-1 (Salk_043720) and csn4-2 (Salk_053839) T-DNA insertion alleles, 
both isolated in the Col-0 background (Fig.�2a and ref. 17). To demonstrate unambiguously that the mutation in 
the suppressor 2035 a�ects CSN4, we conducted an allelism test using both insertion alleles. Due to early seedling 
lethality of the homozygous T-DNA insertion alleles, we crossed the homozygous suppressor 2035 with heterozy-
gote csn4-1/�  and csn4-2/� plants. A 1:1 mutant to wild-type phenotype segregation ratio was observed in the 
F1 generation of both crosses, as shown in Fig.�2b for the cross with cns4-1. �e individuals that were potential 
csn4 trans-heterozygote mutants had �at cotyledons, shorter hypocotyls than wild-type like sur2-1/� heterozy-
gote plants, and no AR, except for a few individuals developing only one AR, as compared to sur2-1/� wild-type 
like plants which on average, developed 1.8 AR/hypocotyl. We genotyped all the F1 individuals and con�rmed 
that in the progeny of both combinations of crosses, all seedlings with a short hypocotyl and �at cotyledons 
were trans-heterozygotes, carrying either csn4-1/cns4-2035 or csn4-2/cns4-2035 hetero-allelic combination, while 
seedlings with a wild-type phenotype did not carry any T-DNA insertion in the CNS4 gene and were heterozygote 
for what we called the cns4-2035 allele. All trans-heterozygous mutants were viable and grew in soil, indicating 
that the mutation in the suppressor 2035 was responsible for the observed phenotypes.

Figure 1.  �e csn4 alleles used in this study. (a) Structure of the Arabidopsis CSN4 subunit gene, with the 
position of the csn4-2035 point mutation and of the two T-DNA insertion lines. Exons are indicated by black 
boxes, introns by lines. (b) A comparison of a fragment from the Arabidopsis CSN4 protein with homologs 
from other organisms. �e position of highly conserved Ala302, mutated in csn4-2035, is highlighted. �e 
position and nature of the amino acid substitution found in CSN4-2035 mutant protein is shown. Below, an 
alignment of CSN4 proteins from Arabidopsis thaliana (NP_199111.1; residues 286–345), Populus tricocharpa 
(XP_002320585.1; residues 286–345), Brachypodium distachyon (XP_003558584.1; residues 289–348), Oriza 
sativa (NP_001049272.1; residues 289–348), Drosophila melanogaster (NP_477444.1; residues 294–353) and 
Homo sapiens (NP_057213.2; residues 287–346), around Arabidopsis Ala302 is shown.
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Figure 2. Phenotype and characterization of the csn4 alleles. (a) �e phenotype of in vitro grown 2035 
suppressor mutant, together with Ws-4, Col-0, sur2-1gl1, csn4-2035, the two trans-heterozygotes double 
mutants, sur2-1csn4-1/csn4-2035 and sur2-1csn4-2/csn4-2035, respectively, is shown, as compared to the non-
viable csn4-1 and csn4-2 alleles. Seedlings were �rst etiolated in the dark, until their hypocotyls were 6 mm long, 
and then transferred to light for seven days to induce AR formation on the etiolated hypocotyls. Arrowheads 
indicate the root-hypocotyl junction; arrows indicate ARs. Bar, 5 mm. (b) Allelism test. A cross between the 
homozygous 2035 and the heterozygote csn4-1 gives a 1:1 wild-type to mutant phenotype segregation ratio 
in the F1 generation. Arrowheads indicate the root-hypocotyl junction; arrows indicate ARs. Bar, 5 mm. (c) 
Numbers of AR were counted on the hypocotyls treated as in (a), and averaged. (d) Numbers of emergent lateral 
roots were counted on seedlings grown in vitro directly in light conditions for 10 d and averaged. (e) Primary 
root length was measured on the same seedling as in (d) and averaged. (f) Lateral root density was estimated 
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