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Abstract Many eukaryotic genomes have experienced

ancient whole-genome duplication (WGD) followed by

massive gene loss. These eliminations were not random

since some gene families were preferentially retained as

duplicates. The gene balance hypothesis suggests that those

genes with dosage reduction can imbalance their interact-

ing partners or complex, resulting in decreased fitness. In

Arabidopsis, the cytoplasmic ribosomal proteins (RP) are

encoded by gene families with at least two members. We

have focused our study on the two RPS6 genes in an

attempt to understand why they have been retained as

duplicates. We demonstrate that RPS6 function is vital

for the plant. We also show that reducing the level of

RPS6 accumulation (in the knock-out rps6a or rps6b

single mutants, or in the double heterozygous RPS6A/

rps6a,RPS6B/rps6b), confers a slow growth phenotype

(haplodeficiency). Importantly, we demonstrate that the

functions of two RPS6 genes are redundant and inter-

changeable. Finally, like in most other described Arabid-

opsis rp mutants, we observed that a reduced RPS6 level

slightly alters the dorsoventral leaf patterning. Our results

support the idea that the Arabidopsis RPS6 gene duplicates

were evolutionarily retained in order to maintain an

expression level necessary to sustain the translational

demand of the cell, in agreement with the gene balance

hypothesis.
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Introduction

Gene duplication is one major source of functional innova-

tion of species. During the evolution of Angiosperms, there

have been several whole-genome duplication (WGD) events

and many small-scale gene duplications (Bowers et al.

2003). These duplication events are thought to have fueled

the explosive evolutionary diversification of angiosperms

during the early Cretaceous (De Bodt et al. 2005). The

Arabidopsis thaliana genome is thought to result from three

rounds of whole-genome polyploidisations, followed by

diploidization and massive gene loss (Simillion et al. 2002;

Bowers et al. 2003). The fully sequenced genomes from

different taxa suggest that such gene losses are apparently

biased. Computational analyses reveal that not all functional

categories of genes were equally affected. For example,

Arabidopsis genes involved in development, in transcrip-

tional regulation, in the proteasome and in signalling cas-

cades have been preferentially retained after duplication

(de Bodt et al. 2005). The 80 Arabidopsis cytoplasmic

ribosomal proteins (RP) are encoded by small gene families,
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of two to seven paralogs, representing a total of 249 genes

(Barakat et al. 2001). These genes belong to functional

classes that are over-represented among those retained as

duplicates (Blanc and Wolfe 2004; Seoighe and Gehring

2004; Maere et al. 2005). Interestingly, ribosomal genes are

also duplicated in distant species such as the yeast Saccha-

romyces cerevisiae, in which the WGD has been followed by

massive gene loss, and Paramecium tetraurelia. (Aury et al.

2006), pointing out a fundamental aspect of this genomic

evolutionarily trend (Conant and Wolfe 2008).

There are three main hypotheses to explain survival of

gene duplicates during their evolution: neofunctionaliza-

tion, subfunctionalization, and the gene balance hypothesis

(Freeling 2009). Neofunctionalization is the process

whereby duplicated genes acquire divergent functions;

subfunctionalization is the process whereby duplicated

genes acquire divergent patterns of expression or keep only a

subset of the ancestral functions; and the gene balance

hypothesis postulates that duplicated genes are retained only

because a reduction of their dosage would decrease fitness.

This gene balance hypothesis can explain the observed post-

WGD over-retention of duplicated genes which encode

proteins that interact with partners, either in multi-subunit

complexes or in regulatory cascades (Birchler and Veitia

2007, 2009; Freeling 2009; Papp et al. 2003; Veitia 2002).

In higher eukaryotes there are very few reported cases of

RP with extra-ribosomal functions (Warner and McIntosh

2009). The best-known case in Arabidopsis is RPL10A,

which participates in resistance to geminivirus (Carvalho

et al. 2008; Rocha et al. 2008). Also, the comparatively

mild sequence conservation in the Arabidopsis RPP2,

RPL7 and RPS15A families could be a possible signature

of extra-ribosomal function (Barakat et al. 2001). With the

exception of these examples, neofunctionalization is not a

major driving force for maintaining several copies of

Arabidopsis RP genes.

In plants, many paralogous RP genes are distinguished

by their specific developmental or conditional expression

(McIntosh and Bonham-Smith 2006; Whittle and Krochko

2009). In Brassica napus, transcript profiling of the 996

putative RP genes unveiled a clear tissue-specific expres-

sion for many of them (Whittle and Krochko 2009). Eighty

percent of the 249 Arabidopsis RP genes are transcribed

(Barakat et al. 2001). Differences of expression between

individual members of Arabidopsis RP gene families have

been observed for the RPL11 (Williams and Sussex 1995)

and the RPS5 genes families (Weijers et al. 2001). There-

fore, there is good experimental evidence for a substantial

subfunctionalization (partitioning of expression) among the

RP genes of Arabidopsis and the closely related Brassica

napus (Whittle and Krochko 2009).

The role of specific RP paralogs can be assayed by

mutant analysis. So far, mutants in only fourteen RP genes

have been examined. Most of these mutants display

reduced growth and/or abnormal development (Byrne

2009). Some of these (rpl5a, rpl5b, rpl9, rpl10b, rpl24b

and rpl28a) were also isolated in enhancer screens of the

asymmetric leaves1 and/or asymmetric leaves2 mutations

(Degenhardt and Bonham-Smith 2008; Pinon et al. 2008;

Yao et al. 2008); some of these mutations phenotypically

interact with the angustifolia3 mutation (Fujikura et al.

2009). The loss-of-function mutation in RPS5A is lethal

and haplodeficient (Weijers et al. 2001), and the knock-out

of RPL4A, RPL4D, RPS18A or RPS13A results in delayed

growth and pointed leaves (Ito et al. 2000; Rosado et al.

2010; Van Lijsebettens et al. 1994). The disruption of

RPL24B has pleiotropic effects on development, such as

the alteration of the gynoecium apical-basal polarity, the

leaf shape, and the cotyledon’s vascular pattern (Nishimura

et al. 2004, 2005). In some cases, the mutation of a

RP gene can confer a relatively specific phenotype. For

example, the loss or reduced expression of RPS27A confers

hypersensitivity to DNA damages (Revenkova et al. 1999).

Also, the knock-out of RPL10A significantly increases

susceptibility to geminivirus infection (Carvalho et al.

2008; Rocha et al. 2008), whereas a missense mutation

allele in this gene semi-dominantly suppresses the dwarf

phenotype of acaulis5 mutant (Imai et al. 2008).

Functional comparison within duplicated pairs of Ara-

bidopsis RP genes have been examined between RPL23aA

and RPL23aB (Degenhardt and Bonham-Smith 2008),

between RPL5A and RPL5B (Fujikura et al. 2009; Yao et al.

2008) and between RPL4A and RPL4D (Rosado et al. 2010).

The RNAi-triggered extinction of RPL23aA expression

induces abnormal shoot development whereas the knock-out

of RPL23aB does not confer any visible phenotype

(Degenhardt and Bonham-Smith 2008). By contrast,

mutants in RPL5A and RPL5B, and mutants in RPL4A and

RPL4D, share the same phenotypes and appear functionally

equivalent although this has not been demonstrated (Fujik-

ura et al. 2009; Yao et al. 2008; Rosado et al. 2010). Based

on the literature mentioned above, it appears that paralog-

specific RP functions are not exceptions in plants.

Still, whole-genome statistical analyses support and

favor the gene balance hypothesis—as in yeast (Papp et al.

2003)—over the subfunctionalization model, to explain the

predominance of Arabidopsis RP genes as duplicates

(Freeling 2009). Clearly, the analysis of more mutants is

necessary to have a better understanding of the biological

role of each plant RP duplicates.

In this work we have focused our attention on the two

RPS6 genes in Arabidopsis. In mammals, Drosophila and

yeast the RPS6 protein is part of an evolutionarily con-

served TOR (Target Of Rapamycin)-pathway that controls

cell growth and division (Hay and Sonenberg 2004;

Meyuhas 2008). Several orthologs of this pathway are

534 Plant Mol Biol (2010) 73:533–546

123



present in Arabidopsis (Deprost et al. 2005; Mahfouz et al.

2006; Menand et al. 2002).

Genetic analysis in mice, Drosophila melanogaster and

Caenorhabditis elegans have unveiled the complex and

sometimes unexpected consequences from reducing the

RPS6 level. The development of Drosophila larvae hemi-

zygous for strong loss-of-function rps6 alleles is delayed,

accompanied by growth inhibition in most larval organs.

However, the imaginal discs and lymph glands proceed to

overgrow and in addition display variable melanotic tumor

phenotypes; these Minute larvae eventually die (Stewart and

Denell 1993; Watson et al. 1992). In mouse liver cells or

T-lymphocytes the conditional RPS6 haplodeficiency pre-

vents their high rate of proliferation (Sulic et al. 2005;

Volarevic et al. 2000). This RPS6 haplodeficiency also

blocks mouse embryonic development (Panić et al. 2006).

Reducing ribosomal content is thought to trigger a

p53-dependent checkpoint that reduces growth, activates

apoptosis and also stimulates the proliferation of melano-

cytes (Panić et al. 2006; Sulic et al. 2005).

The inactivation of the RPS6 gene in adult Caenorhab-

ditis elegans induces sterility (Maeda et al. 2001), but it also

increases lifespan and thermal-stress resistance, as do other

genes involved in mRNA translation (Hansen et al. 2007). In

yeast, the deletion of RPS6A or RPS6B reduces the cell size

and growth rate (Chiocchetti et al. 2007). Additionally, the

deletion of RPS6B, but not RPS6A, significantly extends its

replicative life span, possibly by altering the aging process

through the modulation of translation (Chiocchetti et al.

2007). This is intriguing because RPS6A is more highly

expressed than RPS6B, and because RPS6A and RPS6B

have identical protein sequences. Thus, in all organisms

tested so far the complete lack of RPS6 is lethal. However,

the compromised cell growth, proliferation and survival

when RPS6 expression is lowered have often more complex

origins than just the general slowing down of ribosomal

activity. In animal cells, cellular checkpoints and/or shifts in

either metabolism or developmental routes explain some of

the mutant phenotypes. Additionally, in yeast, there are

paralog-specific RPS6 functions (Komili et al. 2007).

In this work, we have taken a genetic approach to assess

the roles of the two RPS6 genes on Arabidopsis growth and

development. We have also tested whether the two RPS6

genes are functionally equivalent.

Results

Isolation and molecular characterization of the rps6a

and rps6b mutants

For RPS6A (At4g31700) and RPS6B (At5g10360), we

selected homozygous T-DNA insertion mutant lines

(Fig. 1a, b). These two lines are hereafter referred to as

rps6a and rps6b, respectively. The RPS6B gene was pre-

viously annotated emb3010; however, we believe this

embryonic lethality is due to a separate gene mutation,

since the homozygous rps6b mutant we have isolated is

viable (see below).

We quantitatively analyzed RPS6 mRNA accumulation

by real-time RT–PCR. Figure 1c shows that in the rps6a

mutant no RPS6A mRNA is detected. In the rps6b mutant a

signal is detected that likely corresponds to either one or

both of the two new transcripts observed in northern blot

(Fig. 1d) (note that the WT band has disappeared). These

new transcripts may have started inside the T-DNA and it

is highly probable that they do not code for a functional

RPS6B. We believe therefore that both the rps6a and rps6b

mutations are non-functional alleles. Note that for both

rps6 mutants the level of mRNA accumulation of the non-

mutated paralogue resembles the WT level (Fig. 1c).

RPS6A and RPS6B are fully redundant during

formation of gametes

RPS6 is an essential protein for animal growth, develop-

ment and survival. In plants, only one study has shown that

the partial suppression of Arabidopsis RPS6 expression

(with a transgenic antisense construct) alters shoot devel-

opment (Morimoto et al. 2002). However the phenotypes

were variable, and it is not clear how strong the suppressive

effect was on the two RPS6 genes. To assess the role of

RPS6 genes in plant development, we screened for a

rps6a,rps6b double mutant.

In the selfing of a double heterozygote RPS6A/

rps6a,RPS6B/rps6b, we randomly selected 90 seedlings

that we PCR-screened in order to detect rps6a/rps6a and

rps6b/rps6b homozygous mutants. We isolated five rps6a/

rps6a and twelve rps6b/rps6b mutants (however no dou-

ble-mutants were isolated). Southern blot analysis of the 17

mutant lines with RPS6A and RPS6B-specific probes

(figure S1) confirms that neither rps6a nor rps6b mutants

carry a mutant allele of the paralogous gene. This result

indicates that the double homozygous recessive mutant is

lethal.

In order to unequivocally demonstrate that the rps6a and

rps6b mutations are synthetically lethal during gamete

formation, we conducted a tetrad analysis by means of the

quartet1 (qrt1) genetic background (Preuss et al. 1994). In

the anthers of the qrt1/qrt1 mutant the four pollen grains

produced by each meiosis are not separated (tetrad). This

feature was suggested to allow testing synthetic lethality

(Copenhaver et al. 2000).

We introgressed different combinations of rps6a and

rps6b alleles in the qrt1/qrt1 background and counted the

number of dead and live pollen grains in mature tetrads.
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We analyzed the pollen of four RPS6A/rps6a,RPS6B/rps6b

double heterozygotes, one RPS6A/rps6a and two RPS6B/

rps6b simple heterozygous plants in addition to the qrt1/

qrt1 parental line (Fig. 2a, b).

In the tetrads produced by the qrt1/qrt1 control, *6% of

the tetrads contain one dead pollen grain (with very few

containing two or more dead grains). This fraction repre-

sents the background of pollen mortality. In the tetrads of

the RPS6A/rps6a and RPS6B/rps6b simple heterozygous

plants, the level of dead pollen grains is similar to the qrt1/

qrt1 WT control. This indicates that pollen viability is not

compromised when one of the two RPS6 proteins is

missing. By contrast, the RPS6A/rps6a,RPS6B/rps6b dou-

ble heterozygotes produce *20% (n = 206) of the tetrads

with no dead pollen grains (parental ditype, PD), *60%

(n = 586) with one dead grain (tetratype, T) and *20%

(n = 186) with two dead grains (non-parental ditype, NDP)

(numbers are from Fig. 2a, b for the different classes of

pollen tetrads). As expected for the segregation of two

mutations that are located on different chromosomes and

that are genetically unlinked to their centromeres (Fig. 2b),

the ratio DP/NDP = 1 (v2 = 1) and T is \66.7% of the

tetrads (Fincham et al. 1979). These data demonstrate that

meiocytes which inherit the rps6a,rps6b double mutation

do not generate viable pollen grains.

Since we did not find any plants that inherited the

double mutation from one parent (see above), and that

siliques of the double heterozygotes segregate aborted

ovules (Fig. 2c), the lethality also occurs in female

gametes. As a corollary, these results demonstrate that the

RPS6A and RPS6B genes display fully redundant functions

during gametogenesis because the rps6a and rps6b single

mutants are fully fertile.

RPS6A and RPS6B are limiting effectors of plant

growth

Many mutations in ribosomal proteins alter the growth of

yeast, Drosophila and Arabidopsis. We have monitored the

effects of rps6 mutations on Arabidopsis plants grown in

soil or in vitro.

Whether grown in vitro or in soil, both the rps6a and

rps6b mutants display a slightly delayed growth (Fig. 3).

The leaves of the rps6a and rps6b mutants are smaller than

in WT; they are also slightly more elongated and pointed

(Fig. 3a and S2). This phenotype has already been

observed in mutants for others ribosomal proteins

(Degenhardt and Bonham-Smith 2008; Ito et al. 2000;

Nishimura et al. 2005; Pinon et al. 2008; van Lijsebettens

et al. 1994; Yao et al. 2008). At bolting, the inflorescence

of the two homozygous single mutant lines grows slower

than the WT, but they eventually reach a WT size.

As for the shoot, the root growth of the rps6a and rps6b

mutants is delayed (Fig. 3b, c). The rate of root growth is

in accordance to the phenotype: the rps6a mutant grows

slower than the rps6b (Fig. 3d). For all growth traits
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analysis (b). b Southern blots analysis of the rps6 mutants. The black
arrow indicates the wild-type band. c Expression analysis of the

RPS6A and RPS6B in WT and rps6 mutants. RNA were extracted

from 14-day-old plantlets and analyzed by quantitative real-time

RT–PCR. The levels of expression have been normalized to that of

the WT. Results are the mean ± standard deviation of technical

triplicates of three independent biological replicates. d Northern blots

analysis of rps6 mutants. The northerns blots were hybridized with a

probe specific for the RPSA (left) or the RPS6B (right) transcripts.

The 25S hybridization signal served as a loading control. The two
stars indicate two new bands revealed by the RPS6B probe
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examined so far, the rps6a mutant has a slightly stronger

phenotype than that of the rps6b mutant; this is more vis-

ible in vitro than in soil. Here we confirm that the mutant

phenotype of the rps6a and rps6b lines is rescued by a

T-DNA carrying the corresponding genomic wild-type

RPS6 allele (Figure S2).

Both the rps6a and rps6b mutations are fully recessive

(data not shown). Interestingly, the rps6a and rps6b

mutants do not complement each other: the rps6a/

RPS6A,rps6b/RPS6B double heterozygote has a similar

Rps6 mutant phenotype (Fig. 3a, b, c). This non-allelic

non-complementation involving two null alleles (derived

from genes coding for almost identical proteins, Figure S3)

indicates that the Rps6 mutant phenotype is due to a

combined haploinsufficiency. We thus conclude that the

RPS6 protein represents a limiting factor for plant growth.

The RPS6 proteins have redundant functions

in vegetative tissues

In order to ascertain the functional equivalency of the two

RPS6 genes in vegetative tissues, we performed reciprocal

complementation tests between the two paralogous genes.

In a first experiment, we crossed the rps6a single mutant

with an rps6b single mutant complemented with a T-DNA

construct carrying the WT RPS6B allele (rps6bC). This

complemented line contains probably more than four

copies of the transgenic RPS6B allele (see below Fig. 4a).

In the F2 progeny of this cross we selected in vitro seed-

lings with a WT phenotype. In this sub-population we

PCR-selected seventeen rps6a homozygous seedlings for

southern-blot analyse. We found that all of them carry the

RPS6B transgene, and five (n�25, 49, 59, 73 and 86) were

also homozygous for the rps6b mutation (Fig. 4a). We

believe these rps6a/rps6a,rps6b/rps6b double mutants

were complemented most probably because they contain

several RPS6B transgenes (Fig. 4a, bottom). This result

shows that the RPS6B transgene fully complemented the

rps6a as well as the rps6a/rps6a,rps6b/rps6b double

mutations.

In a parallel experiment, we performed the reciprocal

test; i.e. we crossed the rps6b single mutant with the rps6a

single mutant complemented with a T-DNA construct

carrying the WT RPS6A allele, and selected F2 seedlings

with a WT phenotype. Southern blot analysis of these F2

plants identified nine rps6a homozygous mutants, and one
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rps6a/rps6a,rps6/rps6b double mutant (n�74, Fig. 4b). As

in the previous experiment, the rps6a/rps6a,rps6/rps6b

double mutant was most likely complemented because it

contains several RPS6A transgenes (Fig. 4b, top). Since

these mutants had a WT phenotype (data not shown), we

conclude that they were fully complemented by the RPS6A

transgene.

These two reciprocal experiments clearly demonstrate

that the biological function of the Arabidopsis RPS6A and

RPS6B genes are qualitatively equivalent and interchange-

able. Therefore, the Rps6 mutant phenotype of the single

mutants and of the double heterozygotes is probably due to

reduced dosage of RPS6 genes (i.e. haploinsufficiency).

Reduced root meristem activity in the rps6A and rps6B

mutants

In order to understand the origin of the root growth defect

we measured cell size in the WT and mutant lines. Com-

pared to the WT, epidermal cells in the differentiated zone

of the rps6 mutant root are not significantly shorter

(Fig. 5a). We therefore assumed that the rps6 mutations

reduce the activity of the primary root meristem.

The meristem activity and thus the root growth rate are

correlated with the size of the root meristem (Dello Ioio

et al. 2007). We therefore measured the size of the meri-

stematic zone of the primary root, defined by the number of

cortex cells per file, between the quiescent centre and the

elongation zone (Dello Ioio et al. 2007). By using this

cellular index we found that both the rps6a and rps6b

mutants have half as many cortex cells in their primary root

meristem as the WT; the rps6a appears to be more deficient

than the rps6b (Fig. 5b, c). These observations clearly

indicate that the root meristem of the rps6 mutants is less

active than in the WT. Altogether, these results show that

the slow root growth in rps6 mutants is due to a reduced

meristem activity.

The plant growth delay is correlated to the total amount

of RPS6

Our genetic analysis strongly suggests that the RPS6 proteins

are limiting factors of growth. We thus quantified the level of

RPS6 accumulation in seedlings. Proteins were extracted

from seedlings grown 13 days in vitro and analyzed in

western blots with a polyclonal antibody raised against a

maize RPS6 (Williams et al. 2003). As shown in Fig. 6a, this

anti-RPS6maize antibody recognizes both the Arabidopsis

RPS6A and RPS6B at the expected size (30kD). In the rps6a

mutant the RPS6 signal intensity is only *15% of the WT

level (Fig. 6b). Unexpectedly, in spite of the observation that

the rps6 mutation does not allow the production of RPS6B

(see above), the RPS6 signal in rps6b seedlings is close to the

WT level (Fig. 6b). We have repeatedly observed this wes-

tern blot pattern in three independent experiments. The

simplest hypothesis to explain why the rps6b seedlings have

a mutant phenotype without displaying a reduced western

blot signal with the anti-RPS6maize antibody is that this

antibody has a stronger affinity for RPS6A than for RPS6B.

Assuming (from Fig. 6a) that *85% of the WT signal

revealed by this antibody is due to RPS6A and therefore

*15% is due to RPS6B, we expect that in the double het-

erozygote the total RPS6 signal is around 50% of the WT;

this is what we observe (Fig. 6b). This explanation is only

valid if there are no mutual compensatory increases in the

expression of the remaining WT RPS6 paralogous gene

carried by two rps6 simple mutants. Figure 1c confirms that
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this is the case, at least at the transcriptional level: by com-

parison to the WT, the level of RPS6B mRNA accumulation

is not increased in the rps6a mutant, and vice versa. This

indicates that reducing dosages of RPS6 genes results in

reduced accumulation of RPS6.

Altogether, our results suggest a simple dosage-sensitive

effector model which postulates that when there is 1 gene

dose (i.e. in the WT) or 0.75 gene dose (i.e. in the simple

heterozygotes) of total RPS6 the plant growth is normal but

when there is only 0.5 gene dose (i.e. in simple mutants and

in the double heterozygotes) the growth is delayed. In the

gametophytic cells a quarter of a gene dose is enough for

normal viability whereas the complete absence of RPS6 is

lethal.

The RPS6A and RPS6B genes are expressed in the same

tissues of the root tip

Our reciprocal complementation tests (see above) indicate

that the two paralogous RPS6 genes are qualitatively

equivalent. A corollary of this result is that they should be

expressed in the same tissues. In order to test this idea, we

took the root tip as a model system and we performed an in

situ hybridization analysis. As shown in figure S4, both

RPS6A and RPS6B transcripts are detected in the same

tissues, in particular in the metabolically active cells of the

meristem and in the elongating zone. This result is cor-

roborated by the expression analysis displayed in the

Genevestigator transcriptomic database (Zimmermann

et al. 2004). The expression data from these DNA arrays

also indicate that the RPS6A and RPS6B genes are

expressed in all the other organs of the plant. Together,

these expression data support the result from our reciprocal

complementation tests, which reveals that RPS6A and

RPS6B are functionally equivalent.

Analysis of rps6 polysomes

One highly likely explanation for the reduced growth of the

Arabidopsis rps6 mutants is the lower general translation
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efficiency resulting from a reduced level of the functional

40S ribosome subunit. To test this idea, we analyzed the

profiles of both polysomes and monosomes in mutant and

WT lines. Cell extracts from 10-day-old seedlings (i.e.

rapid growth phase) were separated on a sucrose gradient

and detected at 260 nm. As shown in Fig. 6c, the overall

profiles of the two rps6 mutants are roughly similar to that

of the WT, with the exception that in the mutants there is a

lack of free 40S subunits and a slight accumulation of free

60S subunits compared to WT. The 60S/80S ratio is 44.9

10-3 ± 22.10-3 for the WT, 102.6 10-3 ± 16.3 10-3 for

the rps6a and 84.4 10-3 ± 33.10-3 for the rps6b.

These results show that the inactivation of one RPS6

paralogous gene slightly alters the stoichiometry of the free

ribosomal subunits, a presumed consequence of the

reduced 40S assembly or stability. However, the higher

60S/80S ratio in the mutants suggests a diminution of 80S

assembly and/or more freely available 60S due to reduced

level of the 40S subunits.

Discussion

The two RPS6 paralogs are functionally

indistinguishable

In Arabidopsis, genes coding for basic cellular machinery,

such as the ribosome, have survived in duplicate more

often than would be predicted by chance (Blanc and Wolfe

2004), with most Arabidopsis RP encoded by three or four

expressed genes (Barakat et al. 2001). Blanc and Wolfe

(2004) proposed that the expression of several copies is

necessary to achieve the cellular demand for RP. This idea

has been further refined and the current explanation for the

maintaining of duplicated RP genes is that ribosomal pro-

teins are part of a multiprotein complex, sensitive to stoi-

chiometric imbalance: the precise stoichiometry of all

ribosomal proteins must been maintained to preserve

ribosome activity (Veitia 2002). Our results indicate that

this gene balance could be the evolutionary force that

maintains two RPS6 genes in Arabidopsis. First, the rps6a

and rps6b single mutants and the double heterozygote

share the same, if not identical, mutant phenotype (reduced

growth rate, altered leaf shape). Second, the published

transcriptomic data available in Genevestigator indicate

that both genes are expressed in all organs. Third, our

whole mount detections of RPS6A and RPS6B mRNA

show that both genes are expressed in the same tissues of

the root tip. Fourth, our tetrad analysis shows that the

RPS6A and RPS6B genes are functionally redundant in the

gametophytes. Finally, each RPS6 gene is able to fully

complement the rps6a/rps6a, rps6b/rps6b double mutant,

demonstrating that the two RPS6 genes share identical

functions. All of these results support the view that the two

Arabidopsis RPS6 genes were conserved through evolution

in order to maintain an appropriate level of RPS6.
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Although we have not tested if the rps6 mutations can

reduce fitness, their altered growth and development sug-

gest that this is the case (in support of the gene balance

hypothesis).

Our work provides strong evidence that two paralogous

plant RP genes can be functionally interchangeable, under

standard growth conditions. This is in contrast with a recent

study in the yeast S.cerevisiae which showed that func-

tional specificity occurs in all duplicated ribosomal pro-

teins, therefore including paralogous RP that have nearly

identical sequences (Komili et al. 2007). These paralog-

specific phenotypic effects suggest a ‘‘ribosome code’’

where the functional specificity of the ribosomes could be

modulated by the set of RP paralogs which they contain

(Komili et al. 2007). Interestingly, the composition of

ribosomes in Arabidopsis is also extensively heterogeneous

(regarding protein composition and their post-translational

modifications) (Chang et al. 2005). Additionally, in Ara-

bidopsis and in maize there are different phosphorylation

isoforms of RPS6 proteins (Chang et al. 2005; Williams

et al. 2003). In maize root tip, oxygen supply and tem-

perature stress modulate phosphorylation of several serines

and threonines located at the carboxy-terminal region of

RPS6 proteins (Williams et al. 2003). Although the cellular

role of these phosphorylations are not yet known for plants,

in mammals they modulate cell growth. Interestingly, in

Arabidopsis, two potentially phosphorylatable amino acids

(S247 and T249, Figure 3S) are lacking in RPS6B (by

comparison to RPS6A). However, in the event that some

paralog-specific variations of Arabidopsis RPS6 have bio-

logical significances, we were unable to detect them in our

growth conditions.

RPS6 is a limiting factor of growth

In eukaryotes as diverse as yeast, Drosophila, or mammals,

the reduction of RP dosage or activity is associated with

reduced cell size and growth rate (Meyuhas 2008). In plants,

RPS6 phosphorylation depends upon growth conditions

(Perez et al. 1990; Scharf and Nover 1982; Turck et al. 1998,

2004; Williams et al. 2003). In Drosophila, in which most

RP genes are encoded by a single gene, or a small family

with a main gene, a reduced dosage of many of the RP genes,

including RPS6, results in decreased fitness (haplodefi-

ciency) (Marygold et al. 2007). We have shown here that in

Arabidopsis too the reduction of RPS6 dosage below a

threshold level reduces or delays the growth of roots and

shoots. The slower root growth rate of rps6 single mutants is

correlated with a smaller root meristem. Thus the high rate

of cell proliferation in root meristem requires at least three

doses of the RPS6 gene (the single heterozygote does not

display altered growth). By contrast, the final root cell size of

rps6 mutants is not reduced (at least in the root epidermis),

presumably because cell expansion does not require a high

rate of protein synthesis. Therefore, it appears that an opti-

mal level of RPS6 accumulation is more important for cell

proliferation in root meristem cells than for the function of

the gametophytes.

The genetics of the Arabidopsis rps6 mutations resem-

bles that of the Drosophila Minute mutations. The Minute

mutations are characterized by a set of similar dominant

haploinsufficient phenotypic traits that include a small

body size, prolonged development, shorter and thinner

bristles, reduced fertility, and a recessive lethality; extreme

Minute phenotypes include the arrest of gametogenesis. All

the 66 known Minute mutations (with the exception of

eIF2a) are in RP genes including RPS6 (most of them are

encoded by a single gene or, in some few cases, by a small

family with a main gene) (Marygold et al. 2007). The

haploinsufficiency traits result from halving the copy

number of RP which results in a reduced dosage of RP, and

consequently a suboptimal concentration of functional

ribosomes. Until now, the only known Arabidopsis RP

gene displaying a Minute-like genetics behaviour is

RPS5A. Similar to RPS6, there are two RPS5 genes,
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however RPS5A and RPS5B are differentially expressed.

When homozygous, the disruption of RPS5A is embryonic

lethal, and when heterozygous it confers semi-dominant

growth retardation and developmental defects (Weijers

et al. 2001). The phenotype of rps5b mutants has not been

investigated yet. Our results show that the Arabidopsis

RPS6A and RPS6B pair of paralogous genes behaves like a

single Drosophila RP gene: halving the copy number of

Arabidopsis RPS6 genes (i.e. in the rps6 single mutants or

in the RPS6A/rps6a,RPS6B/rps6b double heterozygote)

results in the Rps6 mutant phenotype. The non-allelic non-

complementation between the rps6a and rps6b mutations

substantiates the idea that what matters for Arabidopsis cell

growth is the dosage of total RPS6, not the dosage of one

particular RPS6 paralog. Taken together, these observa-

tions suggest that the pair of Arabidopsis RPS6 paralogs

genetically behaves similar to the single copy Drosophila

Minute gene. Recently, a similar result was found with

RPL4A and RPL4D (Rosado et al. 2010).

One assumption of this model is that reduction of RPS6

accumulation impacts the efficiency of translation. How-

ever, the stoichiometry of ribosomal subunits in the rps6

mutants is modestly altered as shown by the slight increase

of the 60S/40S ratio. By contrast, in the yeast deletion

mutants DRPS6A and DRPS6B there is a dramatic accu-

mulation of the 60S subunit as a consequence of the low

level of 40S (Chiocchetti et al. 2007); a similar pattern has

been observed under certain growth conditions in mice

liver (Volarevic et al. 2000). It thus appears that lowering

the RPS6 pool alters 40S biogenesis in Arabidopsis,

although the effect on the stoichiometry of ribosomal

subunits is not as intense as in yeast or mammals. Fur-

thermore, as in yeast and mammals cells, the Arabidopsis

rps6 mutations apparently do not modify the profile of

polysomes. It is worth noting that the depletions of distinct

RP can result in very different profiles of polysomes and

monosomes in yeast (Chiocchetti et al. 2007) suggesting

that RP deficiencies can alter the translational capacity of

the yeast cells by different mechanisms.

Does leaf polarity need a specific ribosomal function?

The leaf shape results from the coordination of cell growth

and differentiation in the primordia. Leaves display a

‘‘dorsoventral’’ polarity: the upper (adaxial) and lower

(abaxial) side of the blade are distinct for trichomes, sto-

mata or spongy mesophyll. This adaxial-abaxial polarity is

controlled by a set of genes and small RNA (Husbands

et al. 2009). Interestingly, loss-of-function mutations in the

RPL5A, RPL5B, RPL9, RPL10B, RPL24B and RPL28A

genes (Degenhardt and Bonham-Smith 2008; Pinon et al.

2008; Yao et al. 2008) enhance the phenotype of mutations

that promote leaf abaxialisation such as1 and/or as2.

Mutations in these RP genes also induce a pointed-leaves

phenotype, as observed in rps6a and rps6b mutants. Other

RP genes (RPS13A, RPS18A, RPL23aA, RPLA4, RPL4D)

confer a pointed leaf phenotype when mutated or knocked

down (Degenhardt and Bonham-Smith 2008; Pinon et al.

2008; Rosado et al. 2010). It is significant that among the

seventeen Arabidopsis rp mutants that have been analyzed

so far (including rps6a and rps6b), twelve have pointed

leaves. However, none of the known rp mutants display

leaf adaxial-abaxial polarity defects on their own, with the

exception of rpl4a (Rosado et al. 2010), rpl5a, rpl5b, and

the RPL5A/rpl5a, RPL5B/rpl5b double heterozygote (Yao

et al. 2008). Therefore, does the regulation of the leaf

adaxial-abaxial polarity require a conserved translational

function of the ribosome (Yao et al. 2008)? How can a

specific defect (leaf adaxial-abaxial polarity) be reconciled

with its general function (ribosomal translation)? One

possibility is that the balance between processes promoting

adaxialisation and abaxialisation is sensitive to reduced

translational activity, resulting in a shift toward abaxiali-

sation in the case of a RP haplodeficiency.

In conclusion, we have genetically demonstrated that:

(1) the RPS6 function is indispensable for cell survival, (2)

the two Arabidopsis RPS6 proteins are functionally indis-

tinguishable, and (3) the pool of Arabidopsis RPS6 repre-

sents a limiting effector of plant growth. Finally, as for

several other Arabidopsis rp mutants, leaf shape of rps6

plants is altered (pointed), possibly because leaf patterning

is particularly sensitive to reduced levels of ribosomal

activities.

Experimental procedures

Plant material and growth conditions

Unless otherwise indicated, Arabidopsis thaliana ecotype

Columbia (Col-0) was used as the wild-type in this study.

The SALK lines (Alonso et al. 2003) and the quartet1

mutant (Preuss et al. 1994) were provided by the Not-

tingham Arabidopsis Stock Centre. SALK_048825 (rps6a)

and SALK_012147 (rps6b) are both in the Col-0 back-

ground. qrt1-1 (NASC number: N8050) is in Landsberg

erecta (L.er).

For propagation of the lines and in vitro cultures,

seedling and plant growth conditions were as in Léonard

et al. (2003).

General PCR conditions and sequencing

The PCR were performed with *20 ng total DNA, 125 lM

of each deoxynucleotide, 0.5 lM of each primer, in 19 PCR

buffer and 0.1 U ll-1 of Taq polymerase on a GeneAmp
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System (Perkin-Elmer model 9700, USA) or on a Master-

cycler epgradient S (Eppendorf, France). The PCR products

purification and sequencing were made as described in

Léonard et al. (2003). For the SALK_048825 line, the

flanking sequence has been amplified using primers LBa1

(50-TGGTTCACGTAGTGGGCCATCG-30) and S61-R1

(50-TCGGTAAGCCCAGGAAGATCGTTCT-30) in the

following conditions: 94�C for 2 min followed by 35 cycles

of 94�C for 15 s, 60�C for 30 s and 72�C for 1 min 10 s. For

the SALK_012147 line, primers used were LBa1 and S6-F

(50- TTCAACGTCGCCAATCCGACCACCG-30). The

reaction was started by incubation for 2 min at 94�C fol-

lowed by 35 cycles of 94�C for 15 s, 62�C for 30 s and 72�C

for 1 min. The purified fragments have been sequenced with

the primers used for amplifications.

Southern blots

Total DNA was extracted from leaves and inflorescences

(Bouchez and Camilleri 1998). For the hydridization with

the RPS6A probe, DNA of the control lines and mutants

were digested with XbaI, whereas for the RPSB probe, they

were digested with EcoRV or XhoI.

Probes were made with a PCR fragment amplified from

genomic DNA by using the LBa1 and S61-R1 primers (or

S61-F1: 50-CGTTGAAATGACTTGGTTTGTAAGG-30 and

S61-R2: 50- GGATTCGCAACGTTGAACTGAAACG-30

in Fig. 4) for the RPS6A probe (1,360 bp), and primers S62-F

(50-AGTTAGCGGAGATGCTCTAGGCGAG-30) and S62-

R (50-AACTTCTTGCCTGCACATGGAAGCC-30) for the

RPS6B probe (693 bp), under the cycling conditions

described above. Nucleic acids were blotted on Hybond-N?

membranes (Amersham) and all the probes were labeled

with digoxygenin (PCR DIG Probe Synthesis Kit; Roche

Applied Science, Mannheim, Germany). The hybridization

and detection procedures were performed as described (Creff

et al. 2006).

Transgenic complementation of rps6a and rps6b

mutations

Each RPS6 gene was amplified with a High Fidelity Taq

DNA Polymerase (Roche). For RPS6A, this includes

1,393 bp of promoter sequence, 13 bp of the 50UTR and

234 bp of the 30UTR and for RPS6B this includes 970 bp of

promoter sequence, 87 bp of the 50UTR and 230 bp of the

30UTR. The PCR products were sub-cloned into the AscI/

SalI site of the pGEM T-easy Vector (Promega) and

sequenced before cloning into pGPTV Hygro binary vector

(Becker et al. 1992). Each transgene was sequenced in its

entirety with the following primers: RPS6A: REV 50-CAG

GAAACAGCTATGACC-30; T7PROM 50-TAATACGACT

CACTATAGGG-30; S61-F1; S61-R1; S61-GE 50-GGCC

GTGTTCGCCTTTTGCTT-30. RPS6B : REV; T7; S62-F

and S62-ATG 50-TAAAAGCTGAGCCGCGTCGAGA

GC-30. The pGPTV-RPS6A and pGPTV-RPS6B vectors

were used to transform the Agrobacterium tumefaciens

strain GV3101 (pMP90). The transformations of Arabid-

opsis rps6 mutants were performed by floral dip as described

by Clough and Bent (1998). For selecting transformants,

seeds of the infiltrated plants were harvested and plated on a

medium containing hygromycin B (50 lg ml-1).

RNA extraction and real time RT–PCR

Total RNA was extracted from 100 mg of 14-day-old frozen

plantlets using the RNeasy Plant Mini Kit (Qiagen). In order

to remove any residual genomic DNA, RNA was treated

with RNAse-free DNAse (Ambion) according to the man-

ufacturer’s instructions. Each extraction was performed in

triplicate. Total RNA (1.5–2 lg) was used for first strand

cDNA synthesis. Reverse transcription was performed as

described in Creff et al. (2006). Specific primers were

designed to the 30 UTR region of each transcript:

S61-RTL 50-CAGCGTGACAGGAGGAGTG-30

S61-RTR 50-GGTGACATCTTTGATTTGATTCTC-30

S62-RTL 50-CTTCTGCTCCTGCTAAACCC-30

S62-RTR 50-CGTTCTCATGTCTGTGGAGC-30.

We carried out quantitative RT–PCR with 1:20 dilution

cDNA using an ABI 7000 Sequence Detection System

(Applied Biosystems) with SYBR Premix Ex Taq (Takara)

as in Herbette et al. (2006).

Standard curves were generated by serial dilution of

first-strand cDNA preparations and primer efficiency was

determined. The following thermal profile was used :

2 min at 95�C and 40 cycles of 95�C for 10 s and 60�C for

35 s. GAPDH (Glyceraldehyde-3-Phosphate Dehydroge-

nase) was used as an internal control (Svistoonoff et al.

2007).

Northern blots

Total RNA of 14-day-old plantlets were isolated by phenol

extraction and lithium chloride precipitation as in Verw-

oerd et al. (1989), with the exception that our phenol

extraction was performed at room temperature. Gel-blots

were performed with 10 lg total RNA. Specific probes

were designed to the 30-UTR region with following prim-

ers: S6A-F 50-CAAGCCCTCTGTCACAGC-30 and S6A-R

50-GAGTTTAAAATGGTCTTC-30 for a 200 bp RPS6A

probe; S6B-F 50-TAAACCCGTTGCTGCTTAAACTG-30

and S6B-R 50-TACTACTAAGAGGTTCAAAAC-30 for a

186 bp RPS6B probe. The respective cycling conditions

were: 2 min at 94�C and 35 cycles of 94�C for 15 s, 45�C

for 30 s and 72�C for 20 s; and 2 min at 94�C and

Plant Mol Biol (2010) 73:533–546 543

123



35 cycles of 94�C for 30 s, 50�C for 45 s and 72�C for

20 s. The 25S probe (500 bp) was PCR amplified from an

expressed sequence tag with primers PD 50 ACGACGTT

GTAAAACGACGGCCAG-30 and PR 50-CAGGAAACA

GCTATGACCATGATTACG-30 under the following con-

ditions: 2 min at 94�C and 35 cycles of 94�C for 30 s,

65�C for 30 s and 72�C for 1 min.

Nucleic acids were blotted on Hybond-N? (Amersham)

membranes and all the probes were labelled with digo-

xygenin (PCR DIG Probe Synthesis Kit; Roche Applied

Science, Mannheim, Germany). The hybridization and

detection procedures were performed as previously

described (Creff et al. 2006), with the exception that our

northern blot hybridization was performed at 50�C.

Western blots

Western blotting of soluble proteins extracted from 100 mg

of 13-day-old frozen plantlets (extraction buffer: 50 mM

Tris–HCl pH8.5 mM EDTA, 150 mM NaCl, 2 mM dithi-

othreitol and 1% of a plant protease inhibitor cocktail

(Sigma)) was as described (Witte et al. 2004). Blots were

subsequently probed with an anti-RPS6 primary antibody

(dilution 1:5000) from maize (Williams et al. 2003) and

visualized with 1:10000 diluted Alexa Fluor 680 goat anti-

rabbit antibody (Invitrogen, France). Detection was

enabled by an Odyssey Infrared Imaging System (LI-COR

Biosciences, Nebraska). Relative amount of proteins was

normalized with a doublet of bands detected on the Coo-

massie stained gel.

Polysomes preparation

Polysomes were prepared as in Sormani et al. (2007) with

300 mg of 10-day-old seedlings.

Whole-mount in situ hybridization

In situ hybridization on 4-day-old seedlings was performed

as described (Friml et al. 2003). To prepare RPS6A and

RPS6B-specific probes, the full length genomic DNA of

RPS6A and RPS6B were sub-cloned into pGEM-T Easy

vector. A 577 bp fragment of the 30 UTR region of AtRPS6A

was PCR-amplified (S6A-F and T7PROM). A 347 bp spe-

cific AtRPS6B probe was obtained with primers S6B-F and

SP6 50-ATTTAGGTGACACTATAGAATACT-30. PCR

products were purified and used as templates to synthesize

labelled riboprobes. Digoxigenin-labelled antisense RNA

probes were synthesized using T7 or SP6 RNA-polymerase

by in vitro transcription according to the manufacturer’s

instruction (Roche). For hybridization we used 3 lg probe

per ml hybridization volume. Observations were performed

with a Leica DMRXA microscope.

Root length and meristem size analysis

Root length was measured as described in Svistoonoff et al.

(2007).

Measurement of root meristem size was performed as in

Dello Ioio et al. (2007) by using a Leica SP2 AOBS

inverted confocal microscope (Leica Microsystems, Ger-

many) with a 209 HC PL APO dry objective (NA = 0.70,

Leica). Briefly, 7-day-old seedlings (n = *30) were

incubated in propidium iodide solution (20 lg ml-1) for 3

to 5 min and rinsed three times in water before observation.

Propidium iodide was excited by 488 nm light produced by

an Argon laser and observed using a window from 600 to

700 nm. The experiment was repeated twice, with similar

results.

Tetrad analysis

A plant heterozygous for both the rps6a and rps6b muta-

tions was crossed with the qrt1/qrt1 mutant. In the F1

progeny, one plant heterozygous for the rps6a mutation

and another heterozygous for rps6b were screened by PCR

with the LBa1 and S61-R1 primers (for rps6a), and with

the S6-F and LBa1 primers (for rps6b). These two plants

(rps6/?, qrt1/?) were crossed to each other and in the

resulting F1 plants, we selected those that were homozy-

gous for the qrt1 mutation by examining anthers under a

stereo microscope. Among these plants we PCR-selected

those that were heterozygous for both the rps6a and rps6b

mutations. The presumed genotype (rps6a/?, rps6b/?) of

these plants was then verified by southern blot, with RPS6A

and RPS6B-specific probes (data not shown).

For pollen tetrad analysis, anthers of several flowers

were harvested and pollen stained 15 min with the Alex-

ander solution (Alexander 1969). The aborted (unstained)

and alive (pink) pollen grains in tetrads were counted under

a DMRXA microscope (Leica). The tetrad analysis was

performed according to Fincham et al. (1979).
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