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RESEARCH ARTICLE Open Access

Arabidopsis paralogous genes RPL23aA and
RPL23aB encode functionally equivalent
proteins
Wei Xiong1,2, Xiangze Chen1, Chengxin Zhu1, Jiancong Zhang1, Ting Lan1,2, Lin Liu1, Beixin Mo1* and
Xuemei Chen3*

Abstract

Background: In plants, each ribosomal protein (RP) is encoded by a small gene family but it is largely unknown
whether the family members are functionally diversified. There are two RPL23a paralogous genes (RPL23aA and
RPL23aB) encoding cytoplasmic ribosomal proteins in Arabidopsis thaliana. Knock-down of RPL23aA using RNAi
impeded growth and led to morphological abnormalities, whereas knock-out of RPL23aB had no observable
phenotype, thus these two RPL23a paralogous proteins have been used as examples of ribosomal protein
paralogues with functional divergence in many published papers.

Results: In this study, we characterized T-DNA insertion mutants of RPL23aA and RPL23aB. A rare non-allelic non-
complementation phenomenon was found in the F1 progeny of the rpl23aa X rpl23ab cross, which revealed a
dosage effect of these two genes. Both RPL23aA and RPL23aB were found to be expressed almost in all examined
tissues as revealed by GUS reporter analysis. Expression of RPL23aB driven by the RPL23aA promoter can rescue the
phenotype of rpl23aa, indicating these two proteins are actually equivalent in function. Interestingly, based on the
publicly available RNA-seq data, we found that these two RPL23a paralogues were expressed in a concerted
manner and the expression level of RPL23aA was much higher than that of RPL23aB at different developmental
stages and in different tissues.

Conclusions: Our findings suggest that the two RPL23a paralogous proteins are functionally equivalent but the
two genes are not. RPL23aA plays a predominant role due to its higher expression levels. RPL23aB plays a lesser role
due to its lower expression. The presence of paralogous genes for the RPL23a protein in plants might be necessary
to maintain its adequate dosage.
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Background
Ribosomes are responsible for protein synthesis in all liv-
ing cells. A single ribosome is a ribonucleoprotein com-
plex formed from a large and a small subunit. In plants,
the large ribosomal subunit is composed of 28S, 5.8S
and 5S rRNAs together with 48 RPL (Ribosomal Protein
of Large subunit) proteins, whereas the small subunit is
composed of 18S rRNA and 33 RPS (Ribosomal Protein
of Small subunit) proteins [1, 2]. In E. coli, genes encod-
ing RPs are arranged in about 20 operons, with approxi-
mately half of the genes mapping to a single locus [3, 4].
In mammals, although there are about 2000 sequences
which may encode RPs, most of them are predicted to
be pseudogenes, and most functional RPs are encoded
by a single copy [5]. In yeast Saccharomyces cerevisiae,
about 75% of the RPs are encoded by gene families with
more than one member [6]. Although substantially func-
tional redundancy was found between paralogous RP
genes in yeast, some paralogous RP genes were reported
to have non-redundant functions [6–8].
Plants have even more gene members encoding a sin-

gle RP than yeast [9]. In Arabidopsis thaliana, RP para-
logues share 65 to 100% amino acid sequence identity
[9]. Assessment of cognate EST (expressed sequence
tag) numbers of RP genes suggested that RP gene family
members were differentially expressed in Arabidopsis
[9]. Microarray data also revealed that transcripts of RP
genes within the same family were accumulated at differ-
ent levels in Arabidopsis [10]. Under various stimuli,
while the transcript levels for most RP genes remain un-
changed, some RP genes show altered expression levels
[10]. Many studies have investigated the phenotypic con-
sequence of absent or reduced expression of a single RP
paralogue in Arabidopsis. Disruptions in any one of the
RP protein genes, RPL3A, RPL8A, RPL19A, RPL23C,
RPL40B, and RPS11A is embryo lethal [11]. Less severe
phenotypes were reported for mutations in several other
RPs [11]. Morphological changes of the first two true
leaves from the spatulate wild type shape to a pointed
shape were found in mutants of some RP genes, includ-
ing RPL5A, RPL5B, RPL9C, RPL10aB, RPL24B, RPL28A,
RPS13B, and RPS18A [12–16]. Despite these studies on
RPs, it remains unknown why RPs are encoded by para-
logues in plants or whether RP paralogues have special-
ized functions.
In Arabidopsis, the RPL23a family consists of two

members (RPL23aA and RPL23aB) that encode proteins
with 95% amino acid identity. Both RPL23aA and
RPL23aB genes are transcribed and translated, and pro-
tein products of either paralogue can be incorporated
into the cytoplasmic ribosome [17, 18]. Knock-down of
the RPL23aA gene through RNAi results in severe devel-
opmental defects, whereas knock-down, or even knock-
out, of RPL23aB has no obviously phenotypic

consequences [19], which could be the basis for the ar-
gument that RPL23aA and RPL23aB had specialized
functions [11, 19–21].
With the general question of why plant RPs are

encoded by paralogous genes in mind, we sought to
study the functional relationship between RPL23aA and
RPL23aB. With T-DNA insertion mutants in RPL23aA
and RPL23aB, we found a rare non-allelic non-
complementation phenomenon, indicating that these
two RPL23a genes are dosage dependent genes. We
showed that expression of RPL23aB driven by the
RPL23aA promoter can rescue the phenotype of
rpl23aa, demonstrating that RPL23aA and RPL23aB
proteins are functionally equivalent. Furthermore, inter-
rogation of RNA-seq data from several developmental
stages and in different organs showed that although the
level of RPL23aA transcripts was much higher than that
of RPL23aB, the fluctuations in expression of the two
genes were well matched, suggesting that these two
genes were coordinately regulated. These results re-
vealed that duplicated RPL23a genes contribute to ribo-
some dosage necessary for plant growth and
development. Our results do not contradict prior studies
showing that RPL23aA plays a dominant role in plant
growth and development, but reveal that the RPL23aA
dominance resides in its higher expression level rather
than functional specialization of the protein.

Methods
Plant material and growth conditions
Arabidopsis thaliana wild type Columbia-0 (Col-0) and
the T-DNA insertion lines, SALK_005448 (named here
rpl23aa) and SAIL_597_B08 (named here as rpl23ab),
were obtained from the Arabidopsis Biological Resource
Center (ABRC). Seeds were first treated for 2 min in
75% ethanol, then treated for 6 min in commercial
bleach and rinsed at least 3 times with sterile distilled
water. Solid medium consisted of 2.2 g/L Murashige and
Skoog basal salt mixture (Phyto Tech Labs), 10 g/L su-
crose, and 8 g/L agar. pH was adjusted to 5.6 with KOH
before autoclaving. When required, BASTA (GOLDBIO)
was added at a final concentration of 125 μg/L. Seeds
were sown in a water suspension, using a 1.5 mL pipette
tip, in 150 mm Petri dishes filled with 120 ml of solid
culture medium, at a density of 150 regularly spaced
seeds per plate. Once inoculated, the Petri dishes were
sealed with Micropore Scotch 3M surgical tape, which
prevented contamination but allowed gaseous exchange,
and placed in 4 °C for 24 h. Growth was allowed to
proceed at 22 °C in Percival tissue culture chambers
under long day conditions (16 h light and 8 h dark). 10-
day seedlings were then transplanted to pots containing
a 1:2:2 mixture of perlite, vermiculite and soil at 22 °C
under long day conditions from a combination of
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incandescent and fluorescent lamps (10,000 lx). Plants
were watered twice a week with nutrient solution.

RNA isolation and RT-PCR
50mg seedlings from 14-day-old Col-0, rpl23aa, and
rpl23ab were harvested and immediately frozen in liquid
nitrogen. RNA was extracted using RNAiso Plus (TAKA
RA BIO INC). In the elution step, RNA was resuspended
in DEPC-treated water. cDNA was obtained by reverse
transcription of 1 μg of RNA with the PrimeScriptTMRT
reagent Kit with gDNA Eraser (TAKARA BIO INC).

Plasmid construction and generation of transgenic plants
In order to construct the pRPL23aA::RPL23aA and
pRPL23aB::RPL23aB plasmids, a 3001 bp DNA fragment
(including the promoter region) of RPL23aA
(AT2G39460) and a 2016 bp DNA fragment (including
the promoter region) of RPL23aB (AT3G55280) were
amplified from Col-0 genomic DNA using Phusion poly-
merase (Thermo Scientific). The primers used are shown
in Table S1 (Additional file 12). The amplified DNA se-
quences were cloned in pEG301 [22] to result in
pRPL23aA::RPL23aA and pRPL23aB::RPL23aB. The
plasmids were used to transform rpl23aa. For
pRPL23aA::RPL23aB construction, the promoter region
(about 1.5 kb) of RPL23aA plus the coding region of
RPL23aB were synthesized by a commercial company
(GENEWIZ SuZhou), then the synthesized DNA frag-
ment was sequenced and was cloned in pEG301. The
promoter regions of RPL23aA (about 1.5 kb) and
RPL23aB (about 1.5 kb) were cloned into pMDC162 [22]
to generate the plasmids pRPL23aA::GUS and
pRPL23aB::GUS, which were then used to transform
Col-0 plants. Floral dip transformation was performed as
described by Clough and Bent [23]. T1 transgenic plants
were screened on solid 1/2 Murashige & Skoog (MS)
medium with 25mg/L Hygromycin B or 0.002% BASTA
and verified by PCR. GUS staining was carried out with
plants in the T2 generation.

GUS staining assay
8-days-old seedlings and 36-days-old inflorescences, im-
mature and mature flowers, immature and mature si-
liques of Col-0, pRPL23aA:GUS and pRPL23aB:GUS
were subjected to histochemical GUS staining according
to the standard protocol [24].

Transcripts profiling
RNA-seq data was obtained from a public website
(http://travadb.org/browse/DeSeq/), and the average
value of normalized absolute read counts from two bio-
logical replicates was extracted. We also downloaded the
original RNA-seq data of A. thaliana different organs
and developmental stages from NCBI Sequence Read

Archive (project ID PRJNA314076 for samples except
meristem and project ID PRJNA268115 for the meristem
samples). The RPKM (Reads Per Kilobase per Million
mapped reads) value of RPL23aA (AT2G39460),
RPL23aB (AT3G55280), and ACT2 (AT3G18780) were
calculated. Our calculated RPKM value is consistent
with the value of normalized absolute read counts ob-
tained from the public website (http://travadb.org/
browse/DeSeq/).

Polysome profiling
Polysome profiling was performed as described by Mus-
troph et al. [25]. Briefly, 2 g of 14-day-old seedlings were
collected and ground to a fine powder using sufficient li-
quid nitrogen, and the powder was resuspended in 8 mL
of ice-cold polysome extraction buffer by gentle shaking.
The lysate was incubated on ice for 10 min and centri-
fuged at 4 °C, 16, 000 x g for 15 min. The supernatant
was filtered through Miracloth and centrifuged at 4 °C,
16, 000 x g for another 15 min. The supernatant was
gently transferred to the top of a sucrose cushion and
then centrifuged at 4 °C, 50,000 r.p.m. for 3 h to obtain
the polysome pellet. The pellet was resuspended in ice-
cold resuspension buffer and loaded onto a 4.5 mL su-
crose gradient (20–60% w/v) for fractionation of poly-
somes by ultracentrifugation, after which the sucrose
gradient was pumped through a UV detector and ab-
sorbance at 254 nm was recorded.

Results
Characterization of rpl23aa and rpl23ab mutants
The Arabidopsis genome contains two RPL23a paralo-
gous genes RPL23aA (At2g39460) and RPL23aB
(At3g55280), which encode proteins with 95% amino
acids identity (see Additional file 1). We acquired T-
DNA insertion lines of RPL23aA and RPL23aB, namely
SALK_005448 and SAIL-597-B08, respectively (hereafter
referred to as rpl23aa and rpl23ab). PCR-genotyping
confirmed that both rpl23aa and rpl23ab are homozy-
gous T-DNA insertion alleles (see Additional file 2). Se-
quencing results revealed that rpl23aa contains a T-
DNA insertion in the 3′ UTR region, 10 bp downstream
of the stop codon of the RPL23aA gene (Fig. 1a), while
rpl23ab contains a T-DNA insertion in the second exon
of RPL23aB (Fig. 1b). A semi-quantitative RT-PCR assay
was used to detect transcripts from RPL23aA and
RPL23aB in these T-DNA lines. As shown in Fig. 1c, the
3′ region around the stop codon of the RPL23aA mRNA
was disrupted in the mutant. Because the majority of the
RPL23aA mRNA from the T-DNA line was intact, we
suspect that SALK_005448 is a hypomorphic allele.
rpl23ab is likely a null mutant, because no RPL23aB
mRNA was detected (Fig. 1d). Absence of dosage com-
pensation by RPL23aA in Arabidopsis was reported

Xiong et al. BMC Plant Biology          (2020) 20:463 Page 3 of 11

http://travadb.org/browse/DeSeq/
http://travadb.org/browse/DeSeq/
http://travadb.org/browse/DeSeq/


following loss of RPL23aB [26]. As shown in Fig. 1d,
there is also no dosage compensation by RPL23aB in the
rpl23aa mutant.
The rpl23aa mutant exhibits pleiotropic defects, in-

cluding pointed leaves, retarded root growth, and re-
duced plant size (Fig. 2b). These phenotypes are similar

to those of a previously reported RNAi line [19]. An in-
completely penetrant tricotyledon phenotype (less than
5% of the total population) was observed in rpl23aa mu-
tant plants (see Additional file 3). However, we didn’t
observe appreciable defects in terms of growth rate,
morphology, or flowering in the rpl23ab mutant (Fig.

Fig. 1 Characterization of rpl23aa and rpl23ab mutants. a, b Structure of the RPL23aA and RPL23aB paralogous genes, with the positions of the T-
DNA insertions in rpl23aa and rpl23ab mutants indicated by black triangles. Black boxes and lines between black boxes indicate exons and
introns, respectively. White boxes correspond to the 5′ and 3′ untranslated regions. Long arrows indicate promoters. Short arrows represent
primers used in RT-PCR in c and d. c, d Semi-quantitative RT-PCR analysis of RPL23aA and RPL23aB transcripts in the corresponding mutant
background. The size of PCR products: a-b 200 bp, c-d 200 bp, and e-f 200 bp. The full-length gel of c is presented in Supplementary Figure S8
(Additional file 8), and the full-length gel of d is presented in Supplementary Figure S9 (Additional file 9)
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2d), which is consistent with published work [26]. We
amplified genomic DNA encompassing the promoter
plus the coding region of RPL23aA from wild-type
plants and fused it to the sequence encoding the HA
epitope tag. When this transgene was introduced into
rpl23aa, the developmental defects were fully rescued
(Fig. 2c), suggesting that dysfunction of RPL23aA was
responsible for the developmental defects in rpl23aa.

RPL23aA and RPL23aB are dosage-dependent genes
In order to study the genetic interaction between
RPL23aA and RPL23aB, we crossed rpl23aa with
rpl23ab. To our surprise, the doubly heterozygous plants
(RPL23aA/rpl23aa; RPL23aB/rpl23ab) in the F1 progeny
all have pointed first true leaves (Fig. 3b). Siliques of the
doubly heterozygous plants are much shorter than si-
liques of rpl23aa or rpl23ab (Fig. 3i). We dissected si-
liques from RPL23aA/rpl23aa; RPL23aB/rpl23ab plants
and found many aborted ovules (Fig. 3g and h). An F2
population was generated by selfing the above F1 plants.
We genotyped 144 F2 plants but did not find double
homozygous (rpl23aa /rpl23aa; rpl23ab /rpl23ab)

plants. In fact, we did not even detect any genotypes
with a single functional allele from either gene
(RPL23aA/rpl23aa; rpl23ab /rpl23ab or rpl23aa
/rpl23aa; RPL23aB/rpl23ab) (Table 1), although these
genotypes are collectively expected to appear in 31.25%
(5 out of 16) of the F2 plants. We suspected that this
non-allelic non-complementation phenomenon between
rpl23aa and rpl23ab is probably due to gene dosage
effects.

RPL23aA and RPL23aB genes have similar expression
patterns
In order to investigate the expression patterns of
RPL23aA and RPL23aB genes, we fused the promoter
regions of RPL23aA and RPL23aB genes to the GUS re-
porter and generated transgenic plants in the Col-0
background. GUS staining of 14 pRPL23aA:GUS and 5
pRPL23aB:GUS independent transgenic lines uncovered
a ubiquitous expression pattern for both genes with par-
ticularly intense GUS staining in young and actively pro-
liferating tissues, such as developing leaves, floral buds
and root apices (Fig. 4). Similar expression patterns of

Fig. 2 Plant phenotypes. 14-day-old plants of (a) Col-0, (b) rpl23aa, (c) pRPL23aA::RPL23aA-HA/rpl23aa, (d) rpl23ab. rpl23aa exhibits pleiotropic
defects, including pointed leaves, retarded root growth, and reduced plant size; pRPL23aA::RPL23aA-HA fully rescued the morphological defects of
rpl23aa; rpl23ab had no observable phenotype. Size bar, 2 mm
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RPL23aA and RPL23aB support our hypothesis that the
non-allelic non-complementation phenomenon between
these two genes is the consequence of overlap in expres-
sion (and function) of RPL23aA and RPL23aB in the
same cells.

RPL23aA and RPL23aB proteins are functionally
equivalent
It has been reported that some paralogous ribosomal
proteins have evolved specialized functions in yeast [6].
As mentioned above, dysfunction of RPL23aA results in

severe developmental defects, whereas knock-out of
RPL23aB has no phenotypic consequences in Arabidop-
sis ([19, 26] and this study). It’s natural to assume that
these two paralogous ribosomal proteins have undergone
functional specialization.
We designed gene complementation experiments to

explore whether RPL23aA and RPL23aB have distinct
functions. If RPL23aA and RPL23aB have specialized
functions, RPL23aB is not expected to complement the
rpl23aa mutation. We fused the promoter regions of
RPL23aA to the coding region of RPL23aB. The

Fig. 3 The non-allelic non-complementation phenomenon between rpl23aa and rpl23ab. 9-day-old plants of (a) rpl23aa × Col-0 (F1 generation),
(b) rpl23aa × rpl23ab (F1 generation). Dissected mature siliques from (c) Col-0, (d) rpl23aa, (e) rpl23ab, (f) rpl23aa × Col (F1 generation), (g)
rpl23aa × rpl23ab (F1 generation), (h) rpl23ab × rpl23aa (F1 generation). (i) The length of mature silique from rpl23ab, rpl23aa, and the double
heterozygote (double het). Arrowheads indicate aborted embryos. Size bar, 5 mm

Xiong et al. BMC Plant Biology          (2020) 20:463 Page 6 of 11



pRPL23aA:RPL23aB transgene was introduced into
rpl23aa plants, and 21 independent pRPL23aA:RPL23aB
transgene lines were obtained, among which 15 lines
rescued the phenotype of rpl23aa (Fig. 5 and Add-
itional file 4), indicating that RPL23aA and RPL23aB
have equivalent function. The pRPL23aB:RPL23aB
transgene was also introduced into rpl23aa plants, and 8
out of 15 independent, homozygous transgenic lines ex-
hibited near wild type morphology (Fig. 5 and Additional
file 4). However, a portion (about 2%) of the transgenic
plants of each line exhibited the tricotyledon phenotype
(see Additional file 5). Thus, the pRPL23aB:RPL23aB

transgene can largely but not fully rescue the phenotype
of rpl23aa.

RPL23aA and RPL23aB genes are transcribed in a
concerted manner with higher expression levels of
RPL23aA than RPL23aB
Since the above results indicated that RPL23aA and
RPL23aB proteins have equivalent function, we sus-
pected that the difference in phenotype between rpl23aa
and rpl23ab is due to the difference in the expression
levels of these two genes. The expression of RPL23aA
may be much higher than RPL23aB, so the impacts on
ribosomes by the rpl23aa mutation are higher than the
rpl23ab mutation thus leading to much severe morpho-
logical defects. We compared the transcript levels of
RPL23aA and RPL23aB at different developmental stages
and in different organs by analyzing published RNA-seq
data [27]. As shown in Fig. 6 and Figure S6(Add-
itional file 6), transcript levels of RPL23aA are much
higher than those of RPL23aB at all developmental
stages and in all the examined tissues. Strikingly, the
spatial and temporal patterns of expression of these two
paralogous genes are well matched, suggesting that they
are similarly regulated at differently developmental
stages in all examined tissues. ACT2, which is a house
keeping gene, was included as a control. Transcript
levels of RPL23aB are higher than ACT2 in some organs,
and total amount of PRL23a transcripts is much higher
than ACT2 in most examined organs (Fig. 6c, e), indicat-
ing that RPs are in great demand for plant development.

Table 1 Genetic interactions between rpl23aa and rpl23ab

Genotype First leaf phenotype

Pointed Normal

RPL23aA/RPL23aA RPL23aB/RPL23aB 0 15

RPL23aA/RPL23aA RPL23aB/rpl23ab 0 37

RPL23aA/RPL23aA rpl23ab/rpl23ab 0 19

RPL23aA/rpl23aa RPL23aB/RPL23aB 0 26

RPL23aA/rpl23aa RPL23aB/rpl23ab 38 0

RPL23aA/rpl23aa rpl23ab/rpl23ab 0 0

rpl23aa/rpl23aa RPL23aB/RPL23aB 9 0

rpl23aa/rpl23aa RPL23aB/rpl23ab 0 0

rpl23aa/rpl23aa rpl23ab/rpl23ab 0 0

rpl23aa and rpl23ab were crossed and the F2 plants were subjected to
genotyping at the RPL23aA and RPL23aB loci. Leaf phenotype of the plants
was classified into pointed or normal. Primers for genotyping are listed in
Table S1 (Additional file 12)

Fig. 4 Promoter-GUS reporter analysis of RPL23aA and RPL23aB. a, b, c Seedling. d, e, f Inflorescences. g, h, i Immature and j, k, l mature flowers.
m, n, o Immature and p, q, r mature siliques. Pictures were taken at 8 days a-c and 36 days d-r. Size bar, 5 mm
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The polysome/monosome ratio is elevated in the rpl23a
mutants
In order to evaluate the effects of the rpl23aa and
rpl23ab mutations on polysomes, we fractionated total
ribosomes by ultracentrifugation through sucrose
density gradients. The polysome profiles from plants
of various genotypes are shown in Figure S7 (Add-
itional file 7). To our surprise, the ratio between poly-
somes and the monosome is obviously increased in
rpl23aa and slightly increased in rpl23ab compared
to wildtype. The increase in the polysome/monosome
ratio in rpl23aa was largely rescued by both
pRPL23aA:RPL23aA and pRPL23aA:RPL23aB trans-
genes, whereas the polysome/monosome ratio in
pRPL23aB:RPL23aB/rpl23aa transgenic plants is
higher than wildtpye and lower than rpl23aa. The
changes in ribosomal profile of rpl23aa and rpl23ab
indicate that the overall translation state is altered.
The higher polysome levels could reflect higher rates
of translation or defects in translation, such as slower
elongation. While the molecular basis of the higher
polysome levels is unknown, the stronger effect of the
rpl23aa mutation is consistent with the dominant role
of RPL23aA over RPL23aB as suggested by expression
levels and mutant phenotypes.

Discussion
Some of the paralogous RPs are identical in amino acid
sequences such as RPL36aA and RPL36aB, but many of
the paralogues display sequence variations and are dif-
ferentially expressed during development. The presence
of multiple gene members for each RP in plants might
be necessary to maintain adequate RP doses or to main-
tain some degree of ribosome heterogeneity and func-
tional specialization.
In this study, we characterized the RPL23a gene family

containing two highly homologous family members. The
hypomorphic T-DNA insertion allele of RPL23aA ex-
hibits pleiotropic defects. However, knock-out of
RPL23aB has no appreciable phenotypic impacts. We
crossed mutants of RPL23aA and RPL23aB and found a
non-allelic non-complementation phenomenon in their
F1 progeny. This phenomenon is also found in other RP
coding gene families such as RPL5 [28], RPL36a [29],
and RPS6 [30]. However, mutations in the paralogues
within RPL5, RPL36a, and RPS6 families caused almost
the same phenotype, indicating that the paralogues are
functionally equivalent. In the case of the RPL23a family,
phenotypes of the single mutants suggest unequal func-
tions of the two paralogues. The non-allelic non-
complementation phenomenon may be due to a dosage

Fig. 5 Phenotypes of representative 17-day-old plants. Upper left:rpl23aa; upper right: pRPL23aA::RPL23aA/rpl23aa; lower left: pRPL23aA::RPL23aB/
rpl23aa; lower right: pRPL23aB::RPL23aB/rpl23aa; central: Col-0
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problem - reduced dosage at one of the paralogues still
supports the wild phenotype but simultaneous reduction
of dosage at both paralogues could not sustain the wild
phenotype. For the dosage effect hypothesis to be true,
there must be at least some overlap in the expression of
the gene family members. Indeed, promoter-GUS exper-
iments demonstrated that both RPL23aA and RPL23aB
were ubiquitously expressed.
Phenotypical differences between members of an RP

within a family might result from diversification of pro-
tein function or variation in levels and patterns of ex-
pression. We demonstrated that RPL23aA and RPL23aB
proteins had equal function, as expression of RPL23aB
driven by the RPL23aA promoter could rescue the
phenotype of the rpl23aa mutant. We found that the ex-
pression level of RPL23aA was much higher than that of
RPL23aB according to the publicly available RNA-seq
data. Thus, the difference in expression levels might be
the reason why disruption of RPL23aA and RPL23aB

had different consequences. It is interesting that despite
the difference in expression levels, the temporal and
spatial patterns of expression of the two paralogous
genes were nearly identical. These results suggested that
RPL23aA and RPL23aB genes are transcribed in a coor-
dinated manner. Posttranscriptional and translational
regulation may also play a role in RPL23aA and
RPL23aB expression [31]. Subcellular localization
specialization could be another factor that causes differ-
ences in functional effects between paralogous RPs [32].
Previous studies revealed that both of RPL23aA and
RPL23aB are targeted to the nucleolus with RPL23aA
targeting being a bit more efficient than RPL23aB [10,
19]. Targeting of RP to the nucleolus is an essential step
in eukaryotic ribosome biogenesis [33, 34], so the effi-
ciency of RPL23aA assembly into ribosomes may be
higher than that of RPL23aB. Although posttranscrip-
tional differences between RPL23aA and RPL23aB may
exist, the fact that expression of RPL23aB with the

Fig. 6 Transcript profiles of RPL23aA and RPL23aB at different developmental stages and in different organs. Y axis: the average RPKM (Reads Per
Kilobase per Million mapped reads) value of two biological replicates. a Different parts of axes. a, peduncles; b, inflorescence axis; c, the first
elongated internode; b Parts of 1-day-old seedling. d, hypocotyl; e, cotyledons; f, apical meristem with adjacent tissues. c Meristems after
germination. d Seed germination after soaking. e Seed development. The X-axis represents the siliques from which ovules were taken at the
moment when the first silique was 1 cm long. f Silique development. The X-axis represents siliques (seeds not removed) sampled at the moment
when the first silique was 1 cm long
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RPL23aA promoter rescues the rpl23aa phenotypes in-
dicates that differences in expression level underlie the
different functional contributions of the paralogues as
exemplified by the single mutant phenotypes.
There are at least four possible consequences of a RP

disruption: (1) ribosome insufficiency, (2) non-functional
ribosomes, (3) partially dysfuntional ribosomes, and (4)
loss of the extraribosomal funtion of the RP [35]. Poly-
some profiling results revealed that the polysome/mono-
some ratio is elevated in the rpl23a mutants, which
suggested global translational alteration. The exact na-
ture of the alteration remains unknown and will be in-
vestigated in the future.

Conclusions
Ribosomal protien RPL23a paralogues (RPL23aA and
RPL23aB) have been used as examples of paralogues with
functional divergence in many published papers. In this
study, our findings provided four convincing evidences
demonstrating duplicated RPL23a genes actually have re-
dundant function (without functional specialization), thus
are necessary to provide a threshold dose: 1) The non-
allelic non-complementation phenomenon between
rpl23aa and rpl23ab suggests RPL23aA and RPL23aB are
dosage dependent genes; 2) RPL23aA and RPL23aB genes
are expressed in the same tissues; 3) RPL23aB could res-
cue the phenotype of rpl23aa, demonstrating RPL23aA
and RPL23aB protein have equal function; 4) RPL23aA
and RPL23aB genes are transcribed in a concerted man-
ner with higher expression levels of RPL23aA than
RPL23aB. Our findings suggest that the two paralogous
RPL23a proteins have equivalent function and the pres-
ence of multiple genes for individual RPs in plants might
be necessary to maintain adequate ribosome dosage at
least for some ribosomal protein families.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12870-020-02672-1.

Additional file 1: Figure S1. Amino acid sequence alignment between
RPL23aA and RPL23aB.

Additional file 2: Figure S2. Genotyping of rpl23aa and rpl23ab.

Additional file 3: Figure S3. Images of wild type and rpl23aa plants.

Additional file 4: Figure S4. Lengths of mature siliques and numbers
of ovules in mature siliques.

Additional file 5: Figure S5. Images of pRPL23aB:RPL23aB rpl23aa
plants.

Additional file 6: Figure S6. Transcript profiles of RPL23aA and RPL23aB
in different organs.

Additional file 7: Figure S7. Polysome profiles of Col-0 (black), rpl23aa
(red), rpl23ab (green), pRPL23aA:RPL23aA/rpl23aa (yellow), pRPL23aA:R-
PL23aB/rpl23aa (blue), and pRPL23aB:RPL23aB/rpl23aa (purple).

Additional file 8: Figure S8. Full-length gel of Fig. 1c.

Additional file 9: Figure S9. Full-length gel of Fig. 1d.

Additional file 10: Figure S10. Full-length gel of Figure S2C.

Additional file 11: Figure S11. Full-length gel of Figure S2D.

Additional file 12: Table S1. Primers used in this work.

Abbreviations
RP: ribosomal protein; RPL: ribosomal protein of large subunit; RPS: ribosomal
protein of small subunit; RPKM: Reads Per Kilobase per Million mapped reads

Acknowledgements
We thank Doctor Wenwen Kong and Doctor Yang Liu from Shenzhen
University for their help with RNA-seq data analysis.

Authors’ contributions
XC and BM designed experiments; WX, XZC, and CZ carried out experiments;
WX, JZ, and TL analyzed the RNA-seq data; XW and LL analyzed experimental
results; WX, XZC, XC and BM wrote the manuscript. All authors agree to be
accountable for the content of the work.

Funding
The authors thank the funding from Guangdong Innovation Team Project
(2014ZT05S078), National Natural Science Foundation of China (31870287)
and National Key R&D Program of China Grant (2019YFA0903902). The
funding body played no role in the design of the study, the collection,
analysis and interpretation of the data and in writing the manuscript.

Availability of data and materials
The original RNA-seq data of A. thaliana different organs and developmental
stages were downloaded from NCBI Sequence Read Archive (project ID
PRJNA314076 for samples except meristem and project ID PRJNA268115 for
the meristem samples).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Guangdong Provincial Key Laboratory for Plant Epigenetics, Longhua
Bioindustry and Innovation Research Institute, College of Life Sciences and
Oceanography, Shenzhen University, Shenzhen 518060, Guangdong, China.
2Key Laboratory of Optoelectronic Devices and Systems of Ministry of
Education and Guangdong Province, College of Optoelectronic Engineering,
Shenzhen University, Shenzhen, Guangdong 518060, China. 3Department of
Botany and Plant Sciences, Institute of Integrative Genome Biology,
University of California, Riverside, CA 92521, USA.

Received: 27 February 2020 Accepted: 23 September 2020

References
1. Chang IF, Szick-Miranda K, Pan SQ, Bailey-Serres J. Proteomic

characterization of evolutionarily conserved and variable proteins of
arabidopsis cytosolic ribosomes. Plant Physiol. 2005;137(3):848–62.

2. Carroll AJ. The Arabidopsis cytosolic ribosomal proteome: from form to
function. Front Plant Sci. 2013;4:32.

3. Mager WH. Control of ribosomal-protein gene-expression. Biochim Biophys
Acta. 1988;949(1):1–15.

4. Wikstrom PM, Bjork GR. A regulatory element within a gene of a ribosomal-
protein operon of Escherichia-Coli negatively controls expression by
decreasing the translational efficiency. Mol Gen Genet. 1989;219(3):381–9.

5. Balasubramanian S, Zheng DY, Liu YJ, Fang G, Frankish A, Carriero N,
Robilotto R, Cayting P, Gerstein M. Comparative analysis of processed
ribosomal protein pseudogenes in four mammalian genomes. Genome Biol.
2009;10(1):R2.

6. Komili S, Farny NG, Roth FP, Silver PA. Functional specificity among
ribosomal proteins regulates gene expression. Cell. 2007;131(3):557–71.

Xiong et al. BMC Plant Biology          (2020) 20:463 Page 10 of 11

https://doi.org/10.1186/s12870-020-02672-1
https://doi.org/10.1186/s12870-020-02672-1


7. Deutschbauer AM. Mechanisms of haploinsufficiency revealed by genome-
wide profiling in yeast. Genetics. 2005;169(4)1915-25.

8. Dean EJ, Davis JC, Davis RW, Petrov DA. Pervasive and persistent
redundancy among duplicated genes in yeast. PLoS Genet. 2008;
4(7)e1000113.

9. Barakat A, Szickmiranda K, Chang I, Guyot R, Blanc G, Cooke R, Delseny M,
Baileyserres J. The Organization of Cytoplasmic Ribosomal Protein Genes in
the Arabidopsis genome. Plant Physiol. 2001;127(2):398–415.

10. Savada RP, Bonham-Smith PC. Differential transcript accumulation and
subcellular localization of Arabidopsis ribosomal proteins. Plant Sci. 2014;
223:134–45.

11. Byrne ME. A role for the ribosome in development. Trends Plant Sci. 2009;
14(9):512–9.

12. Pinon V, Etchells JP, Rossignol P, Collier SA, Arroyo JM, Martienssen RA,
Byrne ME. Three PIGGYBACK genes that specifically influence leaf patterning
encode ribosomal proteins. Development. 2008;135(7):1315–24.

13. Ito T, Kim GT, Shinozaki K. Disruption of an Arabidopsis cytoplasmic ribosomal
protein S13-homologous gene by transposon-mediated mutagenesis causes
aberrant growth and development. Plant J. 2000;22(3):257–64.

14. Yao Y, Ling QH, Wang H, Huang H. Ribosomal proteins promote leaf adaxial
identity. Development. 2008;135(7):1325–34.

15. Nishimura T, Wada T, Yamamoto KT, Okada K. The Arabidopsis STV1 protein,
responsible for translation reinitiation, is required for auxin-mediated
gynoecium patterning. Plant Cell. 2005;17(11):2940–53.

16. Vanlijsebettens M, Vanderhaeghen R, Deblock M, Bauw G, Villarroel R,
Vanmontagu M. An S18 ribosomal-protein gene copy at the Arabidopsis Pfl
locus affects plant development by its specific expression in meristems.
EMBO J. 1994;13(14):3378–88.

17. McIntosh KB, Bonham-Smith PC. The two ribosomal protein L23A genes are
differentially transcribed in Arabidopsis thaliana. Genome. 2005;48(3):443–54.

18. Carroll AJ, Heazlewood JL, Ito J, Millar AH. Analysis of the Arabidopsis
cytosolic ribosome proteome provides detailed insights into its
components and their post-translational modification. Mol Cell Proteomics.
2008;7(2):347–69.

19. Degenhardt RF, Bonham-Smith PC. Arabidopsis ribosomal proteins RPL23aA
and RPL23aB are differentially targeted to the nucleolus and are disparately
required for Normal development. Plant Physiol. 2008;147(1):128–42.

20. Xue SF, Barna M. Specialized ribosomes: a new frontier in gene regulation
and organismal biology. Nat Rev Mol Cell Bio. 2012;13(6):355–69.

21. Whittle CA, Krochko JE. Transcript profiling provides evidence of functional
divergence and expression networks among ribosomal protein gene
paralogs in Brassica napus. Plant Cell. 2009;21(8):2203–19.

22. Earley KW, Haag JR, Pontes O, Opper K, Juehne T, Song K, Pikaard CS.
Gateway-compatible vectors for plant functional genomics and proteomics.
Plant J. 2006;45(4):616–29.

23. Clough SJ, Bent AF. Floral dip: a simplified method for Agrobacterium
-mediated transformation of Arabidopsis thaliana. Plant J. 1998;16(6):735–43.

24. Jefferson RA, Kavanagh TA, Bevan MW. Gus fusions - Beta-Glucuronidase as
a sensitive and versatile gene fusion marker in higher-plants. EMBO J. 1987;
6(13):3901–7.

25. Mustroph A, Juntawong P, Bailey-Serres J. Isolation of plant polysomal
mRNA by differential centrifugation and ribosome immunopurification
methods. Methods Mol Biol. 2009;553:109–26.

26. Degenhardt RF, Bonham-Smith PC. Transcript profiling demonstrates
absence of dosage compensation in Arabidopsis following loss of a single
RPL23a paralog. Planta. 2008;228(4):627–40.

27. Klepikova AV, Kasianov AS, Gerasimov ES, Logacheva MD, Penin AA. A high
resolution map of the Arabidopsis thaliana developmental Transcriptome
based on RNA:eq profiling. Plant J. 2016;88(6):1058.

28. Fujikura U, Horiguchi G, Ponce MR, Micol JL, Tsukaya H. Coordination of cell
proliferation and cell expansion mediated by ribosome-related processes in
the leaves of Arabidopsis thaliana. Plant J. 2009;59(3):499–508.

29. Casanova-Saez R, Candela H, Micol JL. Combined haploinsufficiency and
purifying selection drive retention of RPL36a paralogs in Arabidopsis. Sci
Rep. 2014;4:4122.

30. Creff A, Sormani R, Desnos T. The two Arabidopsis RPS6 genes, encoding for
cytoplasmic ribosomal proteins S6, are functionally equivalent. Plant Mol
Biol. 2010;73(4–5):533–46.

31. McIntosh KB, Degenhardt RF, Bonham-Smith PC. Sequence context for
transcription and translation of the Arabidopsis RPL23aA and RPL23aB
paralogs. Genome. 2011;54(9):738–51.

32. Savada RP, Bonham-Smith PC. Charge versus sequence for nuclear/nucleolar
localization of plant ribosomal proteins. Plant Mol Biol. 2013;81(4–5):477–93.

33. Lam YW, Lamond AI, Mann M, Andersen JS. Analysis of nucleolar protein
dynamics reveals the nuclear degradation of ribosomal proteins. Curr Biol.
2007;17(9):749–60.

34. Kruger T, Zentgraf H, Scheer U. Intranucleolar sites of ribosome biogenesis
defined by the localization of early binding ribosomal proteins. J Cell Biol.
2007;177(4):573–8.

35. Browning KS, Bailey-Serres J. Mechanism of cytoplasmic mRNA translation.
Arabidopsis Book. 2015;13:e0176.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Xiong et al. BMC Plant Biology          (2020) 20:463 Page 11 of 11


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Plant material and growth conditions
	RNA isolation and RT-PCR
	Plasmid construction and generation of transgenic plants
	GUS staining assay
	Transcripts profiling
	Polysome profiling

	Results
	Characterization of rpl23aa and rpl23ab mutants
	RPL23aA and RPL23aB are dosage-dependent genes
	RPL23aA and RPL23aB genes have similar expression patterns
	RPL23aA and RPL23aB proteins are functionally equivalent
	RPL23aA and RPL23aB genes are transcribed in a concerted manner with higher expression levels of RPL23aA than RPL23aB
	The polysome/monosome ratio is elevated in the rpl23a mutants

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note



