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Abstract 

Background  The La-related proteins (LARPs) are a superfamily of RNA-binding proteins associated with regulation 
of gene expression. Evidence points to an important role for post-transcriptional control of gene expression in germi-
nating pollen tubes, which could be aided by RNA-binding proteins.

Results  In this study, a genome-wide investigation of the LARP proteins in eight plant species was performed. The 
LARP proteins were classified into three families based on a phylogenetic analysis. The gene structure, conserved 
motifs, cis-acting elements in the promoter, and gene expression profiles were investigated to provide a comprehen-
sive overview of the evolutionary history and potential functions of ZmLARP genes in maize. Moreover, ZmLARP6c1 
was specifically expressed in pollen and ZmLARP6c1 was localized to the nucleus and cytoplasm in maize protoplasts. 
Overexpression of ZmLARP6c1 enhanced the percentage pollen germination compared with that of wild-type pol-
len. In addition, transcriptome profiling analysis revealed that differentially expressed genes included PABP homolo-
gous genes and genes involved in jasmonic acid and abscisic acid biosynthesis, metabolism, signaling pathways 
and response in a Zmlarp6c1::Ds mutant and ZmLARP6c1-overexpression line compared with the corresponding wild 
type.

Conclusions  The findings provide a basis for further evolutionary and functional analyses, and provide insight 
into the critical regulatory function of ZmLARP6c1 in maize pollen germination.
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Background
RNA-binding proteins (RBPs) play critical roles in post-
transcriptional regulation, including pre-mRNA process-
ing, and mRNA stability, translation, longevity, transport, 
and localization [1]. In higher plants, RBPs, as mRNA 
regulators, are essential for gene expression during flo-
ral development and response to environmental stimuli 
[2–4]. Many RBPs harbor the RNA recognition motif 
(RRM), which is the most frequently represented RNA-
binding domain (RBD) in plants. The La Motif (LAM) is 
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another classic RBD, which is present in La proteins and 
La-related proteins (LARPs). Genuine La proteins were 
first identified in humans [5]. The LARPs form a large 
superfamily and are classified into five families, namely, 
La (genuine La; LARP3), LARP1, LARP4, LARP6, and 
LARP7, based on structural features and evolutionary 
history [6–8]. The highly conserved LAM is present in 
all members of the LARP superfamily, whereas the RRM 
type is family specific [6, 9, 10].

The La proteins contain three structured domains, 
comprising the LAM, RRM1 (a canonical RNA recog-
nition motif ), and RRM2 (an atypical RNA recognition 
motif ) [11, 12]. Numerous studies have demonstrated 
that La proteins recognize the 3′-UUU-OH motif of 
RNA precursors and this is directly involved in La 
nuclear functions [7, 11–14]. In plants, the AtLa1 gene 
participates in the maturation of tRNA and is required 
for completion of embryogenesis in Arabidopsis [15, 
16]. The LARP1 proteins carry the LAM, RRM-5L, and 
DM15 (smart00684) domains [6]. In Arabidopsis, LARP1 
is involved in leaf senescence and heat-induced mRNA 
decay [17, 18], and plays a role in translation [19]. To 
date, LARP7 and LARP4 proteins have been identified 
and function only in vertebrates. The LARP7 proteins 
most closely resemble genuine La proteins that tar-
get RNA polymerase III to promote RNA maturation 
[20–23]. The LARP4 proteins contain a poly(A)-binding 
protein (PABP)-interacting motif 2 (PAM2), which is 
associated with a reorganization of the LAM and there-
fore alters the RNA-binding properties [24]. In animal 
cells, LARP1 and LARP4 proteins bind to the 5′ and 3′ 
untranslated regions (UTRs) of mRNAs to regulate trans-
lation and degradation [25–27].

The LARP6 proteins carry a La-module, comprising a 
conserved LAM and a specific RRM, designated RRM-
L3a in plants and RRM-L3b in vertebrates. A short-con-
served motif, termed the LAM and S1 associated (LSA) 
motif, located at the C-terminus [6] is involved in medi-
ating protein–protein interactions [28–31]. In mammals, 
LARP6 coordinates the translation of collagen subunits 
by binding to a 50 stem-loop in the 5′-UTR of type I col-
lagen mRNAs in the endoplasmic reticulum [32–34]. In 
vascular plants, LARP6 proteins are of three evolution-
ary types, designated 6a, 6b, and 6c, and are encoded by 
three to six genes [26]. The Arabidopsis thaliana genome 
contains three AtLARP6 genes: AtLARP6a, AtLARP6b, 
and AtLARP6c. Maize (Zea mays L.) has six genes 
encoding LARP6 family proteins, namely, ZmLARP6a, 
ZmLARP6b1–b3, and ZmLARP6c1–c2. Notably, certain 
plant LARP6 proteins, such as LARP6b and LARP6c, 
have acquired a PAM2 motif, which directly interacts 
with the major plant PABP, and also show differen-
tial RNA-binding activity in  vitro [26]. In Arabidopsis, 

AtLARP6c regulates mRNA post-transcription during 
guidance of the pollen tube to the embryo sac in the ovule 
[35]. In maize, ZmLARP6c1 has an important male-
specific function in the haploid gametophyte during the 
highly competitive phase of pollen tube germination and 
growth following pollination [36]. These two studies sug-
gest that LARP6c has conserved molecular and cellular 
roles in maize and Arabidopsis.

The male gametophyte of flowering plants, the pollen 
grain, consists of two sperm cells and a vegetative cell, 
and regulation of gene expression is required for their 
functions. In maize, after pollen deposition on the silk, 
the pollen grain germinates a pollen tube, which grows 
towards to the embryo sac to deliver the sperm cells for 
double fertilization [37–39]. Numerous genes are specifi-
cally expressed in the male gametophyte, as revealed by 
analysis of the male gametophyte transcriptome in plants 
[40–44]. In higher plants, pollen germination and pollen 
tube elongation require changes in the pattern of gene 
expression that are partially dependent on post-tran-
scriptional mechanisms [2–4, 45]. RNA-binding proteins 
are associated with post-transcriptional regulation [1, 
46]. However, the mechanism of post-transcriptional reg-
ulation of male gametophyte gene expression to ensure 
proper pollen germination and pollen tube elongation in 
maize remains unclear.

In this study, we performed a comprehensive analy-
sis of the LARP family in maize, including analysis of 
phylogenetic relationships, gene structure, motif com-
position, and cis-acting elements. We investigated the 
expression profiles of LARP genes in various maize tis-
sues, particularly in the floral organs. One of these genes, 
ZmLARP6c1, which was specifically and highly expressed 
in pollen. The Ds transposable element insertional 
mutant of ZmLARP6c1 was associated with reduced 
transmission when crossed as a male in our previous 
studies [36]. We analyzed the subcellular localization of 
ZmLARP6c1, generated transgenic lines overexpressing 
this protein, and determined pollen germination in vitro. 
Furthermore, we analyzed the transcriptome profile of 
the overexpression lines and the Ds mutant in compari-
son with the wild type. This study provides a foundation 
for further evolutionary and functional exploration, and 
provides valuable insight into the critical regulatory func-
tion of ZmLARP6c1 in maize pollen germination.

Materials and methods
Identification of LARPs
An initial BLAST search was performed using the LAM 
of the maize LARP protein as the query sequence. The 
LARP protein sequences of eight plant species, compris-
ing Zea mays, Arabidopsis thaliana, Sorghum bicolor, 
Oryza sativa, Glycine max, Hordeum vulgare, Triticum 
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aestivum, and Nicotiana  tabacum, were downloaded 
from the NCBI databases (https://​www.​ncbi.​nlm.​nih.​
gov/) and the UniProt database (https://​www.​unipr​ot.​
org/). The candidate genes were searched by BLASTP 
using a score value ≥ 100 and e-value ≤ e−10. The NCBI 
CD-Search Tool (https://​www.​ncbi.​nlm.​nih.​gov/​Struc​
ture/​bwrpsb/​bwrpsb.​cgi) was used to predict and deter-
mine the protein sequences. The basic properties of the 
identified LARP proteins were analyzed using the Expasy 
ProtParam tool (http://​web.​expasy.​org/​protp​aram/).

Phylogenetic and sequence analysis
A multiple sequence alignment of the LARP amino acid 
sequences from maize and the other plant species was 
generated using MegAlign software with the ClustalW 
method. The phylogenetic analysis was performed 
using the maximum likelihood (ML) method in MEGA 
(https://​www.​megas​oftwa​re.​net/). Then the phyloge-
netic tree was edited and visualized. The exon–intron 
structure of the ZmLARP genes was determined using 
the Gene Structure Display Server (https://​gsds.​gao-​lab.​
org/). The conserved motifs of the LARP proteins were 
evaluated with the MEME Suite (https://​meme-​suite.​org/​
meme/​tools/​meme).

Cis‑acting element prediction
The 2000 bp promoter sequence upstream of the CDS 
of each ZmLARP gene was extracted using the gtf/gff3 
sequence extraction tool in the TBtools [47] software. 
The promoter sequences were submitted to the PlantCare 
database (http://​bioin​forma​tics.​psb.​ugent.​be/​webto​ols/​
plant​care/​html/) for cis-acting element prediction. The 
cis-acting elements of the ZmLARP genes were visualized 
using the biological sequence viewing tool in TBtools.

Vector construction
For the subcellular localization assays, the CDS of 
ZmLARP6c1 was fused with GFP and ligated into the 
pAN580 vector. For overexpression vector construction, 
the full-length CDS of ZmLARP6c1 was amplified using 
maize mature pollen cDNA as the template. The target 
fragment was fused with a Myc tag and ligated into the 
modified plant transformation vector pCAMBIA3301 
under the control of the ubiquitin promoter.

Subcellular localization
Maize seeds were germinated and seedlings were grown 
in a growth chamber (30°C in the dark) to the V1 stage. 
Maize protoplasts were isolated from seedlings and 
transformed using polyethylene glycol (PEG). The plas-
mids harboring the ZmLARP6c1-GFP construct and RFP 
visualization marker were co-transformed into the proto-
plast suspension and then incubated for 16 h. A confocal 

laser-scanning microscope (LSM800, Carl Zeiss, Ger-
many) was used for detection of the fluorescence signals. 
Three independent experiments were performed, with a 
negative control used in each experiment.

Plant transformation
The overexpression vector was transformed into Agrobac-
terium tumefaciens strain EHA105 and then transformed 
into the maize inbred line B104 using the maize imma-
ture embryo transformation system. Immature embryos 
collected from ears at 11–12 days after pollination were 
transfected and then transferred to the co-cultivation 
medium for incubation. The embryos were screened and 
regenerated on selection and regeneration medium (con-
taining 5 μg L−1 glufosinate ammonium; Sigma, USA). 
The regenerated plantlets were transplanted into pots 
containing soil and grown in a greenhouse. The T1 and 
T2 transgenic plants were identified by PCR, qRT-PCR, 
and western blotting. The T3 homozygous transgenic 
plants were used for further experiments. All primers 
used in this study are listed in Supplementary Table S1. 
The Zmlarp6c1::Ds allele used in this study was obtained 
from the Maize Genetics Cooperation Stock Center as 
previously described [36].

In vitro pollen germination and pollen diameter 
measurement
Maize materials were germinated and cultivated in a 
manure ball, then the seedlings were transplanted and 
grown at the SWU Farm in Chongqing, China. Plants 
used for pollen germination experiments were grown 
under summer field conditions at the SWU Farm. Fresh 
mature pollen was collected between 11:00 am and 12:00 
pm. Pollen was germinated on PGM (0.0005% H3BO3, 
10 mM CaCl2, 0.05 mM KH2PO4, 6% PEG 4000, and 
10% sucrose), and observed at 15 or 30 min after plat-
ing on the medium as described previously [36]. Germi-
nated, non-germinated, and ruptured pollen grains were 
counted at each time point. Pollen tube length was meas-
ured at 30 min after plating on the medium. Four repli-
cates were measured, with four Zmlarp6c1::Ds and four 
WT plants, or four ZmLARP6c1-OE and four WT plants 
used per replicate. A minimum of 150 pollen grains were 
categorized at each time point, and a minimum of 100 
pollen tubes were measured for each experiment.

For measurement of the pollen grain diameter, fresh 
pollen was collected from ZmLARP6c1-OE and WT 
plants, immediately fixed in ethanol:acetic (3:1) acid solu-
tion, and rehydrated for measurement of the pollen grain 
diameter as described previously [36]. Four replicates 
were measured, with at least 150 pollen grains measured 
per replicate.

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.uniprot.org/
https://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
http://web.expasy.org/protparam/
https://www.megasoftware.net/
https://gsds.gao-lab.org/
https://gsds.gao-lab.org/
https://meme-suite.org/meme/tools/meme
https://meme-suite.org/meme/tools/meme
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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RNA extraction, real‑time qRT‑PCR, and RNA‑Seq analysis
Maize plants used for RNA extraction were grown under 
summer field conditions at the SWU Farm. Fresh mature 
pollen was collected between 11:00 am and 12:00 pm and 
frozen in liquid nitrogen. Total RNA isolation, cDNAs 
synthesis, and real-time qRT-PCR were performed as 
described previously [36]. Primers used for real-time 
qRT-PCR are listed in Supplementary Table S1.

RNA-Seq was performed using three biological repli-
cates for each genotype. Sequencing was conducted with 
the Illumina sequencing library of the Beijing BioMarker 
Technologies Corporation (Beijing, China). Differen-
tially expressed genes between two comparative groups 
were identified with the DESeq2 software. The differen-
tially expressed genes/transcripts were filtered based on a 
P-value < 0.01 after adjustment to control the FDR.

Statistical analysis
All experiments were repeated at least three times and 
yielded similar results. Statistical significance was deter-
mined using Student’s t-test to compare the three pol-
len germination categories. A significant difference was 
determined at the 0.05, 0.01, or 0.001 significance levels.

Results
Phylogenetic analysis and classification of LARPs in eight 
plant species
A total of 82 LARP proteins were identified in eight plant 
species, comprising 13 in Zea mays, 8 in Arabidopsis 
thaliana, 9 in Sorghum bicolor, 8 in Oryza sativa, 14 in 
Glycine max, 8 in Hordeum vulgare, 12 in Triticum aesti-
vum, and 10 in Nicotiana tabacum (Table S2). To exam-
ine the phylogenetic relationships of the LARP proteins, 
we constructed a phylogenetic tree based on a multiple 
sequence alignment of the LARP proteins of maize and 
the other plant species. The phylogeny sorted the LARP 
proteins into groups corresponding to three families, 
namely, LARP1, La (genuine La; LARP3), and LARP6 
(Fig. 1; Table S3). The LARP4 and LARP7 proteins were 
not present in these plant species (Fig. 1). In maize, the 
LARP6 family had the highest representation and was 
further categorized into three major groups, namely, 
LARP6a, 6b, and 6c.

Gene structure and motif analysis of LARPs in maize
By comparing the genomic DNA sequences, we deter-
mined the exon and intron structure of the maize 
LARP genes. The coding sequences (CDSs) of all genes 

Fig. 1  Phylogenetic tree and family classification of the LARP proteins from eight plant species. The LARP1, La, and LARP6 families are marked 
with different colors. Prefix “Zm” indicates “Zea mays”, “At” indicates “Arabidopsis thaliana”, “Gm” indicates “Glycine max”, “Hv” indicates “Hordeum vulgare”, 
“Nt” indicates “Nicotiana tabacum”, “Os” indicates “Oryza sativa”, “Sb” indicates “Sorghum bicolor” and “Ta” indicates “Triticum aestivum”
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included introns, with the number of exons ranged 
from 6 to 14 (Fig. S1A). The number of exons was con-
served in each LARP family: 6 exons in most ZmLARP1 
genes (ZmLARP1b–ZmLARP1e), except for 14 exons 
in ZmLARP1a; 10 exons in ZmLa genes; and 10 
exons in most ZmLARP6 genes, except for 9 exons in 
ZmLARP6c1. The exon length was similar within a LARP 
family, although the positions of the exons varied among 
individual genes. In general, members with close rela-
tionships from the same family shared similar exon num-
bers and exon lengths.

A multiple sequence alignment of LARP proteins was 
generated based on the LAM domain. Further analysis 
showed the LARP1 proteins harbored the LAM, among 
which one protein, ZmLARP1a, had a DM15-ABC 
domain (Figs. S1B and S2). The La proteins contained the 
LAM, RRM1, and RRM2 domains (Figs. S1B and S3). The 
LARP6 proteins contained the LAM, RRM-L3a, and LSA 
elements were highly conserved (Figs. S1B and S4). Nota-
bly, members of the LARP6b and LARP6c subgroups had 
acquired a PAM2 motif in the N-terminal region (Figs. 
S1B and S4). These conserved amino acid profiles may 
contribute to the classification of LARP genes in other 
plant species.

Analysis of cis‑acting elements in the LARP promoter 
in maize
To further study the regulatory mechanism of the 
ZmLARP genes during environmental adaptation, the 
2 kb sequences upstream of the 13 ZmLARP genes with 
complete domains were extracted from the maize refer-
ence genome for cis-acting element analysis (Fig. S5A; 
Table S4). Approximately 43 cis-acting elements with 
unambiguous functions were analyzed. Light-responsive 
elements, comprising G-box, Sp1, GT1-motif, MRE, 
TCCC-motif, TCT-motif, GATA-motif, AE-box, AAAC-
motif, ATCT-motif, ATC-motif, GA-motif, I-box, chs-
CMA1a, LAMP-element, GTGGC-motif, Box II, Box  4, 
ACA-motif, TCT-motif, and ACE motifs, were predomi-
nant. Hormone-associated elements present included 
those responsive to methyl jasmonate (MeJA) (CGTCA-
motif and TGACG-motif ), abscisic acid (ABRE), gibber-
ellin (GARE-motif, P-box, and TATC-box), salicylic acid 
(TCA-element), and auxin (TGA-element and AuxRR-
core). Abiotic stress-response elements contained MBS 
(drought inducibility), LTR (low-temperature responsive-
ness), and TC-rich repeats (defense and stress respon-
siveness). Other response elements detected included 
the A-box (cis-acting regulatory element), ARE (anaero-
bic induction), MSA-like (cell-cycle regulation), AT-
rich (binding site of AT-rich DNA-binding proteins), 
RY-element (seed-specific regulation), O2-site (zein 
metabolism regulation), CAT box (meristem expression), 

GCN4-motif (endosperm expression), GC-motif (anoxic 
specific inducibility), HD-Zip 1 (differentiation of the pal-
isade mesophyll cells), and CCAAT-box (MYBHv1 bind-
ing site). Light-responsive, MeJA-responsive, and abscisic 
acid (ABA)-responsive elements were the most abundant 
cis-acting elements detected in the ZmLARP proteins 
(Fig. S5B). These data may hint at the diverse functions of 
ZmLARP proteins in maize.

LARP gene expression profile in different tissues of maize
To evaluate the potential functions of ZmLARP genes in 
different tissues of maize, transcriptional (Fig.  2A) and 
proteomic (Fig.  2B) profiling data from the Walley [48] 
maize developmental atlas were used to examine their 
expression patterns. Most ZmLARP genes were expressed 
in almost all tissues analyzed, suggesting that ZmLARP 
genes function in diverse maize organs. Notably, at the 
transcriptional and proteomic levels, ZmLARP6c1 had 
the highest abundance among the ZmLARP genes in 
the anther and pollen. Transcripts of ZmLARP6c1 were 
detected only in the anther (which includes developing 
pollen grains), and the translated protein was detected 
only in pollen, suggesting that ZmLARP6c1 is specifi-
cally enriched in pollen, consistent with its documented 
function in maize pollen growth and development [36]. 
Intriguingly, ZmLARP6c2, the closest paralog, is enriched 
not only in male reproductive organs (anther, pollen), but 
also in silk, a female reproductive structure, raising the 
possibility that the ZmLARP6c clade specifically supports 
reproductive functions in maize. The transcriptomic and 
proteomic abundance of ZmLARP genes varied in dif-
ferent tissues, suggesting that ZmLARP genes exhibit 
diverse functions during the growth and development of 
maize.

Subcellular localization of ZmLARP6c1
Our previous study revealed that ZmLARP6c1 was spe-
cifically expressed in pollen, performed an important 
male-specific function in pollen tube germination and 
growth phase [36]. To investigate the subcellular localiza-
tion of ZmLARP6c1, the full-length CDS of ZmLARP6c1 
was cloned and fused with GFP in the pAN580 vector, 
and transiently expressed in maize mesophyll proto-
plasts. The ZmLARP6c1-GFP fusion signal was detected 
in the nucleus and cytoplasm. To confirm nuclear locali-
zation, a nuclear-targeted RFP fusion protein was co-
expressed with the GFP fusion. This pattern was similar 
to that of GFP alone (Fig. 3).

Overexpression of ZmLARP6c1 altered pollen germination
To further investigate the functional role of ZmLARP6c1 
in maize, independent transgenic lines that constitu-
tively overexpressed ZmLARP6c1 under the control of 
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Ubiquitin promoter (Fig. 4A) were generated and identi-
fied by PCR (Fig. 4B), quantitative real-time PCR (qRT-
PCR) (Fig.  4C), and western blotting, via the Myc-tag 
fused translationally to the ZmLARP6c1 protein C-ter-
minus (Fig. 4D). Two representative overexpression lines 
were selected for further experiments (ZmLARP6c1-OE1 
and ZmLARP6c1-OE2). The ZmLARP6c1-OE plants 
showed no obvious phenotypic difference from the wild 
type (WT) when grown in the field.

We collected pollen samples from field-grown 
ZmLARP6c1-OE and WT (B104 inbred-line background) 

plants, characterized pollen germination and pol-
len tube growth in  vitro (Fig.  5). The number of germi-
nated, non-germinated, and ruptured pollen grains was 
scored at 15 and 30 min after plating on pollen growth 
medium (PGM). The percentage pollen germination was 
significantly higher in ZmLARP6c1-OE plants than in 
the WT (average 18.0% higher) at 30 min. The percent-
age of non-germinated pollen grains in ZmLARP6c1-
OE plants and the WT did not differ significantly at 15 
and 30 min, whereas the percentage of ruptured pollen 
grains was significantly lower in ZmLARP6c1-OE plants 
than in the WT at 30 min (Fig. 5A). Pollen tube lengths 
were observed and measured at 30 min after plating for 
all genotypes (Fig. 5B). No significant difference between 
ZmLARP6c1-OE plants and the WT was detected 
(Fig. 5C).

In the meanwhile, we characterized pollen germination 
and pollen tube growth of Zmlarp6c1::Ds (tdsgR82C05), a 
line carrying a Ds-GFP transposable element insertion in 
ZmLARP6c1, in SWU farm. The percentage pollen ger-
mination for Zmlarp6c1::Ds was significantly lower than 
that of the WT (W22 inbred-line background) (62.2% 
and 74.7%, respectively) at 15 and 30 min after plating. 
Conversely, the percentage of non-germinated pollen 
grains was higher in Zmlarp6c1::Ds than in the WT at 
15 and 30 min (Fig. S6A). Pollen tube lengths were sig-
nificantly shorter in Zmlarp6c1::Ds than in the WT at 30 
min as previously described (Fig. S6B and C) [36].

No significant difference in pollen grain diameter was 
detected between the WT and ZmLARP6c1-OE pollen 
(Fig. S7). These assays indicated that overexpression of 
ZmLARP6c1 influences the success of pollen germina-
tion, but not pollen tube growth, in maize. The shift from 
pollen grain rupture to successful pollen tube germina-
tion upon overexpression (Fig. 5A) raises the possibility 
that increases in ZmLARP6c1 increase pollen resilience, 
at least in vitro.

Analysis of transcriptome profiling in maize pollen
To analyze the global transcriptional changes in 
the pollen caused altering the expression level of 
ZmLARP6c1, RNA-sequencing (RNA-Seq) analysis of 
the transcriptome of mature pollen from Zmlarp6c1::Ds, 
ZmLARP6c1-OE (ZmLARP6c1-OE1 and ZmLARP6c1-
OE2), and the corresponding WT plants was conducted. 
In total, 5242 (2668 upregulated and 2574 downregu-
lated) and 1480 (895 upregulated and 585 downregulated) 
differentially expressed genes (DEGs) were detected in 
Zmlarp6c1::Ds and ZmLARP6c1-OE, respectively, com-
pared with the corresponding WT (Fig.  6A). The Ds 
insertion mutant and overexpression of ZmLARP6c1 in 
the pollen strongly affected the number of DEGs. To fur-
ther evaluate the function of ZmLARP6c1 in the pollen, 

Fig. 2  A Transcript level and B protein abundance of ZmLARPs 
in different tissues of maize. Germinated pollen and mature pollen 
samples were assessed for proteomic data. White-to-red cell color 
is representative of FPKM, with the value shown in the center of each 
cell
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a crossover analysis of genes that were significantly up- 
or downregulated in Zmlarp6c1::Ds and ZmLARP6c1-
OE compared with the WT plants was performed. We 
found 205 genes were upregulated in ZmLARP6c1-OE 
but downregulated in Zmlarp6c1::Ds, and 131 genes 
were downregulated in ZmLARP6c1-OE but upregulated 
in Zmlarp6c1::Ds (Fig.  6B). This is the expected pattern 
for genes whose expression is directly dependent on the 
level of ZmLARP6c1 present in pollen. Somewhat sur-
prisingly, a smaller, but still significant, number of genes 

were observed with similar expression outcomes in both 
Zmlarp6c1::Ds and ZmLARP6c1-OE – i.e., either upreg-
ulated (171 genes) or downregulated (123 genes) in both 
lines. This implies that ZmLARP6c1 regulation of these 
genes is more complex than simple dose-dependence.

Gene Ontology (GO) functional annotation was imple-
mented for DEGs in Zmlarp6c1::Ds and ZmLARP6c1-OE, 
and the significantly enriched GO terms (q value < 0.05) 
were shown in Table S5. The results suggested that 
these DEGs were involved in a wide range of processes. 

Fig. 3  Subcellular localization of ZmLARP6c1. GFP, green fluorescence protein; RFP, red fluorescence protein. Scale bars = 20 μm. 35S-GFP served 
as the negative control

Fig. 4  Characteristics of ZmLARP6c1 overexpression lines of maize. A Schematic diagram of the ZmLARP6c1-OE vector. B Detection 
of ZmLARP6c1-OE transgenic lines by PCR. bar, bialaphos resistance gene; 1–5, ZmLARP6c1-OE1–OE5 lines; PC, positive control; MK, marker. C 
Expression analysis of ZmLARP6c1-OE lines by qRT-PCR. D Western blot analysis of ZmLARP6c1-OE lines
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Notably, DEGs found in both genotypes were signifi-
cantly enriched in several broadly-defined GO subcate-
gories (Fig. S8). Intriguingly, given that La family proteins 
generally bind RNA to accomplish their regulatory func-
tions, the GO term enrichment analysis revealed that 204 
and 61 annotated DEGs (false discovery rate [FDR] < 0.01) 
were enriched in the subset of genes involved in RNA 
binding in Zmlarp6c1::Ds and ZmLARP6c1-OE, respec-
tively, compared with the corresponding WT (Table S6). 
The ZmLARP6c1 protein carries a La-module, compris-
ing a conserved LAM and a specific RRM-L3a domain, 
a short conserved LSA motif at the C-terminus, and 
a PAM2 motif at the N-terminus; on the basis of these 
motifs, differential RNA-binding activity is predicted. 
The data thus indicate that the level of ZmLARP6c1 
expression (either up or down) broadly affects the expres-
sion of other RNA-binding-related genes in the pollen. A 
further 72 and 20 annotated DEGs were enriched in the 
subset of genes categorized as associated with reproduc-
tion in Zmlarp6c1::Ds and ZmLARP6c1-OE, respectively, 
compared with the WT (Table S6). More specifically, 39 
and 9 annotated DEGs were enriched in the subset of 
genes categorized as associated with pollen development 
in Zmlarp6c1::Ds and ZmLARP6c1-OE, respectively, 
compared with the WT (Table S7). Some of the enriched 
genes have been reported to impact plant growth and 
development. For example, the expression of a Tubby-like 

protein (TLP), Zm00001eb157040, was downregulated in 
Zmlarp6c1::Ds but was upregulated in ZmLARP6c1-OE. 
AtTLPs appear to function in multiple physiological and 
developmental processes in Arabidopsis: e.g., overexpres-
sion of AtTLP2 enhances plant growth [49]; and AtTLP3 
together with AtTLP9 modulates ABA- and osmotic 
stress-mediated seed germination [50]. Another example 
is the aquaporin ZmSIP2;1/sbip2a (Zm00001eb015230), 
which was downregulated in Zmlarp6c1::Ds. In Arabi-
dopsis, a mutant of Atsip2;1 was associated with defects 
in both pollen germination and pollen tube elongation, 
likely due to alleviation of ER stress by AtSIP2;1 [51].

A KEGG pathway analysis of DEGs revealed enrich-
ment of more specific downstream processes, potentially 
influenced by ZmLARP6c1: the ribosome, protein pro-
cessing in the endoplasmic reticulum, RNA transport, 
spliceosome, ubiquitin-mediated proteolysis, and mRNA 
surveillance pathways in genetic information processing; 
the plant hormone signal transduction and MAPK sign-
aling pathways in environmental information processing; 
and amino acid biosynthesis and carbon metabolism in 
metabolism (Fig.  6C). Within the genetic information 
processing category, the DEGs showed an association 
with the mRNA surveillance pathway: e.g., the expres-
sion levels of PABP homologous genes were up- and 
downregulated in Zmlarp6c1::Ds and ZmLARP6c1-OE, 
respectively (Table S8). Within the plant hormone signal 

Fig. 5  In vitro pollen germination and pollen tube growth. A Germinated, non-germinated, and ruptured pollen grains of ZmLARP6c1-OE 
and wild-type (WT) plants at 15 and 30 min after plating on pollen growth medium (PGM). Four biological replicates of four plants of each 
genotype, at least 150 pollen grains from each plant. B Representative fields-of-view of germinated pollen grains at 30 min after plating on PGM. 
C Pollen tube length of ZmLARP6c1-OE and the WT at 30 min after plating on PGM. A minimum of 100 pollen tubes were measured for each 
experiment. * P < 0.05, ** P < 0.01
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transduction category, the DEGs were mainly associ-
ated with jasmonic acid (JA) and ABA biosynthesis, 
metabolism, signaling pathways, and response (Figs.  7 
and 8; Table S8). In comparison with the WT, in the 
JA metabolic process, allene oxide cyclase (AOC) and 
12-oxo-phytodienoic acid reductase (OPR) homologous 
genes, Zm00001eb393530 and Zm00001eb177330, were 
up- and downregulated, respectively, in Zmlarp6c1::Ds. 
The JA biosynthetic process-related homologous gene, 
jasmonic acid resistant 1 (JAR1; Zm00001eb101010), 

was upregulated in ZmLARP6c1-OE. Two homolo-
gous methylesterase genes were downregulated in 
Zmlarp6c1::Ds, but one of these genes was upregulated 
in ZmLARP6c1-OE. In the JA-mediated signaling path-
way, coronatine insensitive 1 (COI1) homologous genes 
(Zm00001eb011780 and Zm00001eb397990) were 
up- and downregulated in Zmlarp6c1::Ds, but were 
unchanged in ZmLARP6c1-OE. Jasmonate ZIM domain 
(JAZ) homologous genes were all downregulated in 
both Zmlarp6c1::Ds and ZmLARP6c1-OE. Among 

Fig. 6  Differentially expressed genes (DEGs) in pollen of Zmlarp6c1::Ds and ZmLARP6c1-OE plants compared with the corresponding wild 
type (WT). A Volcano plot of DEGs. Red and blue dots represent up- and downregulated genes, respectively, in pollen of Zmlarp6c1::Ds 
and ZmLARP6c1-OE compared with WT. B Venn diagram showing the number of DEGs detected in pollen of Zmlarp6c1::Ds and ZmLARP6c1-OE. C 
KEGG pathway enrichment analysis of DEGs in pollen of Zmlarp6c1::Ds and ZmLARP6c1-OE compared with WT. Presented are the most significantly 
enriched pathways
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JA-responsive genes, MYC homologous genes were 
up- and downregulated in both Zmlarp6c1::Ds and 
ZmLARP6c1-OE (Fig.  7; Table S8). In the ABA signal-
ing pathway, PYL homologous genes were downregu-
lated in Zmlarp6c1::Ds (Zm00001eb013780, − 1.10; 
and Zm00001eb238230, − 0.73), and upregu-
lated ZmLARP6c1-OE (Zm00001eb204180, 0.68). 
An ABRE binding factor (ABF) homologous 
gene (Zm00001eb289080) was downregulated in 
Zmlarp6c1::Ds (− 0.97) and upregulated ZmLARP6c1-
OE (1.14) (Fig. 8; Table S8). These results suggested that 
ZmLARP6c1 influences the JA and ABA biosynthetic and 
signaling systems in maize pollen. To corroborate the 
transcriptome profiling, we further analyzed the expres-
sion patterns of several representative JA and ABA bio-
synthetic, metabolic, signaling pathway, and responsive 
genes in mutant or overexpression plants and the corre-
sponding WT by qRT-PCR. The results were consistent 
with the RNA-seq results (Fig. S9).

Discussion
Not all LARP families are represented in all eukaryotes; 
however, the LAM is present in almost all families that 
are represented. In the present study, 82 LARP proteins 
were identified from eight plant species and assigned 

to three families: LARP1, La, and LARP6. The LARP4 
and LARP7 families have not been reported in plants 
to date. The LARP1 proteins were the most numerous, 
and at least one member of the LARP1 family con-
tained DM15 boxes in all eight plant species, whereas 
the other members had only one LAM (Table S3). The 
La proteins were the least numerous but had the most 
conserved domains, including LAM, RRM1, and RRM2, 
in all eight plant species. All LARP6 proteins carry 
a La-module, composed of the LAM and RRM-L3a 
domains, which is highly versatile and confers RNA-
binding capacity [10, 52]. The LSA domain is located at 
the C-terminus of LARP6 (Table S3), which indicates a 
role in mediating protein–protein interactions [28–31]. 
The LARP6 proteins have acquired RG repeats, located 
between the LSA and RRM-L3a domains, which are 
predicted to be a nucleotide-binding motif [53]. The 
LARP6 proteins were further subdivided into three 
distinct subgroups that were designated 6a, 6b, and 6c. 
In this study, each plant species had a single LARP6a 
protein, and one to three 6b and 6c proteins (Table S3). 
Notably, members of the LARP6b and LARP6c sub-
groups harbored a PAM2 domain in the N-terminal 
region for which the consensus is “xxLxxxAxx(F/W)
xP”. PAM2 appears to be coupled with the La-module 
to participate in RNA interactions [26, 54, 55].

Fig. 7  Log-fold change of differentially expressed genes associated with the jasmonic acid biosynthetic process, metabolic process, mediated 
signaling pathway, and response in pollen of Zmlarp6c1::Ds and ZmLARP6c1-OE compared with the wild type (WT). Columns represent comparison 
groups and rows represent genes. Low to high expression is indicated by color changes (blue to red)
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The PABP protein binds to the poly(A) tail of mRNA 
and regulates mRNA stability [56]. Previous studies have 
demonstrated that the PAM2 motifs of AtLARP6b and 
AtLARP6c are required to mediate direct interaction 
with the MLLE domain of PABP [26]. In Arabidopsis, 
AtLARP6c functions as a RBP that is specific to pollen 
grains and pollen tubes, and guides the growth of pollen 
tubes towards the ovule by targeting transcripts with a 
B-box in the 5′-UTR. Binding of AtLARP6c, in a com-
plex with the PABP, has been proposed to regulate traf-
ficking and storage of its target transcripts [35]. In maize, 
ZmLARP6b and ZmLARP6c harbored a PAM2 domain 
at the N-terminus. Among these two proteins, the PAM2 
of ZmLARP6c1 substitutes an F for an L residue at the 
N-terminal end, a substitution conserved in AtLARP6c 
(Fig. S4) [26]. However, the putative RNA-binding activ-
ity of ZmLARP6c1 in mature pollen and growing pollen 
tubes remains untested. In the present study, GO term 

enrichment analysis revealed that 204 (131 up- and 73 
downregulated) and 61 (45 up- and 16 downregulated) 
annotated DEGs (FDR < 0.01) responded in the sub-
set of genes involved in RNA binding in Zmlarp6c1::Ds 
and ZmLARP6c1-OE, respectively, compared with the 
WT (Table S6). As indicated above in the KEGG path-
way analysis, the expression levels of PABP1 and PABP2 
homologous genes were up- and downregulated in 
Zmlarp6c1::Ds and ZmLARP6c1-OE, respectively (Table 
S8), suggesting that expression of these genes is directly 
responsive to the level of ZmLARP6c1. One ortholog 
of PABP1 (Zm00001eb095540, Zm00001eb426070) in 
Arabidopsis (PAB4; AT2G23350) is expressed in veg-
etative and reproductive tissues and functionally inter-
acts with eIF4G and eIFiso4G2, and is required for 
growth and normal fertility [57]. An additional ortholog 
of PABP1 (Zm00001eb386170), the Arabidopsis gene 
PAB3 (AT1G22760), shows male gametophyte-specific 

Fig. 8  Log-fold change of differentially expressed genes associated with the abscisic acid biosynthetic process, mediated signaling pathway, 
and response in pollen of Zmlarp6c1::Ds and ZmLARP6c1-OE compared with the wild type (WT). Columns represent comparison groups and rows 
represent genes. Low to high expression is indicated by color changes (blue to red)
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expression [58] and co-localizes with the potential 
RNA-binding proteins ALBA4 and ALBA6 in the cyto-
plasm of mature pollen grains, possibly influencing 
mRNA metabolism [59]. Finally, an ortholog of PABP2 
(Zm00001eb034750, Zm00001eb079940) in Arabidopsis, 
AT3G12640, is consistently expressed in mature pollen 
grains, hydrated pollen grains, and pollen tubes, raising 
the possibility that it plays an important role in pollen 
germination [60]. We speculate that Ds insertion mutant 
or overexpression of ZmLARP6c1 may affect pollen 
grain germination or pollen tube elongation by modu-
lating expression of pollen-specific RNA-binding genes 
in maize. In the Zmlarp6c1::Ds mutant, the tdsgR82C05 
insertion is located in the fifth exon in the RRM-L3a 
domain coding region, which likely interferes with 
ZmLARP6c1 function. The Zmlarp6c1::Ds mutant shows 
defective pollen transmission, which is associated with 
altered pollen germination dynamics and pollen tube 
elongation rates [36]. Hence, we suggest the La-module 
of ZmLARP6c1 is crucial for its role in pollen germina-
tion and pollen tube elongation, and hypothesize that 
ZmLARP6c1 RNA-binding activity is mediated by the 
composition of the La-module but is not dependent on 
PAM2. Further study is needed to clarify how the binding 
of ZmLARP6c1 with PABP contributes mechanistically 
to the regulation of its target transcripts that affect pollen 
germination and pollen tube growth.

Transcriptome analysis revealed that no other 
ZmLARP gene expressed in the pollen was up- or down-
regulated in Zmlarp6c1::Ds and ZmLARP6c1-OE rela-
tive to the WT. The qRT-PCR results of expression of 
ZmLARP6s genes in mutant or overexpression pollen 
and the corresponding WT (Fig. S10) were consistent 
with the RNA-seq results (Table S9). The ZmLARP6c2 
protein, which is closely related to ZmLARP6c1, was 
weakly expressed in the pollen and the silk (Figs. 1 and 2). 
These results implied that the plants were unable to com-
pensate for the mutation to ZmLARP6c1 and that the two 
ZmLARP6 genes may not function redundantly.

Methyl jasmonate- and ABA-responsive elements were 
the most abundant cis-acting elements associated with 
plant hormones in the promoter of ZmLARP6c1 (Fig. 
S5). Under abiotic stress, the JA content in the plant 
increases and jasmonate isoleucine (JA-Ile) is formed by 
catalyzation of JAR1. The JA-Ile conjugate facilitates the 
interaction of JAZ with the F-box protein COI1 within 
the SKP1/CUL/F-box (SCF) complex, leading to the pro-
teasomal degradation of JAZ. The SCFCOI1-JA-Ile com-
plex is formed to ubiquitinate JAZ proteins and release 
inhibition by the transcription factor MYC2, resulting in 
the expression of JA-responsive genes [61, 62]. In addi-
tion to its involvement in the response to abiotic stress, 
JA plays important and diverse roles in the plant life 

cycle, including plant growth and development, pollen 
germination, and flower formation [63–66]. The pre-
sent GO and KEGG pathway analyses suggested that the 
DEGs were mainly enriched in terms involved in the JA 
biosynthetic process, JA metabolic process, JA-mediated 
signaling pathway, and response to JA (Fig. 7; Table S8). 
In comparison with the WT, in the JA metabolic pro-
cess, JAR1 (Zm00001eb101010) and methylesterase 
(Zm00001eb151170) homologous genes were upregu-
lated in ZmLARP6c1-OE. The conversion between JA and 
JA-Ile is catalyzed by JAR1, and JA-Ile can be metabolized 
into MeJA dependent on methylesterase. In Arabidopsis, 
overexpression of JAR1 increases the JA-Ile content and 
alters the hormonal profile to improve drought stress 
tolerance [67]. In Camellia oleifera, exogenous JA and 
MeJA inhibit pollen germination and pollen tube growth, 
and exogenous JA induces the expression of COI1, JAZ1, 
and MYC2 in pollen [65]. We speculate that the induced 
expression of JAR1 and methylesterase homologous genes 
in ZmLARP6c1-OE could change the contents of JA and 
its derivatives, as well as the expression of JA signaling 
pathway genes, and thus influence pollen germination 
in maize (Fig.  5). In the JA-mediated signaling path-
way, two COI1 homologous genes, Zm00001eb011780 
(Zm00001d028543, ZmCOI2a) and Zm00001eb397990 
(Zm00001d047848, ZmCOI2b), were up- and downregu-
lated, respectively, in Zmlarp6c1::Ds. A previous report 
revealed that the maize coi2a, coi2b, and coi2a coi2b 
mutants exhibit severely defective pollen germination 
and altered expression of ZmJAZ genes [68]. In the pre-
sent study, the functionally redundant genes ZmCOI2a 
and ZmCOI2b were up- and downregulated, respec-
tively, in Zmlarp6c1::Ds pollen. However, the degree of 
ZmCOI2b downregulation (− 0.78) was stronger than 
the upregulation of ZmCOI2a (0.62). We speculated 
that knockdown of ZmLARP6c1 decreased the total 
expression of ZmCOI2 genes, thus inhibiting pollen 
germination and pollen tube growth in Zmlarp6c1::Ds. 
In addition, JAZ homologous genes were all downregu-
lated in both Zmlarp6c1::Ds and ZmLARP6c1-OE, and 
MYC2 homologous genes were up- and downregulated in 
both Zmlarp6c1::Ds and ZmLARP6c1-OE. The JAZ and 
MYC genes in the JA signaling pathway are reported to 
be involved in pollen germination. For instance, pollen 
viability and percentage pollen germination were signifi-
cantly reduced in transgenic Arabidopsis overexpress-
ing GhWRKY22, as a result of downregulation of JAZ 
gene expression [69]; overexpression of a MYC5-SRDX 
repressor might be activated by JA signaling to greatly 
reduce pollen germination and pollen tube length [70]. 
Moreover, ABA signaling pathway genes are involved 
in pollen germination and growth. In recent research, 
knockdown of ABF.D.2 inhibited pollen tube growth by 
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decreasing the expression levels of LRX.A2.1 and LRX.
A2.2 in pear [71]. In the current study, an ABF homolo-
gous gene (Zm00001eb289080) was down-regulated in 
Zmlarp6c1::Ds (− 0.97) and upregulated in ZmLARP6c1-
OE (1.14) (Fig. 8; Table S8). These results were consistent 
with the expression of ABF affecting pollen tube growth 
in plants. Taken together, we interpret that Ds insertion 
mutant or overexpression of ZmLARP6c1 may affect pol-
len germination or pollen tube growth by modulating JA 
and ABA biosynthetic, metabolic, signaling pathway, and 
responsive genes in maize. Further study is needed to 
clarify how changes in gene expression contribute mech-
anistically to pollen germination and pollen tube growth.

Conclusions
In the current investigation, we performed a genome-
wide investigation of the LARP proteins in plant species. 
The LARP proteins were classified into three families 
based on a phylogenetic analysis. The similar exon length, 
the conserved motifs, the diverse cis-acting elements in 
the promoter and the expression patterns in various tis-
sues of ZmLARP family shed light on their evolutionary 
characteristics and potential functions of ZmLARP genes 
in maize. In addition, overexpression of ZmLARP6c1, 
which specifically expressed in pollen and localized in 
nucleus and cytoplasm, enhanced the pollen germina-
tion rate thus raised the possibility that increased in 
ZmLARP6c1 increased pollen resilience. The critical reg-
ulatory function of ZmLARP6c1 in maize pollen germi-
nation can be achieved by modulating the expression of 
PABP homologous genes and genes involved in jasmonic 
acid and abscisic acid biosynthesis, metabolism, signaling 
pathways and response in a ZmLARP6c1::Ds mutant and 
ZmLARP6c1-overexpression line compared with the cor-
responding wild type.
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