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Abstract

Plant aquaporins are involved in numerous physiological processes, such as cellular homeostasis, tissue hydraulics, transpiration, and
nutrient supply, and are key players of the response to environmental cues. While varying expression patterns of aquaporin genes have
been described across organs, developmental stages, and stress conditions, the underlying regulation mechanisms remain elusive.
Hence, this work aimed to shed light on the expression variability of 4 plasma membrane intrinsic protein (PIP) genes in maize (Zea
mays) leaves, and its genetic causes, through expression quantitative trait locus (eQTL) mapping across a 252-hybrid diversity panel.
Significant genetic variability in PIP transcript abundance was observed to different extents depending on the isoforms. The genome-
wide association study mapped numerous eQTLs, both local and distant, thus emphasizing the existing natural diversity of PIP gene
expression across the studied panel and the potential to reveal regulatory actors and mechanisms. One eQTL associated with PIP2;5
expression variation was characterized. Genomic sequence comparison and in vivo reporter assay attributed, at least partly, the local
eQTL to a transposon-containing polymorphism in the PIP2;5 promoter. This work paves the way to the molecular understanding of
PIP gene regulation and its possible integration into larger networks regulating physiological and stress adaptation processes.

Introduction becomes exposed to the atmosphere, increasing the evaporative
demand from the xylem (Hachez et al. 2008). The expression of
certain isoforms, such as PIP1;1 and PIP1;3, plateaued or slightly
decreases in the mature zone (MZ) of the leaf. In contrast, PIP1;2
and PIP2;1, PIP2;3, PIP2;4, and PIP2;5 exhibit a bell-shaped expres-
sion pattern, decreasing in the MZ. Transcript levels of PIP1;4,
PIP1;6, PIP2;2, and PIP2;6 remain relatively constant along the
leaf longitudinal axis (Hachez et al. 2008). In addition, PIP expres-
sion in the EZ is quite stable with the time of the day, whereas in
the MZ, almost all the PIP genes show a similar diurnal expression
pattern with high expression in the morning, a drop in levels dur-
ing the day, and a low level during the night. Together with immu-
nocytochemistry data, these results suggest the importance of a

The vital need for water homeostasis places water channels or
aquaporins as essential life molecular components taking part
in numerous processes at the cell to organism scales. Their partic-
ular diversity in plants emphasizes their multiple important roles
in the sessile autotrophic lifestyle. Aquaporins are involved in the
control of the root and leaf hydraulic conductivity, transpiration,
photosynthesis, and osmoregulation. Over the years, a tight and
complex regulation of aquaporins belonging to the plasma mem-
brane intrinsic protein (PIP) subfamily acting at multiple levels
(abundance, trafficking, gating) was revealed (Chaumont and
Tyerman 2014; Maurel et al. 2015).

In maize (Zea mays), with a few rare exceptions, expression of
most of the identified 13 PIP genes is detected both in leaves and
roots, although to different extents, and is associated with protein
abundance for isoforms for which specific antibodies were avail-
able (Hachez et al. 2006, 2008). In both organs, expression varies
along the longitudinal development and displays diurnal or circa-
dian variation (Lopez et al. 2003; Hachez et al. 2006, 2008; Caldeira
et al. 2014). In leaves, PIP expression is generally low at the base
and gradually increases in the elongation zone (EZ) to reach a
peak where the leaf emerges from the sheath and the leaf surface

tight regulation of PIP gene expression in specific leaf cells to ac-
count for water radial movement, in particular in vascular bun-
dles and the mesophyll cells during evapotranspiration (Hachez
et al. 2008; Heinen et al. 2009). Furthermore, a role of PIP aquapor-
ins in maize stomatal dynamics was also demonstrated (Heinen
et al. 2014; Ding et al. 2022). For instance, PIP2;5 is expressed in
guard cells of the stomatal complexes, and its over- and down-
expression results in faster or slower stomatal closure upon absci-
sic acid treatment, respectively, compared with wild-type plants
(Ding et al. 2022).
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While the spatial and dynamic expression patterns of aquapor-
in genes across organs, developmental stages, and environmental
conditions have been extensively described, the existing natural
diversity in aquaporin expression among different cultivars or
lines within a given species has hardly been assessed and ex-
ploited so far, except for rare studies in which the comparison be-
tween only a few genetically divergent accessions was driven by
peculiar phenotypes (Vandeleur et al. 2009; Sutka et al. 2011;
Devi et al. 2016; Khan et al. 2019; Pou et al. 2022; Rishmawi et al.
2023; Vaziriyeganeh et al. 2023). In addition, the molecular deter-
minants and mechanisms responsible for aquaporin gene expres-
sion regulation are scarce.

Here, we shed light on the natural genetic variability of PIP
gene expression in maize leaves among lines selected over deca-
des, via a panel representing the diversity of cultivated maize (a
252-hybrid panel, gathered in the framework of the European
Drought-Tolerant Yielding Plants [DROPS] project; Millet et al.
2016). We also explored to what extent the variability is the result
of arobust genetic architecture by carrying out a genome-wide as-
sociation study (GWAS) of the expression of 4 PIP genes assessed
by reverse transcription quantitative PCR (RT-qPCR). Samples
were collected in both EZ and MZ of the leaf, because of their dif-
ferent physiological states and major processes at stake (water
uptake-mediated cell growth vs. photosynthesis and transpira-
tion) and the putative differential implications of PIP genes in
these processes. The 4 PIP genes were chosen based on particular
interests for their known expression patterns and functional data:
PIP1;1 because of its ubiquity and a priori water channel inactivity
(Fetter et al. 2004); PIP1;3 and PIP2;2 because of their relative high
expression inleaves, including in the stomatal complexes (Hachez
etal. 2008; Heinen et al. 2014); and PIP2;5 because its basal expres-
sion in the stomatal complexes affects their closure dynamics
(Ding et al. 2022). The resulting mapped eQTLs were mined for
molecular determinants regulating PIP gene expression, based
on eQTL physiognomy, available genomic resources and annota-
tions, and relevant literature. Ultimately, molecular validation
of a putative cis-acting local eQTL of PIP2;5, consisting in a minia-
ture inverted repeat transposable element (MITE)—containing in-
sertion in its promoter, was conducted by transactivation assay
in maize cells. This work constitutes a first step toward elucidat-
ing the regulatory elements affecting PIP gene expression in
maize.

Results

PIP gene expression varies across

maize genetic groups

PIP1;1, PIP1;3, PIP2;2, and PIP2;5 mRNA transcript levels (i.e. re-
ferred to as “expression”) were analyzed by RT-qPCR (primers in
Supplementary Table S1), across a panel of 252 hybrids obtained
by crossing 252 dent inbred lines with a common unrelated flint
parent (UHO007), a usual practice in hybrid crop genetics (Rincent
et al. 2014a; Negro et al. 2019; Hu et al. 2022). As all hybrids share
a common parent, the variation of mRNA abundance between
hybrids depends on the variation of mRNA between lines, if we
consider that there is no variation of specific interaction between
lines and tester. We tested therefore at each locus if there was
significant difference of expression between hybrids derived
from lines, which shared a common allele with tester (homozy-
gote), and hybrids from lines, which did not share alleles with test-
er (heterozygote). If the allele-specific expression (ASE) is defined
as the imbalance of expression between 2 alleles at 1 locus

Table 1. “Heritability” of the PIP gene expression in both leaf zones

Leaf zone PIP1;1 PIP1;3 PIP2;2 PIP2;5
EZ 0.567 0.821 0.936 0.419
MZ 0.848 0.798 0.887 0.728

It was calculated from a linear mixed model stating Expression ~ Genotype
(random) and as V/(V,+Ve/n) where V, is the variance attributed to the
genotype, V. is the residual variance, and n is the number of replicates.

(Cleary and Seoighe 2021), we tested if there was or not an ASE
at each locus along the genome. In absence of ASE, we expected
no difference between homozygote and heterozygote.

Relative expression data showed significant weak to moderate
correlations between isoforms and between zones for most iso-
forms (Supplementary Fig. S1). The relative range of expression
of the different isoforms (PIP1;1 > PIP1;3 and PIP2;2 > PIP2;5) coin-
cided with published results in leaves (Supplementary Fig. S2;
Hachez et al. 2008). All traits (combinations of PIP isoform x leaf
zone, hereafter referred to as PIPX;X_MZ/EZ) showed moderate
to high heritability values, supporting the relevance of the genetic
factor in the observed variations (Table 1). The lower value for
PIP2;5_EZ may be explained by higher experimental noise due to
low expression close to the detection threshold.

Principal component (PC) analysis of PIP expression data (Fig. 1)
revealed a partial isoform-specific correlation between the differ-
ent leaf zones. However, the expressions between the different PIP
genes were weakly correlated. Indeed, PIP2;5 expression was
strongly correlated with the second PC (capturing 19.4% of the
variance), while other isoform expressions were generally more
strongly associated with the first PC (27.9%), which could reflect
the global expression of PIP isoforms. The second PC clearly discri-
minated PH207, B14a, and Mo17 genetic groups in the lower part
from B73 and Oh43 groups in the upper part suggesting that PIP
expression could depend on genetic groups. Furthermore, we re-
vealed some significant differences in PIP expression according
to genetic groups (Fig. 2). Among various group- and isoform-
specific differences, the B73 and Oh43 groups showed remarkably
higher PIP2;5 expression in the MZ, with this trend being con-
served with a smaller amplitude in the EZ (Fig. 2). In contrast,
PIP1;1 showed less global variation, especially in the EZ. The
marked variability in PIP2;5 expression confirmed what was high-
lighted in the PCA, in both the MZ and EZ.

eQTL mapping by GWAS reveals local and distant
eQTLs controlling PIP expression

A GWAS with 737,202 single-nucleotide polymorphisms (SNPs) on
expression of 4 PIP genes in EZ and MZ resulted in 3,490 significant
associated SNPs (Fig. 3 and Table 2; Supplementary Table S2). We
grouped these significant SNPs into 443 eQTLs based on the over-
lap of their estimated linkage disequilibrium (LD) windows (the
so-called LD-win method; Negro et al. 2019). Local eQTLs were de-
fined as containing the PIP gene of interest within their borders,
while other eQTLs were termed distant eQTLs. Local and distant
terms were preferred to cis and trans terms, which infer a biologi-
cal mode of action. By using local and distant terms, we avoid
making assumptions about their role (Blein-Nicolas et al. 2020).
Local eQTLs were found for all traits but one, PIP1;1_MZ (circled
inblackinFigs.3and 4). Inallbut 1 case (PIP1;1_EZ), they appeared
to be the most significant eQTLs and showed the largest effect
(Fig. 4 and Table 2). Interestingly, local eQTLs associated with a
given isoform in both leaf zones were not necessarily similar
(PIP1;1 and PIP1;3), suggesting that multiple regulatory elements
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Figure 1. PCA of PIP expression data in the leaf MZ and EZ. On the left, the graph of individuals shows the different genotypes, colored according to their
belonging to the defined genetic groups (admixture, K=6), named according to their respective representative lines (B73, stiff stalk; B14a, stiff stalk
early; Mo17, Lancaster; Oh43, Lancaster early; PH207, iodent; W117 admixture [W117, NC358, and C103]). Transparency of the points correlates with
their quality of representation in the shown space (cos” parameter; i.e. plain points are better represented on this particular space than the more
transparent ones). On the right, the graph of variables shows the relationships of the explanatory variables, i.e. the 4 PIP isoform expression data, with
the first and second dimensions. Similarly, the arrow transparency reflects their representation quality. PCA was performed with the PCA function in R

and plotted with the factoextra package functions.

with different impacts on PIP gene expression and spatial rele-
vance are involved. In other cases, both EZ and MZ local eQTLs co-
incided either because they were described by the same lead SNP
(PIP2;2) or because their respective lead SNPs showed the same di-
rection effect, close proximity, and highly similar allele segrega-
tion across the panel (PIP2;5; Table 2), thus supporting the
relevance of major regulation mechanisms acting regardless of
the leaf zone. Besides local eQTLs, 436 distant eQTLs were also de-
tected, distributed on all chromosomes (Fig. 3). Unlike local
eQTLs, which were sometimes shared between the 2 leaf zones re-
lated to a unique PIP gene, 295 distant eQTLs were only found in a
single leaf zone, suggesting a mostly isoform- and zone-specific
regulation of PIP genes.

Covariate GWAS highlights new local eQTLs

For PIP1;3 and PIP2;5, we observed many distant eQTLs clustered
around their local eQTLs creating a large tail around them
(Fig. 3). Since the effect of these local eQTLs was very high in the
2 leaf zones (e.g. g = 0.50 for PIP2;5; Table 2), large tails of signifi-
cant associations around them certainly originated from the exis-
tence of moderate LD with the local ones and thus the same
causal polymorphisms. Besides, significant associations were
sometimes observed with distant eQTLs located far away on the
same chromosome. It is noteworthy that such a phenomenon of
moderate to high LD between very distant loci was already ob-
served, even despite the correction for kinship, and may be ex-
plained by chromosomal rearrangement or strong epistatic
interactions (Negro et al. 2019). Ultimately, the presence of eQTL
tails around local eQTLs could hide the presence of eQTLs captur-
ing the effect of other causal polymorphisms.

To solve this problem, we used a multilocus approach where
we integrated the local eQTL lead SNP as a covariate in the

GWAS to exclude all highly linked and redundant loci (referred
toas “Cov”; Fig. 5A). This was implemented for traits with arbitrary
large local eQTLs [with a —logio(P-value)>12], i.e. PIP1;3_EZ/MZ
and PIP2;5_MZ. As expected, this approach resulted in a large re-
duction in the number of associated SNP and QTL number
(Table 3) and, in most cases, cleared the area around the local
eQTL. All lost eQTLs may thus be considered with high caution
as they were somehow linked to the local ones. On the other
hand, this allowed the emergence of other eQTLs that could safely
be considered as independent from the local ones. They showed
globally lower —log,o(P-value) than the initial ones. Interestingly,
different local eQTLs were detected in some cases (PIP1;3_EZ/
MZ), suggesting the presence of multiple causal polymorphisms
in the close vicinity of the PIP genes (Fig. 5A).

Limitations of eQTL detection due to qPCR
technical aspects

Due to the intrinsic influence of RT-qPCR endogenous control genes
in the expression measurements, the presence of any important
eQTL in the vicinity of these genes was controlled for all the traits.
Attention was drawn by an eQTL associated with PIP1;1 expression
in the EZ, colocalizing with the UBIQUITIN 2 gene (Ubi2) targeted by
the Ubi primer pair. This so-called ubi-eQTL was only detected
for PIP1;1 and was the most significant [-log;o(P-value) =8.59, lead
SNP=AX-91641079] for PIP1;1_EZ (Supplementary Fig. S3, A to C).
A clear bias was observed for PIP1;1 EZ expression data (and,
to a lower extent, for PIP1;1_MZ) in light of this ubi-eQTL
(Supplementary Fig. S3D). We then calculated PIP1;1 expression us-
ing only ACTIN 1 (Act1) and ELONGATION FACTOR 1« (Efla) as refer-
ence genes, and this variation disappeared (Supplementary Fig.
S3E), and, after performing a GWAS, the ubi-eQTL disappeared, sug-
gesting thatit was an artifact (Supplementary Fig. S3F). However, in
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Figure 2. PIP gene expression data according to population structure groups. Relative expression data (log, transformed) are shown for the 4 PIP
isoforms and the 2 leaf zones, the EZ (above) and the MZ (below). Data for all lines are classified according to their belonging to the defined population
structure groups (admixture, K=6), named according to their respective representative lines. The P-values come from the nonparametric one-way
Kruskal-Wallis test (kruskal.test R function), while * indicates the significant pairwise comparisons (pairwise.wilcox.test R function, Holm adjustment
for multitesting *0.1, *0.05, and ***0.01). Population groups are defined as B73, stiff stalk; B14a, stiff stalk early; Mo17, Lancaster; Oh43, Lancaster early;
PH207, iodent; and W117 admixture (W117, NC358, and C103). The center line in the boxplot indicates the relative expression median, points are
outliers, and the box upper and lower limits are the third and first quartiles, respectively. The whiskers represent the 1.5x interquartile range.
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Table 2. eQTLs for the PIP genes with the initial GWAS model
Gene Zone SNP QTL Local? Local eQTL
no. no. Top? SNP  Range® Lead SNP LogPval® r%; Effect Position® MAF?
no.
PIP1;1 EZ 50 18 Yes No 11 chr2:19315776 to AX-90735145 7.1 0.1 0.1 chr2:19340946 0.34
19353266
MZ 38 15 No
PIP1;3 EZ 754 65 Yes Yes 78 chr4:157020802 to AX-90895950 28.8 04 =03 chr4:157203831 0.48
157249685
MZ 890 97 Yes Yes 70 chr4:157020309 to 54153627019 28.8 04 -0.6 chr4:157200014 0.33
157249685
PIP2;2 EZ 505 75 Yes Yes 18 chr2:173109023 to PZE-102122092 39.9 0.5 0.9 chr2:173382757  0.11
173430699
MZ 167 48 Yes Yes 9 chr2:173109023 to PZE-102122092 28.4 0.4 1.1 chr2:173382757  0.11
173430699
PIP2;5 EZ 36 4 Yes Yes 32 chr2:29138193 to S52_27871636 10.5 0.1 0.4 chr2:29279736 0.33
29445124
MZ 936 112 Yes Yes 128 chr2:29137698 to AX-91209412¢ 40.1 0.5 14 chr2:29280131 0.32
29507155

For each trait, the number of significant SNPs and defined eQTLs is indicated. When a local eQTL was detected, its range, lead SNP, and associated features are

presented. It is also indicated whether or not it is the most significant peak detected for this trait (“Top?”). Ellipsis indicates the absence of information.

“Physical positions refer to the B73 reference genome version 4.
bLogPval stands for —log10(P-value).

“The r{g estimates the percentage of variance explained by the lead SNP of the eQTL calculated as in Sun et al. (2010).

4MAF indicates the minor allele frequency of the given marker among the panel.

“Note that 3 redundant SNPs were detected as the most significant for the local PIP2;5 eQTL (AX-91209412, AX-90737936, and AX-91514455). The first one, in terms of

physical position (and relative position to PIP2;5), was chosen as the lead SNP.
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Figure 4. eQTL effect. Significance and effect of detected eQTLs, based
on their representative lead SNP. Significance is represented as
—logyo(P-value), with a threshold set at 5. The eQTL effect was assessed
using the B73 allele as reference. Local eQTLs are circled in black.

order to keep the expression data consistent for the other PIP genes,
we took into account this experimental bias for both PIP1;1 data
sets by setting the lead SNP of this ubi-eQTL as covariate into the
GWAS model leading to a new collection of eQTL (the so-called
ubi-adjusted eQTLs; Fig. 5B). Interestingly, this new GWAS model
allowed the recovering of a weak local eQTLs for PIP1;1_MZ that
was previously the only data set not harboring one. The initial
PIP1;1_EZ local eQTL remained, although slightly less significant
[~log10(P-value) =6.66 vs. 7.10]. It is noteworthy that no eQTL was
detected for any other data sets around ubiquitin 2 and no noticeable
eQTL was detected around the 2 other endogenous control genes
(Actl and Efla; Supplementary Fig. S3).

Moreover, we investigated the presence of polymorphisms
among the sequences targeted by the qPCR primers and evaluated
the impact of such pinned polymorphisms on the eQTL detection
(Supplementary Appendix S1). Three genotyped SNPs were identi-
fied in the primer pair targeting PIP1;1, but none of them seems to

have an impact on the local eQTL detected (Supplementary
Appendix S1). Regarding PIP2;2, genome and targeted sequence
alignment revealed a very different sequence at the expected tar-
get site of the forward primer, and the local eQTL detected (iden-
tical lead SNP for MZ and EZ data sets) was strongly associated
with the repartition of the alleles at this forward primer location.
As the unfavorable allele concerned only 29 lines, we discarded
them from the PIP2;2 analysis, and only the 220 remaining ones,
harboring the favorable allele, were used for the GWAS (3 line gen-
otypes as heterozygous at this location were also discarded;
Fig. 5C). For PIP1;3, 1 genotyped SNP within the forward primer
was associated with the local eQTL obtained in the EZ, but not
with the local eQTL detected in the MZ. However, multiple other
causal polymorphisms seem to exist to explain the local eQTL in
the EZ (Supplementary Appendix S1). Finally, no polymorphism
was identified among the regions targeted by the RT-qPCR primers
of the PIP2;5 gene, either in the marker collection or when compar-
ing genomes (Supplementary Appendix S1).

Final eQTL set identifies a PIP2;5 local eQTL

We ended up with a final set of eQTLs (Table 3; Supplementary
Tables S3 and S4). In the cases where covariate GWAS was imple-
mented, eQTLs coming from the initial GWAS but lost during the
covariate GWAS were still conserved because a part of them
may still reveal biologically relevant linkage between distant
loci (recent relocation, transposition, co-evolution, epistasis).
They should, however, be considered with the greatest caution.
As for the initial GWAS results, we did not notice any striking
colocalization between distant eQTLs detected for different
PIP isoforms that could have pointed out at potential shared
regulators.

Both local PIP2;5 eQTLs detected in EZ and MZ were considered
as one, as their effects worked in the same direction and the lead
SNPs showed close proximity (359 bp) and nearly identical allele
segregation in the 252 lines of the panel. Therefore, the lead SNP
of the PIP2;5_MZ data set (AX-91209412) was used as reference.
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threshold is set at 5.

Alleles at this position defined 2 distinct haplotypes in the popula-
tion, extending over a large region (Fig. 6). Among available refer-
ence genomes at the time of the experiments (B73, PH207, and
B104, matching the panel), B73 and PH207 were used as represen-
tatives of the first and second haplotypes, respectively. The B73 al-
lele was associated with a positive effect on PIP2;5 expression.
Genomic sequence comparison showed a high identity of the
PIP2;5 coding sequence (98.72%). It is noteworthy that a point mu-
tation close (7 bp upstream) to the 3’ splice site of the last intron
was mapped and identified as putatively associated with splicing
variation in the Ensembl Plants database. Collinearity between
the genome sequences was observed up to ~30kb upstream of
PIP2;5, allowing the sequence alignment and identification of

multiple indels, but was lost afterward (Supplementary Fig. S54).
A large (~6kb) indel polymorphism was present in the B73 se-
quence (absent from PH207), ~11.5 kb upstream of PIP2;5, within
the next upstream gene (GRMZM2G178681-Zm00001d003007) an-
notated as belonging to the pentatricopeptide repeat (PPR) super-
family protein (or in the intergenic region, depending on the
reference genome versions). Several indels, closer to the PIP2;5
gene, were present only in the PH207 sequence and absent from
B73 (Fig. 6E). One indel was also identified in the PIP2;5 gene itself,
within the last intron (present in PH207, absent from B73).

The presence of a 457 bp indel located ~430 bp upstream of the
PIP2;5 transcription starting site in PH207 was of particular inter-
est. The major part of this indel (303 bp) was identified as a
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putative MITE transposon using a MITE-finder blast tool (highest
score E-value =e~'%; P-MITE; Chen et al. 2014). Blast results sug-
gested that this MITE belongs to the maize Heartbreaker (Hbr) fam-
ily, characterized by particular terminal inverted repeats (TIR), a
conserved length (~310 bp), and variable target site duplications
(zhang et al. 2000; Supplementary Fig. S5).

The presence/absence of this particular MITE-containing indel
was assessed in 10 lines (B73, Oh43, B104, F98902, and EP52 for the
B73 haplotype and PH207, A374, B100, F894, and PHK76 for the
PH207 haplotype) chosen for maximizing the admixture group
diversity by specific amplifications of PIP2;5 promoter region
(Fig. 7). Bands of different sizes depending on the haplotypes were
observed supporting a widespread conservation and a good correla-
tion with the unfavorable, PH207-like, haplotype of the eQTL. Only
B100 did not coincide, as it did not harbor this MITE insertion, but
yet the second smaller, further upstream, indel included in the tar-
geted promoter region, responsible for the intermediate size band
in the upper panel. Sequencing revealed that the MITE-containing
indel was perfectly identical in the PH207, A374, F894, and PHK76
genotypes. Table 4 gathers the conservation patterns for the poly-
morphisms judged as the most promising to explain this local
PIP2;5 eQTL, obtained from sequenced genomes or the manual se-
quencing from gDNA samples. We considered particularly the
MITE-containing indel located the closest to PIP2;5 and the larger
~6 kbindel located further away. We also looked at the conservation
of the indel located in the last PIP2;5 intron as well as the putative
splice site variant SNP mapped in Ensembl Plants. Altogether, the
MITE-containing indel (except for B100) and the ~6 kb indel (at least
the ~3.5 kb part of it that was conserved in Oh43 and UHO007 as well)
showed the best coincidence with the eQTL haplotype.

MITE-containing indel affects the promoter
activity

The MITE-containingindel stood as a promising causal candidate for
the local eQTL, due to its strategic position in the promoter
and the recurrence of demonstrated MITE-associated QTLs
(Magalhaes et al. 2007; Salvi et al. 2007; Hou et al. 2012; Zerjal et al.
2012; Castelletti et al. 2014; Mao et al. 2015). In order to demonstrate
its effect on the promoter activity, we compared the PIP2;5 promoter
(pPIP2;5) activity of both B73 and PH207 using a dual fluorescence re-
porter assay. The tested promoter sequence was defined from PIP2;5
start codon (nonincluded) up to the next upstream annotated gene,
meaning a 1,884 and 2,600 bp region for B73 and PH207, respectively
(similar to the blue arrows-targeted region in Fig. 8). Promoter activ-
ity was monitored with mVenus (pPIP2;5:mVenus) as a reporter,
mCherry (CaMV p35S:mCherry) being used as a normalizer (polycis-
tronic vectors). Both fluorescence intensities were recorded from
confocal microscopy images coming from maize leaf cells transi-
ently transformed by biolistic particle delivery.

In order to remain as close as possible to the physiological
reality, and because PIP gene expression is known to be sensitive
to environmental conditions (diurnal cycle, light, humidity,
etc.), the entire plants were used for the bombardment and
kept complete and alive in their usual growing conditions until
the signal observation (~40 h), unlike usual protocol using cut
leaf pieces conserved on solid media in the dark (Chevalier
et al. 2014). Thus, for practical reasons, only young plants
were used for transformation (~12 d, usually 4th fully emerged
leaf). Demonstration of the MITE-containing polymorphism ef-
fect was carried out by synthetically removing and adding the
whole MITE-containing indel from PH207 and to B73 PIP2;5 pro-
moters, respectively, by triple PCR. This approach allowed
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Figure 6. PIP2;5 local eQTL. A to C) Manhattan plots showing the chromosome 2 A) and successive closer views of the local peak for PIP2;5_MZ
(regardless of eQTL range definition) B and C). Vertical axes represent the —log,o(P-value). PIP2;5 gene is highlighted in orange. Other genes are shown in
gray. The black horizontal line represents the significance threshold of 5. D) Two haplotypes are defined by the alleles at the lead SNPs of the local eQTL.
Lines are shown vertically, while the 20 most significant SNPs are displayed horizontally (labels are not visible due to the small scale), ordered according
to their physical position (they cover a 235 kb range). The black star indicates the lead SNP (AX-91209412). Genotyping data are shown for the 20 most
significant SNPs, colored in green for the B73 allele and orange for the other allele. The rare heterozygous alleles determined by the genotyping are
colored in gray. PIP2;5 expression data in the MZ are shown on the right, colored in a yellow (low) to red (high) gradient. E) Schematic representation of
the locus containing PIP2;5 and the next upstream annotated gene®, covering a region of ~25 kb. B73- and PH207-specific large indel polymorphisms
(>50 bp) are represented in green and orange depending on the lines they are present in, respectively. The PH207 indel circled in black encodes a MITE

transposon. Arrowheads indicate the 5'-3’ gene orientation.

distinguishing the effect of the “background promoting se-
quence” (B73 or PH207) and the MITE-containing indel itself
(presence or absence; Fig. 8). We observed that the Venus/
mCherry ratio was lower when the MITE-containing indel se-
quence was present (either inserted in pPIP2;5 from B73 [B73
pPIP2;5 MITE+] or naturally present in PH207 pPIP2;5) compared
with the pPIP2;5 without the MITE-containing indel sequence
from both backgrounds (Fig. 8B). Statistical analysis revealed
the significance of the MITE-containing indel (P=0.0271%) but
not the background sequence on the measured promoter
activity. The interaction of MITE-containing indel presence
and background sequence was tested as nonsignificant. This

demonstrated the effectiveness of the MITE-containing indel
on the PIP2;5 promoter activity, independently of the back-
ground sequence, and the effect (without MITE-containing in-
del>with MITE-containing indel) agrees with the eQTL effect
(B73 > PH207).

Discussion

In this work, we investigated the expression diversity of 4 PIP
aquaporin genes at a large scale and mapped numerous eQTLs,
both local and distant. They constitute valuable starting points
for the identification and characterization of potential regulatory
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Figure 7. MITE-containingindel conservation. Five lines were selected among each subpopulation defined by the allele at the local eQTL to look for the
conservation of the MITE-containing indel. A) Selected lines are highlighted on a graph representing PIP2;5 expression on the MZ according to the allele
at the lead SNP of the local eQTL. B) PCR amplifications using as template gDNA from the chosen hybrids (inbred line x UH007). Middle panel,
amplification of the PIP2;5 promoter region (primers shown by blue arrows—top panel) allowing the identification of 2 main alleles associated with the
B73 and B104 (lower band) or PH207 (upper band) reference genomes, respectively. Lower panel, amplification figuring the presence of the
MITE-containing indel (circled in black) thanks to both an internal and an external primer (shown by orange arrows).

elements and factors for PIP gene expression, illustrated here by
the identification of a MITE transposon polymorphism in the
PIP2;5 promoter.

Maize is ideally suited for GWAS, thanks toits important genet-
ic diversity and rapid LD decay (Buckler et al. 2006). However, the
high significance of some local eQTLs was difficult to handle as it
spread rapidly over neighboring regions as soon as some genetic
linkage was still present. In some cases, we observed a large
zone of pyramiding eQTLs spreading over a large portion of the
chromosome. Since the strongest associated SNP explained a
large part of the variation of PIP expression (Table 1), most addi-
tional local eQTLs probably originated from SNPs that were in
LD with the main causal polymorphism. However, these eQTLs
blurred the detection of some other local eQTLs that were linked
to other causal polymorphisms. How to distinguish local eQTLs
that capture different causal polymorphisms acting independ-
ently on gene expression and how to merge eQTLs that are in LD
with each other were important questions. Indeed, the genetic

determinism of the observed gene expression variation was likely
associated with far fewer loci than implied by this high number of
eQTLs, so it was necessary, for biological and practical reasons, to
disentangle those problematic regions. Therefore, to handle those
“local eQTL flooding zones,” we implemented a multilocus model
the so-called covariate approach (Segura et al. 2012). It allowed us
to remove eQTLs that captured the same causal polymorphisms
and bring to light new ones that are independent from the first
one. Since genetic determinism of gene expression is likely oligo-
genic, we believed that the covariate approach may be valuable in
larger-scale studies as well to point, for instance, at multiple local
eQTLs, even if more stringent eQTL selection criteria are applied.

Variability of PIP gene regulation

The diversity panel and the eQTL mapping methodology applied
in this work revealed that (i) a significant variability in PIP gene
expression exists, even across economically and agronomically
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Table 4. Structural polymorphisms around PIP2;5 gene

Accession PIP2;5 expression Local eQTL lead MITE indel Intron indel Large indel Splice variant Source
in MZ SNP AX-91209412 (457 bp) (235 bp) (5,915 kb) (position: 2:27869387)

PHK76 -5.31 0 + + - + Man
NC358 -5.16 0 + - - + Man
MS71 —4.66 0 + + - + Ref
F894 -4.39 0 + + - + Man
PH207 -3.89 0 + + - + Ref/man
Mo17 -3.51 0 + + - + Ref
B100 -1.59 0 - - - + Man
A374 -1.45 0 + + - + Man
B97 -1.20 1 + + - + Ref
EP52 -1.26 2 - + + + Man
F98902 -0.39 2 - - + - Man
B104 0.24 2 - - + - Ref/man
Oh43 0.43 2 - - Partial + Ref/man
B73 0.70 2 - - + - Ref
UHO007 2 - - Partial Man

Alleles at polymorphisms are indicated for 14 different lines of the panel and the common parent UHO007 as well. Plus (+) means “presence,” while minus (—) means
“absence.” Ellipsis indicates the absence of information. Source indicates whether the information comes from the sequenced genomes (ref) or the manual
sequencing (man) from cDNA samples (hybrids). PIP2;5 relative expression in the MZ is shown, and accessions have been ordered following their PIP2;5 expression

level in MZ.

relevant elite lines, and (ii) this variability is primarily associated
with local eQTLs in the observed conditions. Interestingly, the
patterns of variation were different among the studied isoforms:
most of them showed a rather homogeneous variation irrespec-
tive of the population structure, while PIP2;5 showed a clear
interheterotic group variation (B73 and Oh43>PH207 and Bl4a
and Mo17). This major difference in expression, whose important
genotypic foundation has led to the mapping of the cognate major
local eQTL, was likely the result of an unbalanced allelic composi-
tion at the PIP2;5 locus and its surroundings in the different
heterotic groups. While this should be investigated further, this
distinction is a clear heritage of past breeding, which would likely
be confirmed by the investigation of specific selection signs in the
SNP composition in this region. Whether PIP2;5 expression (and
any associated phenotype of interest) was the intended target of
this past selection or, on the contrary, a side effect of a selection
affecting a closely related locus is unclear so far. The investigation
of these particular heterotic groups and their potentially contrast-
ing phenotypes such as tolerance to specific climatic scenarios or
hydraulic parameters might help answer this question. Regarding
the prevalence of local eQTLs, specific functional characterization
would be necessary to confirm the cis nature of the underlying reg-
ulatory mechanisms. The observation of 2 different leaf zones
pointed to the different nature of most distant eQTLs, which could
point to zone-specific regulation mechanisms. The consistency of
the multiple local eQTLs identified for a unique isoform (2 zones
and secondary local eQTLs identified by covariate GWAS) should
be assessed more carefully by looking at local LD patterns and
haplotypes among the population.

PIP1;1 expression varied in lower magnitude than other genes
in the studied diversity panel. Such an implicit low variation in ex-
pression was interesting from a biological point of view. PIP1;11is a
ubiquitous PIP isoform, expressed at high levels both in roots and
aerial parts. Mechanistically, its channel properties are not yet re-
solved. Its permeability to water is ambiguous (Fetter et al. 2004).
The difficulty of obtaining pip1;1 knockout lines also supports its
importance as an essential gene. So far, only partially silenced
lines showing reduced but not null expression could be obtained
(Ding and Chaumont, personal communication). The stable ex-
pression observed, here, across the diversity panel and the subse-
quent rather weak eQTLs detected are yet other arguments

supporting the exceptional character of PIP1;1 among the PIP sub-
family. These observations may suggest a fundamental role for
this specific isoform compared with a more adaptive role for the
other isoforms, compatible with a higher degree of freedom and
proneness to variations. A deeper investigation of the local and
distant eQTLs reported in this work and other studies may bring
valuable information to support or overturn this hypothesis.

In the future, effort should be made to benefit from, and connect,
the different data collected for the same DROPS panel (Millet et al.
2016; Prado et al. 2018; Negro et al. 2019). In particular, phenotypical
data related mainly to plant hydraulic parameters are available for
the experiment from which our tissue samples were directly col-
lected (Prado et al. 2018). Integrating all of them will be an opportu-
nity to assess the involvement of PIP (and other aquaporin) genes on
physiological and agronomical traits. The comparison of the (g)
QTLs from our work and a hydraulic-oriented sister study (Prado
et al. 2018) only revealed a few colocalizations, but they would still
deserve closer attention. The absence of colocalization at the local
PIP eQTL suggests that, if aquaporins are important in these proc-
esses, their involvement is probably more subtle and coordinated
within the whole family rather than relying on 1 major isoform
and a putatively nonadjustable local eQTL cis-acting underlying
regulation.

The final eQTL list was compared with other eQTL studies based
on whole-transcriptome RNA sequencing data (Li et al. 2013;
Liu et al. 2017; Wang et al. 2018; Pang et al. 2019). It is noteworthy
that they concern other types of samples: kernels (Liu et al. 2017;
Pang et al. 2019), shoot apex on 14-d seedlings (Li et al. 2013), and
aerial part of 11-d-old seedlings (Wang et al. 2018). They also
worked on other diversity panels, including a maize-teosinte RIL
population in the case of Wang et al. (2018). Therefore, it repre-
sented an opportunity to identify eQTLs that may be conserved
across tissues and developmental stages and others that may be
more specific to the particular physiological conditions. In addi-
tion, each study applied its own criteria, more or less stringent,
for eQTL definition, characterization (local vs. distant), and selec-
tion. Supplementary Fig. S6 gathers the results from this work
and these other studies. All local eQTLs were supported by several
or all studies (in case of PIP2;5 and PIP1;3). Colocalizations between
distant eQTLs were detected as well, namely, for a PIP1;1_EZ eQTL
(QTL_3) colocalizing with a PIP1;1 distant eQTL from Liu et al. (2017)
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Figure 8. MITE-containing indel effect on the PIP2;5 promoter activity. A) Constructs used (not drawn to scale). The green and orange/magenta
backbones figure the B73 and PH207 PIP2;5 promoter sequences. The rectangle indicates the presence of the MITE-containing indel (the hatched part
representing the MITE itself), while the dashed line indicates its absence. Dark blue features indicate the artificial constructions. B) mVenus and
mCherry fluorescent signal ratio in the leaf epidermal cells. The mVenus expression was driven by the tested promoter constructs as indicated in the
vertical axis labels, while mCherry expression was driven by the double minimal CaMV p35S promoter, carried by the same vector and used as
normalizer. Results are presented as log,(mVenus/mCherry) and group 3 independent experiment repetitions performed blind. Each dot represents an
individual cell. Statistical tests were performed with a linear mixed model testing the background effect (B73 or PH207), the MITE-containing indel
effect (presence or absence, referred to as “MITE+” and “MITE-,” respectively, in the axis labels), and their interaction, with a random intercept taking
the experience replication dependency into account (SAS or nlme function in R). Significance threshold was set to P <0.05. Representative pictures of
transformed epidermal were added, channels (top panel, mCherry; middle panel, mVenus; lower panel, both merged). The scale bar represents 15 ym.

(for kernel tissues) and a PIP1;3_EZ (QTL_9, covariate GWAS) dis-
tant eQTL colocalizing with a distant PIP1;3 eQTL from Pang et al.
(2019) (for kernel tissues). In both cases, they are located quite close
to the local loci.

A MITE transposon regulates PIP2;5 expression

A very significant eQTL peak located on the PIP2;5 gene, both in
leaf MZ and EZ. This large peak was composed of multiple pyra-
miding eQTLs. Patterns of local LD between SNPs from these dif-
ferent eQTLs suggested that these multiple eQTLs captured the
same local causal polymorphisms regarding the large effect of
main local eQTL (16% and 50% of the total variance of PIP2;5 ex-
pression in EZ and MZ leaf zone, respectively [Table 3]). This
was further confirmed by the covariate GWAS since the integra-
tion of local eQTL lead SNP wiped out most neighboring ones. As
a whole, data suggest the presence of a sole local eQTL for PIP2;5.

Significant SNP segregation profiles and sequence comparison
between lines diverging at the local lead SNP, B73, and PH207 al-
lowed identifying 2 rather long haplotypes. Among the different
polymorphisms identified, a MITE-containing indel, present in

PH207 and located at ~430 bp from the start codon, stood out as
a promising causative candidate, because of (i) its good apparent
coincidence with the eQTL assessed on 14 lines, (ii) its strategic po-
sition in the promoter, and (iii) the data accumulating on MITEs,
highlighting their role as genomic, genetic, and phenotypic diver-
sity drivers. The MITE located in the PH207 PIP2;5 promoter shares
the features of the maize Hbr family (included in the tourist super-
family): conserved TIR, similar length (~310 bp), and diverse tar-
get site duplication. This family was reported to show a high
degree of sequence conservation (usually ~90% sequence identity)
suggesting their late origin and recent or current spreading activ-
ity (Zhang et al. 2000). Indeed, in rice, 3 elements (mPing, mGing,
and mJing) belonging to different families of tourist MITE, with var-
iable intrafamilial sequence similarity degrees—reflecting multi-
ple historical amplification bursts (Lu et al. 2012)—were shown
to still be active (Jiang et al. 2003; Naito et al. 2006; Dong et al.
2012; Tang et al. 2019). However, the lower sequence similarity
of the identified MITE with the few other Hbr that were specifically
observed, as well as the polymorphisms observed in one of the
TIR, probably suggests a relatively ancient origin and lost transpo-
sition activity. In any case, Hbr MITEs were proposed as valuable
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molecular markers for genotyping and genetic relationship
prediction because of their stability, high degree of—presence/
absence—polymorphism, and preference for genic regions
(Casa et al. 2000, 2002, 2004; Zerjal et al. 2012; Venkatesh 2020).
Therefore, like other transposons, but even more because of their
smaller size and high copy number, MITEs shape genomes and
create genomic diversity. They were proposed to have a major
role in the formation of clusters, gathering related biosynthetic
genes, for instance (Boutanaev and Osbourn 2018). However, be-
yond the genome structure, their integration and polymorphisms
may potentially have consequences at the genetic, epigenetic, and
phenotypic levels.

Genome-wide studies on 2 rice cultivars showed that genes with
MITE insertions within the 500 bp upstream or downstream re-
gions, or within introns, have significantly lower expression than
genes located away from MITEs (Lu et al. 2012); however, no ob-
vious effects of MITE insertions on individual gene expression
were emphasized when crosschecking presence/absence varia-
tions and expression levels between cultivars in the same study.
While most insertions are probably neutral (or have still unde-
tected effects; Naito et al. 2009; Lu et al. 2012), in some cases, the
local influence of MITEs on gene expression was concrete and
attributed to several nonexclusive mechanisms. MITEs can modu-
late the nearby gene expression through the introduction of regula-
tory motifs, with positive, negative, or condition-specific effects
(Yang et al. 2005; Naito et al. 2009), or via MITE-derived small
RNAs (Kuang et al. 2009; Wei et al. 2014; Xin et al. 2019). MITE im-
pacts on gene regulation may also come from RNA-independent
DNA methylation (Yang et al. 2005), gene product modifications
or truncations due to—yet rare—MITE insertion into exons
(Guillet-Claude et al. 2004), or splicing alteration due to MITE inser-
tion into introns (Balzan et al. 2018; Xin et al. 2019). Therefore,
MITEs may have consequences at the phenotype level (Bureau
and Wessler 1992; Tang et al. 2019, for instance) and were repeat-
edly proposed as the causal variations underlying QTLs for
agronomic traits and/or historical evolution understanding. A
MITE insertion into a peroxidase gene involved in lignification
presumably explains a major QTL for maize cell wall digestibility,
due to gene product truncation (Guillet-Claude et al. 2004). A sor-
ghum aluminum tolerance QTL is also likely due to a MITE inser-
tion upstream of a multidrug and toxic compound extrusion
protein MATE gene, but the (de)regulatory mechanisms have not
been characterized (Magalhaes et al. 2007). MITE insertions are
also associated with several flowering-time genes and QTLs in
maize, sorghum, and rapeseed (Salvi et al. 2007; Hou et al. 2012;
Zerjal et al. 2012; Castelletti et al. 2014). The major flowering-time
QTL Vgtl could be at least partly attributed to stable methylation
spreading from a MITE, downregulating ZmRap2.7 flowering-time
gene transcription (located 70 kb downstream) in maize and sor-
ghum (Salvi et al. 2002, 2007; Castelletti et al. 2014). The involve-
ment of this particular locus was also supported by an open
chromatin state coinciding with the MITE (Rodgers-Melnick et al.
2016) and long-range chromatin interaction with a nearby se-
quence (Peng et al. 2019), thus suggesting maybe the coincidence
of multiple regulatory mechanisms. In addition, a tourist MITE (lo-
cated ~60 kb from TB1) underlying the major QTL for apical domi-
nance was shown to act as a repressor by dual luciferase assay. The
QTL causative variation was, however, attributed to the close
Hopscotch retrotransposon whose positive regulatory effect was
consistent with the evolutionary data (Studer et al. 2011). Here
again, it was further supported by genome-wide structural
chromatin assay and long-range interaction detection (Rodgers-
Melnick et al. 2016; Li et al. 2019). Finally, the cloning of a maize

drought tolerance QTL revealed that a MITE inserted in the pro-
moter of a NAC gene (ZmNAC111) reduced its expression via
RNA-dependent DNA and histone methylation, thus lowering
seedling drought tolerance (Mao et al. 2015). This particular MITE
was particularly present in the temperate maize germplasm
(Mao et al. 2015).

In our case, the negative effect of the MITE-containing indel on
the PIP2;5 promoter activity was demonstrated by a confocal
microscopy-based reporter assay. The exact MITE-containing indel
effect was highlighted by artificial insertion/deletion of the whole in-
delin and from the B73 and PH207 promoter sequences, respectively.
Unfortunately, scales of such different experiments (reporter assay
and RT-gPCR) did not easily match, so the magnitude of the effect
relative to the expression could not be quantitatively estimated.
Whether the observed effect was due to the MITE itself or the
non-MITE portion of the indel was not determined. Cis-regulatory el-
ements (including putative NAC, MYB, LAE, and other binding sites)
wereidentified within the whole indel (including within the MITE) us-
ing the PlantPAN 2.0 TFBS promoter scanning tool (Chow et al. 2016)
so that it might allow/increase the binding by trans-regulatory fac-
tors (see Supplementary Fig. S7). In addition, the MITE could be sub-
jected to RNA-dependent DNA methylation, as small RNA database
screening suggests its specific targeting by siRNAs (Supplementary
Fig. S8, Johnson et al. 2007). Silencing methylation could then poten-
tially spread across the PIP2;5 promoter and gene region. However,
mining available methylation profiles showed no particular differ-
ence in methylation at the PIP2;5 gene and promoter location when
comparing lines matching the panel and differing at this
MITE-containing indel (including B73, B97, Mo17, MS71, and Oh43;
Eichten et al. 2013), reducing the likelihood of this hypothesis.

In addition to the MITE-containing indel, other regulatory ele-
ments might also contribute to this very significant PIP2;5 local
eQTL. The compelling uncovering of the local regulatory elements
could be achieved with a fine mapping in specifically bred nearly
isogenic or backcrossed populations and by comparing and dis-
secting the effect of the local haplotypes inideally identical genet-
ic backgrounds. Another possibility of narrowing or defining the
eQTLs lies in the integration of polymorphic indels of various sizes
that have been genotyped in a large diversity panel including the
one used in this work (Mabire et al. 2019).

In conclusion, such work on the dissection of the PIP gene ex-
pression variability is a valuable approach to ultimately elucidate
the networks involved in the crop water homeostasis and their es-
sential adaptation to various and ever-changing environmental
scenarios.

Materials and methods
Plant material

The diversity panel was generated by crossing a common maize
(Z. mays) flint parent (UHO007) with dent lines having a restricted
flowering-time variation (European DROPS project). The resulting
panel comprised 252 hybrids with a 7-d flowering window and was
used in several previously published studies (Millet et al. 2016;
Prado et al. 2018; Negro et al. 2019; Blein-Nicolas et al. 2020).
The panel was then divided into 6 genetic groups identified using
the ADMIXTURE software (Negro et al. 2019). These groups were
defined as follows: stiff stalk containing 32 lines, iodent contain-
ing 34 lines, Lancaster with 32 lines, Lancaster early containing
16 lines, stiff stalk early with 36 lines, and, finally, W117 admix-
ture, which includes 102 lines that did not fit into the other groups,
such as W177, D06, and NC358. One line of each group was used as
areference (B73, PH207, Mo17, Oh43, B14a, and W117 lines for stiff
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stalk, iodent, Lancaster, Lancaster early, stiff stalk early, and
W117 admixture, respectively).

In our case, the panel was grown in May 2013 in the phenotyp-
ing platform PhenoArch (LEPSE, INRAE, Montpellier) under semi-
controlled conditions. Well-watered condition (soil water
potential of —0.05 MPa, retention capacity) was maintained by au-
tomatic and personalized watering of the pots 3 times per day. The
EZ samples (yellow cylinder at the stem base, covering green
sheath removed) were collected after 10 d of culture, at 4-leaf
stage, while the MZ samples (middle of the expanded leaf blade)
were collected after 44 d, at 14-leaf stage, on leaf 10. Three succes-
sive days (3 h timeframe in the morning: 7:30 to 10:30 am) was re-
quired to collect all samples while limiting the sampling time
variation. Three biological replicates coming from different pots
were harvested for each genotype. Samples were harvested and
immediately frozen in liquid nitrogen and kept at —80 °C until
RNA extraction.

For biolistic transient expression, B104 inbred seeds were sur-
face disinfected with 50% (v/v) sodium hypochlorite for 5 min
and rinsed 6 times with distilled water. Seeds were placed verti-
cally between wet tissue papers in the dark for 2 d at 30 °C and
transferred into soil in individual 6 cm diameter peat Jiffy pots
filled with 80% (v/v) classic potting soil (DCM) and 20% (v/v) ver-
miculite (Agra-vermiculite) and grown under an 8/16 h dark/light
regime (18 °C/25 °C; semicontrolled growth chamber conditions).

RNA extraction

Frozen tissues were ground with metallic beads using a Mixer Mill
MM 400 grinder (Retsch), and RNA extraction was performed with
the Spectrum Plant Total RNA Kit (Sigma-Aldrich). On-column
DNA digestion was performed with DNAse I (Sigma-Aldrich) as
recommended. Complementary DNA (cDNA) synthesis was per-
formed from 2 pg of total RNA extract (measured with a
Nanodrop ND-1000 [Isogen]), with M-MLV reverse transcriptase
(Promega) in the presence of RNasin (Promega), according to the
manufacturer’s instructions. cDNAs were then purified with the
NucleoSpin PCR Clean-up kit (Macherey-Nagel) and eluted in
50 uL of preheated (65 °C) sterile water.

RT-qPCR
The expression of 4 PIP genes (PIP1;1, Zm00001d002690;
PIP1;3, Zm00001d051403; PIP2;2, Zm00001d005421; and PIP2;5,
Zm00001d003006) was measured for the whole panel on the leaf
EZ and MZ by RT-qPCR. RT-qPCR was carried out with primers
(Supplementary Table S1) according to the protocol already
described in Hachez et al. (2006) and Heinen et al. (2014), using the
SYBR Green Master Mix 2x (Eurogentec) and StepOnePlus
Real-Time PCR system (Applied Biosystems). They were performed
in 96-well plates designed in a gene-optimized way: the 7 genes
(4 PIP genes+3 reference genes) were measured in a same
plate for the 3 biological replicates of a same genotype (with 2 tech-
nical replicates). The results were normalized via the 2ACt
method (Ct for cycle threshold) against the 3 reference genes
(Actl, Zm00001d010159; EFla, Zm00001d046449; and Ubi,
Zm00001d053838), leading to relative expression data. The relative
expression data were used as log, transformed in all subsequent
analyses. Analysis of the putative polymorphisms within the primer
sequences was described in Supplementary Appendix S1.

For each trait (gene expression in a given zone), the linear
mixed model was fitted:

Y=G+E

Genetic variability in aquaporin gene expression | 13

where Y is the vector of phenotypic observation, G is the random
genotypic effect, and E is the residual effect. The heritability was
then computed as Vg/(Vg+Ve/n) where Vg is the variance attrib-
uted to the genotype, V. is the residual variance, and n is the num-
ber of replicates.

GWAS

Lines were genotyped using 3 genotyping technologies: an Illumina
HD 50K array developed by Ganal et al. (2011), an Affymetrix Axiom
600K array (Unterseer et al. 2014), and genotyping-by-sequencing,
as described by Negro et al. (2019). The resulting collection gath-
ered more than 960,000 SNPs, among which 737,202 with a minor
allele frequency (MAF)>0.05 were used for the GWAS. GWAS
was implemented as described by Millet et al. (2016), Prado et al.
(2018), and Negro et al. (2019). In brief, GWAS was performed on
each trait (combination PIP gene xleaf zone, referred to as PIPX;
X_MZ/EZ) individually, using the following single locus mixed
model: Y=u+Xp+G+E, where Y is the vector of phenotypic values,
u is the overall mean, X is the vector of SNP scores (the genotype
value at the tested marker for all the lines), gis the additive effect
of the tested marker (i.e. what we are testing), and G and E repre-
sent polygenic (approximately population structure effect) and re-
sidual effects, respectively. G modulates the genetic pairwise
relatedness (or kinship) between individuals and was estimated
from the 50K marker collection (Negro et al. 2019). In practice, it
was derived from all SNPs except for those on the chromosome
containing the marker being tested, according to the procedure
of Rincent et al. (2014b). The marker effect g was estimated for
each SNP by generalized least squares, and their significance was
tested with an F-statistic. The —logy, of the P-values was retrieved
and significance threshold was set to 5 as detailed in Negro et al.
(2019). Analyses were performed with FaST-LMM v2.07 (Lippert
et al. 2011). Inputted trait data were genotypic means (means of
the 3 biological replicates), as log,-transformed relative expression
data.

The grouping of the significant SNPs into QTLs and, hence, the
eQTL delimitation was based on estimation of the LD windows for
each SNP (LD_win approach; Negro et al. 2019). Significant SNPs
with overlapping estimated LD windows (threshold of LD cor-
rected for cryptic relatedness r’K = 0.1) were considered as belong-
ing to a single QTL. QTL intervals were delimited by the external
limit of the LD window of the most extreme SNPs. Once collected
and delineated, QTLs were defined by the characteristics of their
lead SNP (= the most significant SNP). Colocations of QTLs from
different analyses were defined by QTL interval overlapping.

Conditional GWAS were performed by introducing a SNP of in-
terest as covariate in the GWAS model. It was generally imple-
mented to integrate the powerful local eQTLs (defined as
including the cognate PIP gene—delineated as the transcribed re-
gion, according to the B73 reference genome version 4 annotation
—within its range), thus removing all redundant signals and shed-
ding light on putatively hidden eQTLs of lower effects. It was also
used to integrate a putative confounding effect arising from a
reference gene used for the RT-qPCR, after the discovery of a
QTL located on this gene (Ubi) for the PIP1;1_EZ data set. This so-
called ubi-adjustment was implemented for both PIP1;1 data sets.

Genetic constructs for promoter activity
evaluation

All constructs used for transient expression were derived from the
PEGB 35S:Luciferase:Tnos plasmid (GB0110, Addgene plasmid no.
68216; Sarrion-Perdigones et al. 2013). A USER cassette was
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introduced by restriction and ligation upstream of the Luc coding
sequence between Ncol and Sfol sites resulting in a plasmid named
GB0110m. The latter was then used as backbone to swap the Luc
gene with a mVenus reporter coding sequence, to be able to ob-
serve and quantify the promoter activity by microscopy. This
was obtained by digesting GB0110m with Pacl and Aflll and
inserting the mVenus coding sequence (amplified and adapted
for the insertion with 2 pairs of primers used successively,
venus_GB110_F1-R1/F2-R2; Supplementary Table S5). The plas-
mid was named GB0110m-mVenus. In order to have a transfec-
tion control within the vector, a double minimal cauliflower
mosaic  virus 35S  promoter  CaMV  p35S:mCherry:
tNOS cassette was inserted at the Aatll restriction site
(K7mCherry_Aatll_F/R primers). The ultimate vector was named
GB0110m-mVenus-K7mCherry.

MITE-containing indel detection and PIP2;5
promoter amplification

The presence/absence of the MITE-containing indel into the PIP2;5
promoter region of specific lines was assessed with different pri-
mer pairs (Supplementary Table S5; Fig. 8). The PIP2;5 promoter
region (~2 kb, up to the next upstream annotated gene) and the
MITE sequence amplification resulted in either bands with differ-
ent sizes or the presence/absence of the indel, respectively.

Both PIP2;5 promoter versions were amplified by PCR from B73
and PH207 pure lines and cloned into pGEM-T Easy vector
(Promega) for sequence validation. The promoter region was
selected from the limit of the first upstream annotated gene (includ-
ing a part of the presumed 3’ UTR) up to PIP2;5 translation initiation
ATG (not included), including the 5" UTR, consisting of a 1,884 and
2,600 bp region for B73 and PH207, respectively. Validated promoter
regions were then inserted into GB0110m_mVenus_K7mCherry in
the USER cassette, with the appropriate cloning procedure (Nour-
Eldin et al. 2006; F_user_GB0110m_proml1 and R_user 5UTR_
G0110m_prom). To demonstrate the role of the MITE-containing
indel present in the PH207 PIP2;5 promoter allele, versions of the
B73and PH207 PIP2;5 promoters were created by adding or removing,
respectively, the whole MITE-containing indel sequence by triple
PCR (primers in Supplementary Table S5).

Biolistic transient transfection of leaf epidermal
cells

Bombardment of leaf tissues with plasmid DNA—-coated micropar-
ticles was performed using the Biolistic PDS-1000/He Particle
Delivery System (BioRad) according to the manufacturer’s
instructions and following a protocol adapted from Chevalier
et al. (2014). For each bombardment, 0.5 mg of 0.6 ym gold mi-
crobeads (BioRad) was used, coated with ~2 ug of plasmid DNA.
Twelve-day-old plants (B104 inbred line) were used for transfec-
tion. They were removed from soil, and roots were washed for
practical purpose. The median portion of the last fully developed
leaf (usually the 4th leaf) was attached on a Petri dish lid, adaxial
face upward, and placed on the target shelf of the bombardment
chamber, 3 cm below the macrocarrier launch assembly. The
whole plant stood in the lower part of the chamber. The macrocar-
rier flight distance was set to 11 mm, while the gap distance was
set to 10 mm. Vacuum was applied up to 29” Hg (98 kPa) before fir-
ing (1,100 psi rupture disk—7,600 kPa). Plants were then carefully
transferred back into soil, adding stakes if necessary, to keep them
in the best possible shape. Plants were kept in the usual dark/light
conditions for ~40 h before observation by microscopy.

Leaf epidermal cells were screened based on the transformation
control (mCherry) and were imaged using a Zeiss LSM710 confocal
microscope equipped with a spectral detector (C-Apochromat 40x/
1.20 aqueous immersion objective). mCherry and mVenus were ex-
cited using 561 and 514 nm laser track, respectively. Emitted light
was collected through a dichroic mirror on detectors 583 to 650 nm
(561/633 MBS; master gain 700) for mCherry and 519 to 564 nm
(485/514 MBS; master gain 799) for mVenus. Settings were keptiden-
tical along all experiments. Images were analyzed with the FIJI soft-
ware (Schindelin et al. 2012). Signal was first smoothed, and then a
rectanglewas drawn to frame the epidermal cell of interest as closely
as possible. Selected region was manually adjusted to exclude signal
coming from potentially adjacent transformed cells and oversatu-
rated nucleus region when present. The mVenus/mCherry ratio
was calculated based on the total fluorescence obtained within the
defined mask for each marker. Statistics were performed using
SAS, fitting a linear mixed model, with a random intercept taking
the experience dependency into account. The ratiometric data
were log-transformed to fulfill the assumptions. Bombardment, im-
age acquisition, and analysis were performed blind for 3 repetitions.

Accession numbers

Sequence data from this article can be found in the maize
genome database (https://www.maizegdb.org/) under
accession numbers Zm00001d010159 (Actl), Zm00001d046449
(EFla), Zm00001d053838 (Ubi2), Zm00001d002690 (PIP1;1), Zm00001
d051403 (PIP1;3), Zm00001d005421 (PIP2;2), and Zm00001d003006
(PIP2;5). Data regarding the primer sequences are presented in
Supplementary Tables S1 and S5.

Acknowledgments

We thank the UCLouvain IMABIOL imaging platform and
Marie-Christine Eloy for her confocal expertise.

Author contributions

LM, LJ, SD.N, A.C,, CW., F.T,, and F.C. designed the experi-
ments. LM., L], S.A.P., and J.N. performed the experiments, and
LM, LJ,SDN, CW, FT, and F.C. analyzed and discussed the
data. LM. and F.C. wrote the manuscript. M.J.L.,, CW., SD.N,,
and F.T. reviewed and edited it. All authors read and approved
the submitted version.

Supplementary data

The following materials are available in the online version of this
article.

Supplementary Figure S1. Trait correlation.

Supplementary Figure S2. PIP gene expression data.

Supplementary Figure S3. Endogenous control gene location
checking.

Supplementary Figure S4. B73-PH207 genome collinearity up-
stream of PIP2;5.

Supplementary Figure S5. The indel present in PH207 ~430 bp
upstream of the PIP2;5 start codon contains a MITE.

Supplementary Figure S6. PIP gene eQTLs.

Supplementary Figure S7. Predicted transcription factor bind-
ing sites within the MITE-containing indel sequence.

Supplementary Figure S8. Small RNA aligning on the
MITE-containing indel sequence.

Supplementary Table S1. List of primers used for the measure-
ment of relative expression of 5 PIP genes by RT-qPCR.

20z AInr 80 uo Jesn wYNI Aq L +1889//9zceen/sAud|d/e60 L 0L/10p/alo1e-soueApe/sAyd|d/woo-dno-olwspeoe//:sdiy woly pepeojumoq


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
https://www.maizegdb.org/
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data

Supplementary Table S2. Initial eQTLs.

Supplementary Table S3. eQTLs detected with all models.

Supplementary Table S4. Summary of eQTLs detected with all
models.

Supplementary Table S5. Primers used for molecular cloning.

Supplementary Appendix S1. Analysis of the putative poly-
morphisms within the primer sequences.

Funding

This work was supported by the European Union (project no.
FP7-244374 [DROPS]), the Fonds De La Recherche Scientifique -
FNRS  (grant T.0038.18), the  “Fédération Wallonie-
Bruxelles-Actions de Recherches Concertées” (grant ARC16/
21-075), and the Pierre and Colette Bauchau Award. L.C.M. was a
research fellow at the FNRS (grant 1.A.366.17) and M.J.L. at the
Fonds pour la Formation a la Recherche dans I'Industrie et dans
I'Agriculture - FRIA (grant 1.E.086.21F).

Conflict of interest statement. None declared.

Data availability

The data underlying this article are available in the article and in
its online supplementary material.

References

Balzan S, Carraro N, Salleres B, Cortivo CD, Tuinstra MR, Johal G,
Varotto S. Genetic and phenotypic characterization of a novel
brachytic2 allele of maize. Plant Growth Regul. 2018:86(1):81-92.
https://doi.org/10.1007/510725-018-0412-6

Blein-Nicolas M, Negro SS, Balliau T, Welcker C, Cabrera-Bosquet L,
Nicolas SD, Charcosset A, Zivy M. A systems genetics approach
reveals environment-dependent associations between SNPs, pro-
tein coexpression, and drought-related traits in maize. Genome
Res. 2020:30(11):1593-1604. https://doi.org/10.1101/gr.255224.119

Boutanaev AM, Osbourn AE. Multigenome analysis implicates mini-
ature inverted-repeat transposable elements (MITEs) in metabol-
ic diversification in eudicots. Proc Natl Acad Sci. 2018:115(28):
E6650-E6658. https:/doi.org/10.1073/pnas.1721318115

Buckler ES, Gaut BS, McMullen MD. Molecular and functional diver-
sity of maize. Curr Opin Plant Biol. 2006:9(2):172-176. https://doi.
0rg/10.1016/§.pbi.2006.01.013

Bureau TE, Wessler SR. Tourist: a large family of small inverted re-
peat elements frequently associated with maize genes. Plant
Cell. 1992:4(10):1283-1294. https://doi.org/10.1105/tpc.4.10.1283

Caldeira CF, Jeanguenin L, Chaumont F, Tardieu F. Circadian
rhythms of hydraulic conductance and growth are enhanced by
drought and improve plant performance. Nat Commun.
2014:5(1):5365. https:/doi.org/10.1038/ncomms6365

Casa AM, Brouwer C, Nagel A, Wang L, Zhang Q, Kresovich S, Wessler
SR. The MITE family Heartbreaker (Hbr): molecular markers in
maize. Proc Natl Acad Sci. 2000:97(18):10083-10089. https://doi.
org/10.1073/pnas.97.18.10083

Casa AM, Mitchell SE, Smith OS, Register JC, Wessler SR, Kresovich S.
Evaluation of Hbr (MITE) markers for assessment of genetic rela-
tionships among maize (Zea mays L.) inbred lines. Theor Appl
Genet. 2002:104(1):104-110. https://doi.org/10.1007/s001220200
012

Casa AM, Nagel A, Wessler SR. MITE display. Mob Genet Elements.
2004:260:175-188. https://doi.org/10.1385/1-59259-755-6:175

Genetic variability in aquaporin gene expression | 15

Castelletti S, Tuberosa R, Pindo M, Salvi S. A MITE transposon inser-
tion is associated with differential methylation at the maize flow-
ering time QTL Vgt1. G3 (Bethesda). 2014:4(5):805-812. https://doi.
org/10.1534/g3.114.010686

Chaumont F, Tyerman SD. Aquaporins: highly regulated channels
controlling plant water relations. Plant Physiol. 2014:164(4):
1600-1618. https://doi.org/10.1104/pp.113.233791

Chen J, Hu Q, Zhang Y, Lu C, Kuang H. P-MITE: a database for plant
miniature inverted-repeat transposable elements. Nucleic Acids
Res. 2014:42(D1):D1176-D1181. https:/doi.org/10.1093/nar/gkt1000

Chevalier AS, Bienert GP, Chaumont F. A new LxxxA motif in the
transmembrane Helix3 of maize aquaporins belonging to the plas-
ma membrane intrinsic protein PIP2 group is required for their
trafficking to the plasma membrane. Plant Physiol. 2014:166(1):
125-138. https://doi.org/10.1104/pp.114.240945

Chow C-N, Zheng H-Q, Wu N-Y, Chien C-H, Huang H-D, Lee T-Y,
Chiang-Hsieh Y-F, Hou P-F, Yang T-Y, Chang W-C. PlantPAN
2.0: an update of plant promoter analysis navigator for recon-
structing transcriptional regulatory networks in plants. Nucleic
Acids Res. 2016:44(D1):D1154-D1160. https://doi.org/10.1093/nar/
gkv1035

Cleary S, Seoighe C. Perspectives on allele-specific expression. Annu
Rev Biomed Data Sci. 2021:4:101-122. https:/doi.org/10.1146/
annurev-biodatasci-021621-122219

Devi MJ, Sinclair TR, Jain M, Gallo M. Leaf aquaporin transcript abun-
dance in peanut genotypes diverging in expression of the limited-
transpiration trait when subjected to differing vapor pressure
deficits and aquaporin inhibitors. Physiol Plant. 2016:156(4):
387-396. https://doi.org/10.1111/ppl.12378

Ding L, Milhiet T, Parent B, Meziane A, Tardieu F, Chaumont F. The
plasma membrane aquaporin ZmPIP2;5 enhances the sensitivity
of stomatal closure to water deficit. Plant Cell Environ. 2022:45(4):
1146-1156. https:/doi.org/10.1111/pce.14276

Dong H-T, Zhang L, Zheng K-L, Yao H-G, Chen J, Yu F-C, Yu X-X, Mao
B-Z, Zhao D, Yao J, et al. A Gaijin-like miniature inverted repeat
transposable element is mobilized in rice during cell differentia-
tion. BMC Genomics 2012:13(1):135. https://doi.org/10.1186/1471-
2164-13-135

Eichten SR, Briskine R, SongJ, Li Q, Swanson-Wagner R, Hermanson
PJ, Waters AJ, Starr E, West PT, Tiffin P, et al. Epigenetic and genet-
ic influences on DNA methylation variation in maize popula-
tions. Plant Cell 2013:25(8):2783-2797. https://doi.org/10.1105/
tpc.113.114793

Fetter K, Van Wilder V, Moshelion M, Chaumont F. Interactions be-
tween plasma membrane aquaporins modulate their water
channel activity. Plant Cell 2004:16(1):215-228. https://doi.org/10.
1105/tpc.017194

Ganal MW, Durstewitz G, Polley A, Bérard A, Buckler ES, Charcosset
A, Clarke JD, Graner E-M, Hansen M, Joets ], et al. A large maize
(Zea mays L.) SNP genotyping array: development and germplasm
genotyping, and genetic mapping to compare with the B73 refer-
ence genome. PLoS One 2011:6(12):e28334. https://doi.org/10.
1371/journal.pone.0028334

Guillet-Claude C, Birolleau-Touchard C, Manicacci D, Rogowsky PM,
Rigau J, Murigneux A, Martinant J-P, Barriere Y. Nucleotide diver-
sity of the ZmPox3 maize peroxidase gene: relationships between
a MITE insertion in exon 2 and variation in forage maize digesti-
bility. BMC Genet. 2004:5(1):19. https:/doi.org/10.1186/1471-
2156-5-19

Hachez C, Heinen RB, Draye X, Chaumont F. The expression pattern
of plasma membrane aquaporins in maize leaf highlights their
role in hydraulic regulation. Plant Mol Biol. 2008:68(4-5):337-353.
https://doi.org/10.1007/s11103-008-9373-x

20z AInr 80 uo Jesn wYNI Aq L +1889//9zceen/sAud|d/e60 L 0L/10p/alo1e-soueApe/sAyd|d/woo-dno-olwspeoe//:sdiy woly pepeojumoq


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae326#supplementary-data
https://doi.org/10.1007/s10725-018-0412-6
https://doi.org/10.1101/gr.255224.119
https://doi.org/10.1073/pnas.1721318115
https://doi.org/10.1016/j.pbi.2006.01.013
https://doi.org/10.1016/j.pbi.2006.01.013
https://doi.org/10.1105/tpc.4.10.1283
https://doi.org/10.1038/ncomms6365
https://doi.org/10.1073/pnas.97.18.10083
https://doi.org/10.1073/pnas.97.18.10083
https://doi.org/10.1007/s001220200012
https://doi.org/10.1007/s001220200012
https://doi.org/10.1385/1-59259-755-6:175
https://doi.org/10.1534/g3.114.010686
https://doi.org/10.1534/g3.114.010686
https://doi.org/10.1104/pp.113.233791
https://doi.org/10.1093/nar/gkt1000
https://doi.org/10.1104/pp.114.240945
https://doi.org/10.1093/nar/gkv1035
https://doi.org/10.1093/nar/gkv1035
https://doi.org/10.1146/annurev-biodatasci-021621-122219
https://doi.org/10.1146/annurev-biodatasci-021621-122219
https://doi.org/10.1111/ppl.12378
https://doi.org/10.1111/pce.14276
https://doi.org/10.1186/1471-2164-13-135
https://doi.org/10.1186/1471-2164-13-135
https://doi.org/10.1105/tpc.113.114793
https://doi.org/10.1105/tpc.113.114793
https://doi.org/10.1105/tpc.017194
https://doi.org/10.1105/tpc.017194
https://doi.org/10.1371/journal.pone.0028334
https://doi.org/10.1371/journal.pone.0028334
https://doi.org/10.1186/1471-2156-5-19
https://doi.org/10.1186/1471-2156-5-19
https://doi.org/10.1007/s11103-008-9373-x

16 | Plant Physiology, 2024, Vol. 00, No. O

Hachez C, Moshelion M, Zelazny E, Cavez D, Chaumont F.
Localization and quantification of plasma membrane aquaporin
expression in maize primary root: a clue to understanding their
role as cellular plumbers. Plant Mol Biol. 2006:62(1-2):305-323.
https://doi.org/10.1007/s11103-006-9022-1

Heinen RB, Bienert GP, Cohen D, Chevalier AS, Uehlein N, Hachez C,
Kaldenhoff R, Le Thiec D, Chaumont F. Expression and character-
ization of plasma membrane aquaporins in stomatal complexes
of Zea mays. Plant Mol Biol. 2014:86(3):335-350. https://doi.org/10.
1007/s11103-014-0232-7

Heinen RB, Ye Q, Chaumont F. Role of aquaporins in leaf physiology. J
Exp Bot. 2009:60(11):2971-2985. https:/doi.org/10.1093/jxb/
erpl7/1

HouJ, Long Y, Raman H, Zou X, Wang]J, Dai S, Xiao Q, Li C, Fan L, Liu
B, et al. A Tourist-like MITE insertion in the upstream region of the
BnFLC.A10 gene is associated with vernalization requirement in
rapeseed (Brassica napus L.). BMC Plant Biol. 2012:12(1):238
https://doi.org/10.1186/1471-2229-12-238

Hu H, Crow T, Nojoomi S, Schulz AJ, Estévez-Palmas JM, Hufford MB,
Flint-Garcia S, Sawers R, Rellan-Alvarez R, Ross-Ibarra J, et al.
Allele-specific expression reveals multiple paths to highland
adaptation in maize. Mol Biol Evol. 2022:39(11):msac239. https:/
doi.org/10.1093/molbev/msac239

Jiang N, Bao Z, Zhang X, Hirochika H, Eddy SR, McCouch SR, Wessler
SR. An active DNA transposon family in rice. Nature 2003:421-
(6919):163-167. https://doi.org/10.1038/nature01214

Johnson C, Bowman L, Adai AT, Vance V, Sundaresan V. CSRDB: a
small RNA integrated database and browser resource for cereals.
Nucleic Acids Res 2007:35:D829-D833. https://doi.org/10.1093/nar/
gkl991

Khan S, Thomas BR, De la Mata R, Randall MJ, Zhang W, Zwiazek JJ.
Variation in aquaporin and physiological responses among Pinus
contorta families under different moisture conditions. Plants
2019:8(1):13. https:/doi.org/10.3390/plants8010013

Kuang H, Padmanabhan C, Li F, Kamei A, Bhaskar PB, Ouyang S, Jiang
J, Buell CR, Baker B. Identification of miniature inverted-repeat
transposable elements (MITEs) and biogenesis of their siRNAs in
the Solanaceae: new functional implications for MITEs. Genome
Res. 2009:19(1):42-56. https://doi.org/10.1101/gr.078196.108

Li E, Liu H, Huang L, Zhang X, Dong X, Song W, Zhao H, Lai J.
Long-range interactions between proximal and distal regulatory
regions in maize. Nat Commun. 2019:10(1):2633. https:/doi.org/
10.1038/s41467-019-10603-4

Li L, Petsch K, Shimizu R, Liu S, Xu WW, Ying K, Yu J, Scanlon MJ,
Schnable PS, Timmermans MCP, et al. Mendelian and non-
Mendelian regulation of gene expression in maize. PLoS Genet.
2013:9(1):e1003202. https:/doi.org/10.1371/journal. pgen.1003202

Lippert C, Listgarten J, Liu Y, Kadie CM, Davidson RI, Heckerman D.
FaST linear mixed models for genome-wide association studies.
Nat Methods. 2011:8(10):833-835. https://doi.org/10.1038/nmeth.
1681

LiuH,LuoX,NiuL, XiaoY, ChenL, LiuJ, WangX, Jin M, LiW, ZhangQ,
et al. Distant eQTLs and non-coding sequences play critical roles
in regulating gene expression and quantitative trait variation in
maize. Mol Plant. 2017:10(3):414-426. https://doi.org/10.1016/j.
molp.2016.06.016

Lopez F, Bousser A, Sissoéff I, Gaspar M, Lachaise B, Hoarau J, Mahé A.
Diurnal regulation of water transport and aquaporin gene expres-
sion in maize roots: contribution of PIP2 proteins. Plant Cell Physiol.
2003:44(12):1384-1395. https://doi.org/10.1093/pcp/peg168

LuC, Chen], ZhangY, Hu Q, Su W, Kuang H. Miniature inverted-repeat
transposable elements (MITEs) have been accumulated through
amplification bursts and play important roles in gene expression

and species diversity in Oryza sativa. Mol Biol Evol. 2012:29(3):
1005-1017. https://doi.org/10.1093/molbev/msr282

Mabire C, Duarte ], Darracq A, Pirani A, Rimbert H, Madur D, Combes
V, Vitte C, Praud S, Riviere N, et al. High throughput genotyping of
structural variations in a complex plant genome using an original
Affymetrix Axiom array. BMC Genomics 2019:20(1):848. https:/doi.
0rg/10.1186/512864-019-6136-9

Magalhaes]JV, LiuJ, Guimardes CT, Lana UGP, Alves VMC, Wang Y-H,
Schaffert RE, Hoekenga OA, Pifieros MA, Shaff JE, et al. A gene in
the multidrug and toxic compound extrusion (MATE) family con-
fers aluminum tolerance in sorghum. Nat Genet. 2007:39(9):
1156-1161. https://doi.org/10.1038/ng2074

Mao H, Wang H, Liu S, Li Z, Yang X, Yan J, LiJ, Tran L-SP, Qin F. A
transposable element in a NAC gene is associated with drought
tolerance in maize seedlings. Nat Commun. 2015:6(1):8326.
https://doi.org/10.1038/ncomms9326

Maurel C, Boursiac Y, Luu DT, Santoni V, Shahzad Z, Verdoucq L.
Aquaporins in plants. Physiol Rev. 2015:95(4):1321-1358. https:/
doi.org/10.1152/physrev.00008.2015

Millet EJ, Welcker C, Kruijer W, Negro S, Coupel-Ledru A, Nicolas SD,
LabordeJ, Bauland C, Praud S, Ranc N, et al. Genome-wide analy-
sis of yield in Europe: allelic effects vary with drought and heat
scenarios. Plant Physiol. 2016:172(2):749-764. https:/doi.org/10.
1104/pp.16.00621

Naito K, Cho E, Yang G, Campbell MA, Yano K, Okumoto Y, Tanisaka
T, Wessler SR. Dramatic amplification of a rice transposable ele-
ment during recent domestication. Proc Natl Acad Sci. 2006:103-
(47):17620-17625. https://doi.org/10.1073/pnas.0605421103

NaitoK, ZhangF, Tsukiyama T, Saito H, Hancock CN, Richardson AO,
Okumoto Y, Tanisaka T, Wessler SR. Unexpected consequences
of a sudden and massive transposon amplification on rice gene
expression. Nature 2009:461(7267):1130-1134. https://doi.org/10.
1038/nature08479

Negro SS, Millet EJ, Madur D, Bauland C, Combes V, Welcker C,
Tardieu F, Charcosset A, Nicolas SD. Genotyping-by-sequencing
and SNP-arrays are complementary for detecting quantitative
trait loci by tagging different haplotypes in association studies.
BMC Plant Biol. 2019:19(1):318. https://doi.org/10.1186/s12870-
019-1926-4

Nour-Eldin HH, Hansen BG, Norholm MH, Jensen JK, Halkier BA.
Advancing uracil-excision based cloning towards an ideal techni-
que for cloning PCR fragments. Nucleic Acids Res. 2006:34:e122.

Pang]J, FuJ, Zong N, Wang], Song D, Zhang X, He C, Fang T, Zhang H,
Fan Y, et al. Kernel size-related genes revealed by an integrated
eQTL analysis during early maize kernel development. Plant J.
2019:98(1):19-32. https://doi.org/10.1111/tpj.14193

PengY, Xiong D, Zhao L, Ouyang W, Wang S, SunJ, Zhang Q, Guan P,
Xie L, Li W, et al. Chromatin interaction maps reveal genetic reg-
ulation for quantitative traits in maize. Nat Commun. 2019:10(1):
2632. https://doi.org/10.1038/s41467-019-10602-5

Pou A, Hachez C, Couvreur V, Maistriaux L, Ismail A, Chaumont F.
Exposure to high nitrogen triggered a genotype-dependent mod-
ulation of cell and root hydraulics, which can involve aquaporin
regulation. Physiol Plant. 2022:174(1):e13640. https://doi.org/10.
1111/ppl.13640

Prado SA, Cabrera-Bosquet L, Grau A, Coupel-Ledru A, Millet EJ,
Welcker C, Tardieu F. Phenomics allows identification of genomic
regions affecting maize stomatal conductance with conditional
effects of water deficit and evaporative demand. Plant Cell
Environ. 2018:41(2):314-326. https://doi.org/10.1111/pce.13083

Rincent R, Moreau L, Monod H, Kuhn E, Melchinger AE, Malvar RA,
Moreno-Gonzalez ], Nicolas S, Madur D, Combes V, et al
Recovering power in association mapping panels with variable

20z AInr 80 uo Jesn wYNI Aq L +1889//9zceen/sAud|d/e60 L 0L/10p/alo1e-soueApe/sAyd|d/woo-dno-olwspeoe//:sdiy woly pepeojumoq


https://doi.org/10.1007/s11103-006-9022-1
https://doi.org/10.1007/s11103-014-0232-7
https://doi.org/10.1007/s11103-014-0232-7
https://doi.org/10.1093/jxb/erp171
https://doi.org/10.1093/jxb/erp171
https://doi.org/10.1186/1471-2229-12-238
https://doi.org/10.1093/molbev/msac239
https://doi.org/10.1093/molbev/msac239
https://doi.org/10.1038/nature01214
https://doi.org/10.1093/nar/gkl991
https://doi.org/10.1093/nar/gkl991
https://doi.org/10.3390/plants8010013
https://doi.org/10.1101/gr.078196.108
https://doi.org/10.1038/s41467-019-10603-4
https://doi.org/10.1038/s41467-019-10603-4
https://doi.org/10.1371/journal.pgen.1003202
https://doi.org/10.1038/nmeth.1681
https://doi.org/10.1038/nmeth.1681
https://doi.org/10.1016/j.molp.2016.06.016
https://doi.org/10.1016/j.molp.2016.06.016
https://doi.org/10.1093/pcp/pcg168
https://doi.org/10.1093/molbev/msr282
https://doi.org/10.1186/s12864-019-6136-9
https://doi.org/10.1186/s12864-019-6136-9
https://doi.org/10.1038/ng2074
https://doi.org/10.1038/ncomms9326
https://doi.org/10.1152/physrev.00008.2015
https://doi.org/10.1152/physrev.00008.2015
https://doi.org/10.1104/pp.16.00621
https://doi.org/10.1104/pp.16.00621
https://doi.org/10.1073/pnas.0605421103
https://doi.org/10.1038/nature08479
https://doi.org/10.1038/nature08479
https://doi.org/10.1186/s12870-019-1926-4
https://doi.org/10.1186/s12870-019-1926-4
https://doi.org/10.1111/tpj.14193
https://doi.org/10.1038/s41467-019-10602-5
https://doi.org/10.1111/ppl.13640
https://doi.org/10.1111/ppl.13640
https://doi.org/10.1111/pce.13083

levels of linkage disequilibrium. Genetics 2014b:197(1):375-387.
https://doi.org/10.1534/genetics.113.159731

RincentR, Nicolas S, Bouchet S, Atlmann T, Brunel D, Revilla P, Malvar
RA, Moreno-Gonzalez J, Campo L, Melchinger AE, et al. Dent and
flint maize diversity panels reveal important genetic potential
for increasing biomass production. Theor Appl Genet. 2014a:127-
(11):2313-2331. https://doi.org/10.1007/s00122-014-2379-7

Rishmawi L, Bauget F, Protto V, Bauland C, Nacry P, Maurel C.
Natural variation of maize root hydraulic architecture underlies
highly diverse water uptake capacities. Plant Physiol. 2023:192(3):
2404-2418. https://doi.org/10.1093/plphys/kiad213

Rodgers-Melnick E, Vera DL, Bass HW, Buckler ES. Open chromatin
reveals the functional maize genome. Proc Natl Acad Sci. 2016:113-
(22):E3177-E3184. https:/doi.org/10.1073/pnas.1525244113

Salvi S, Sponza G, Morgante M, Tomes D, Niu X, Fengler KA, Meeley R,
Ananiev EV, Svitashev S, Bruggemann E, et al. Conserved noncod-
ing genomic sequences associated with a flowering-time quanti-
tative trait locus in maize. Proc Natl Acad Sci. 2007:104(27):
11376-11381. https://doi.org/10.1073/pnas.0704145104

Salvi S, Tuberosa R, Chiapparino E, Maccaferri M, Veillet S, van
Beuningen L, Isaac P, Edwards K, Phillips RL. Toward positional
cloning of vgt1, a QTL controlling the transition from the vegeta-
tive to the reproductive phase in maize. Plant Mol Biol. 2002:48-
(5/6):601-613. https://doi.org/10.1023/A:1014838024509

Sarrion-Perdigones A, Vazquez-Vilar M, Palaci J, Castelijns B,
Forment J, Ziarsolo P, Blanca J, Granell A, Orzaez D.
GoldenBraid 2.0: a comprehensive DNA assembly framework
for plant synthetic biology. Plant Physiol. 2013:162(3):1618-1631.
https://doi.org/10.1104/pp.113.217661

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M,
Pietzsch T, Preibisch S, Rueden C, Saalfeld S, Schmid B, et al.
Fiji: an open-source platform for biological-image analysis. Nat
Methods. 2012:9(7):676-682. https://doi.org/10.1038/nmeth.2019

Segura V, Vilhjalmsson BJ, Platt A, Korte A, Seren U, Long Q,
Nordborg M. An efficient multi-locus mixed-model approach
for genome-wide association studies in structured populations.
Nat Genet. 2012:44(7):825-830. https://doi.org/10.1038/ng.2314

Studer A, Zhao Q, Ross-Ibarra J, Doebley J. Identification of a func-
tional transposon insertion in the maize domestication gene
tb1l. Nat Genet. 2011:43(11):1160-1163. https://doi.org/10.1038/
ng.942

Sun G, Zhu C, Kramer MH, Yang SS, Song W, Piepho HP, Yu J.
Variation explained in mixed-model association mapping.
Heredity (Edinb) 2010:105(4):333-340. https://doi.org/10.1038/hdy.
2010.11

Sutka M, Li G, Boudet ], BoursiacY, Doumas P, Maurel C. Natural var-
iation of root hydraulics in Arabidopsis grown in normal and salt-
stressed conditions. Plant Physiol. 2011:155(3):1264-1276. https:/
doi.org/10.1104/pp.110.163113

TangY, Ma X, Zhao S, Xue W, Zheng X, Sun H, Gu P, Zhu Z, Sun C, Liu
F, et al. Identification of an active miniature inverted-repeat

Genetic variability in aquaporin gene expression | 17

transposable element mJing in rice. Plant J. 2019:98(4):639-653.
https://doi.org/10.1111/tpj.14260

Unterseer S, Bauer E, Haberer G, Seidel M, Knaak C, Ouzunova M,
Meitinger T, Strom TM, Fries R, Pausch H, et al. A powerful tool
for genome analysis in maize: development and evaluation of
the high density 600 k SNP genotyping array. BMC Genomics
2014:15(1):823. https:/doi.org/10.1186/1471-2164-15-823

Vandeleur RK, Mayo G, Shelden MC, Gilliham M, Kaiser BN, Tyerman
SD. The role of plasma membrane intrinsic protein aquaporins in
water transport through roots: diurnal and drought stress re-
sponses reveal different strategies between isohydric and aniso-
hydric cultivars of grapevine. Plant Physiol. 2009:149(1):445-460.
https://doi.org/10.1104/pp.108.128645

Vaziriyeganeh M, Khan S, Zwiazek JJ. Analysis of aquaporins in
northern grasses reveal functional importance of Puccinellia nut-
talliana PIP2;2 in salt tolerance. Plant Cell Environ. 2023:46(7):
2159-2173. https:/doi.org/10.1111/pce. 14589

Venkatesh NB. Miniature inverted-repeat transposable elements
(MITEs), derived insertional polymorphism as a tool of marker
systems for molecular plant breeding. Mol Biol Rep. 2020:47(4):
3155-3167. https:/doi.org/10.1007/511033-020-05365-y

Wang X, Chen Q, Wu'Y, Lemmon ZH, Xu G, Huang C, Liang Y, Xu D, Li
D, Doebley JF, et al. Genome-wide analysis of transcriptional var-
iability in a large maize-teosinte population. Mol Plant. 2018:11(3):
443-459. https://doi.org/10.1016/j.molp.2017.12.011

Weil, GulL, SongX, CuiX, LuZ, ZhouM, WangL, HuF, ZhaiJ, Meyers
BC, et al. Dicer-like 3 produces transposable element-associated
24-nt siRNAs that control agricultural traits in rice. Proc Natl
Acad Sci. 2014:111(10):3877-3882. https://doi.org/10.1073/pnas.
1318131111

Xin Y, Ma B, Xiang Z, He N. Amplification of miniature inverted-
repeat transposable elements and the associated impact on
gene regulation and alternative splicing in mulberry (Morus nota-
bilis). Mob DNA. 2019:10(1):27. https://doi.org/10.1186/s13100-
019-0169-0

Yang G, Lee Y-H, Jiang Y, Shi X, Kertbundit S, Hall TC. A two-edged
role for the transposable element Kiddo in the rice ubiquitin2 pro-
moter. Plant Cell 2005:17(5):1559-1568. https://doi.org/10.1105/
tpc.104.030528

Zerjal T, Rousselet A, Mhiri C, Combes V, Madur D, Grandbastien
M-A, Charcosset A, Tenaillon MI. Maize genetic diversity and as-
sociation mapping using transposable element insertion poly-
morphisms. Theor Appl Genet. 2012:124(8):1521-1537. https://doi.
0rg/10.1007/s00122-012-1807-9

Zhang Q, Arbuckle J, Wessler SR. Recent, extensive, and preferential
insertion of members of the miniature inverted-repeat transpos-
able element family Heartbreaker into genic regions of maize. Proc
Natl Acad Sci. 2000:97(3):1160-1165. https://doi.org/10.1073/pnas.
97.3.1160

20z AInr 80 uo Jesn wYNI Aq L +1889//9zceen/sAud|d/e60 L 0L/10p/alo1e-soueApe/sAyd|d/woo-dno-olwspeoe//:sdiy woly pepeojumoq


https://doi.org/10.1534/genetics.113.159731
https://doi.org/10.1007/s00122-014-2379-7
https://doi.org/10.1093/plphys/kiad213
https://doi.org/10.1073/pnas.1525244113
https://doi.org/10.1073/pnas.0704145104
https://doi.org/10.1023/A:1014838024509
https://doi.org/10.1104/pp.113.217661
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/ng.2314
https://doi.org/10.1038/ng.942
https://doi.org/10.1038/ng.942
https://doi.org/10.1038/hdy.2010.11
https://doi.org/10.1038/hdy.2010.11
https://doi.org/10.1104/pp.110.163113
https://doi.org/10.1104/pp.110.163113
https://doi.org/10.1111/tpj.14260
https://doi.org/10.1186/1471-2164-15-823
https://doi.org/10.1104/pp.108.128645
https://doi.org/10.1111/pce.14589
https://doi.org/10.1007/s11033-020-05365-y
https://doi.org/10.1016/j.molp.2017.12.011
https://doi.org/10.1073/pnas.1318131111
https://doi.org/10.1073/pnas.1318131111
https://doi.org/10.1186/s13100-019-0169-0
https://doi.org/10.1186/s13100-019-0169-0
https://doi.org/10.1105/tpc.104.030528
https://doi.org/10.1105/tpc.104.030528
https://doi.org/10.1007/s00122-012-1807-9
https://doi.org/10.1007/s00122-012-1807-9
https://doi.org/10.1073/pnas.97.3.1160
https://doi.org/10.1073/pnas.97.3.1160

	Genetic variability of aquaporin expression in maize: From eQTLs to a MITE insertion regulating PIP2;5 expression
	Introduction
	Results
	PIP gene expression varies across maize genetic groups
	eQTL mapping by GWAS reveals local and distant eQTLs controlling PIP expression
	Covariate GWAS highlights new local eQTLs
	Limitations of eQTL detection due to qPCR technical aspects
	Final eQTL set identifies a PIP2;5 local eQTL
	MITE-containing indel affects the promoter activity

	Discussion
	Variability of PIP gene regulation
	A MITE transposon regulates PIP2;5 expression

	Materials and methods
	Plant material
	RNA extraction
	RT-qPCR
	GWAS
	Genetic constructs for promoter activity evaluation
	MITE-containing indel detection and PIP2;5 promoter amplification
	Biolistic transient transfection of leaf epidermal cells
	Accession numbers

	Acknowledgments
	Author contributions
	Supplementary data
	Funding
	Data availability
	References




