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ABSTRACT

Dynamic changes in aquaporin gene expression occur during seed germination. One example is the
~30-fold increase in Arabidopsis thaliana PIP2;1 transcripts within 24 h of seed imbibition. To investi-
gate whether AtPIP2;1 can influence seed germination wild-type Columbia-0, single (Atpip2;1)
and double (Atpip2;1-Atpip2;2) loss-of-function mutants, along with transgenic 2x35S::AtPIP2;1
over-expressing (OE) lines and null-segregant controls, were examined. The various
genotypes were germinated in control and saline (75 mM NaCl treatment) conditions and
tested for germination efficiency, imbibed seed maximum cross sectional (MCS) area,
imbibed seed mass, and seed Na+ and K+ content. Seed lacking functional AtPIP2;1 and/or
AtPIP2;2 proteins or constitutively over-expressing AtPIP2;1, had delayed germination in
saline conditions relative to wild-type and null-segregant seed, respectively. Exposure to
saline germination conditions resulted in Atpip2;1 mutants having greater imbibed seed mass
and less accumulated Na+ than wild-type, whereas lines over-expressing AtPIP2;1 had reduced
imbibed seed mass and greater seed K+ content than null-segregant control seed. The results
imply a role for AtPIP2;1 in seed germination processes, whether directly through its
capacity for water and ion transport or H2O2 signalling, or indirectly through potentially
triggering dynamic differential regulation of other aquaporins expressed during germination.
Future research will aid in dissecting the aquaporin functions influencing germination and
may lead to novel solutions for optimising germination in sub-optimal conditions, such as
saline soils.

Keywords: aquaporins, Arabidopsis spp., hydraulic conductivity, ion channel, ion transport,
physiology, salinity, seed viability, signalling, sodium transport, sucrose, transporter proteins.

Introduction

Seed germination involves many different cellular activities, such as hydration, mRNA 
transcription and translation, cell extension, cell cycle activation, mechanisms of reparation 
and organelle reassembly. These processes are influenced by hormone signalling and 
environmental factors (Bewley et al. 2013; Rosental et al. 2014). The first stage of 
germination is imbibition, which triggers the metabolic activity required to generate 
resources for translating proteins, for cell growth and division, and subsequent radicle 
protrusion (Rosental et al. 2014). Imbibition involves water absorption into a quiescent, 
dormant and dry seed. Water absorption initiates energy metabolism, regulation of 
oxidative status, DNA repair, cell cycle activation, energy reserve mobilisation and 
modification of hormonal status (Lutts et al. 2016). Water influx during seed imbibition 
is thought to occur mainly via a small opening called the micropyle (Manz et al. 2005). 
Previous studies have explored aquaporin roles in water transport in seeds, but it 
remains unclear what proportion of water movement across membranes in imbibing 
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seeds is via aquaporins relative to other mechanisms (Bewley 
1997; Fenner and Thompson 2005; Vander Willigen et al. 
2006; Lutts et al. 2016). 

Aquaporins belong to an extensive ancient family of major 
intrinsic proteins (MIPs). They function in facilitating passive 
movement of water and other solutes across membranes in 
plants and animals. Plant aquaporins can be subdivided 
into subfamilies according to their sequence homology 
(Chaumont et al. 2001; Abascal et al. 2014; Tyerman et al. 
2021). Seed embryonic axes are known to be equipped with 
aquaporins (Obroucheva 2013). Tonoplast intrinsic proteins 
(TIPs) are thought to provide water inflow to enlarging 
vacuoles in maturing seeds and during vacuole transforma-
tion to protein-storage vacuoles, and water outflow from 
water displacement by deposited proteins (Maurel et al. 1997; 
Zhang et al. 2007; Zhou et al. 2007). Plasma membrane 
intrinsic protein (PIP) isoforms have been implicated in 
influencing seed germination responses to osmotic stress. 
For example, silencing of OsPIP1;1 and OsPIP1;3 reduced 
seed germination and over-expression of OsPIP1;3 promoted 
germination under water-stress conditions (Liu et al. 2007). 
The roles of OsPIPs in germination have been associated 
with their responses to nitric oxide and reactive oxygen 
species signalling (Guha et al. 2021; Matsunami et al. 2022). 

In maturing Arabidopsis thaliana embryos, transcripts 
of 6 out of 35 aquaporins encoded in the genome are 
notably abundant and these include AtPIP1;3, AtPIP1;4, 
AtPIP2;7/2;8, AtTIP3;1 and AtTIP3;2, while the most 
abundant aquaporin transcripts in dry seed are AtNIP1;2, 
AtPIP1;2, AtSIP1;1 and AtTIP3;2 (Hoai et al. 2020). In 
particular, AtTIP3;1 and AtTIP3;2 accumulate during seed 
maturation, and these two isoforms along with AtTIP4;1 
have roles influencing germination (Footitt et al. 2019). 
AtTIP3 isoforms were shown to act antagonistically to 
modulate responses of Arabidopsis seed germination to ABA 
where TIP3;1 and TIP4;1 are upregulated during seed germi-
nation under osmotic stress conditions (Footitt et al. 2019). 
Analysis of Arabidopsis lines lacking or over-expressing 
AtTIP3 and AtTIP4 isoforms revealed that AtTIPs have roles 
in sensing of soil temperature and moisture content (Footitt 
et al. 2019). During germination TIP3;1 transcript abundance 
decreases and transcripts for PIP2;1, PIP2;7, TIP1;1, TIP1;2 
and TIP4;1 become more abundant indicating that this 
set of aquaporins are candidates for being involved in rapid 
cellular expansion that occurs during post-germination 
growth (Hoai et al. 2020). In Zea mays, expression of 
ZmPIP1s, ZmPIP2s, ZmTIP1-1, ZmTIP2s and ZmTIP3-3 is 
relatively high in roots during early seed germination around 
48–60 h after imbibition in comparison to expression of the 
ACTIN 1 housekeeping gene, indicating that multiple 
aquaporins are likely to be involved in early seedling 
growth (Su et al. 2022). 

Individual aquaporin isoforms can have multiple roles 
(Tyerman et al. 2021). For example, AtPIP2;1 has been 
reported to be involved in transport of water, H2O2 and 

CO2 in plant cells (Dynowski et al. 2008; Bienert and 
Chaumont 2014; Grondin et al. 2015; Wang et al. 2016; 
Groszmann et al. 2017; Rodrigues et al. 2017); in roots 
AtPIP2;1 has been reported to be involved in lateral root 
emergence regulated by auxin (Péret et al. 2012; Verdoucq 
et al. 2014); and AtPIP2;1 has been proposed as a candidate 
for having a non-selective cation channel function (Byrt 
et al. 2017). Regulation of expression of AtPIP2;1 has been 
observed to be influenced by changes in abscisic acid, 
ethylene, H2O2 and salicylic acid signalling, and AtPIP2;1 
permeability has been reported to be influenced by changes 
in pH, calcium and phosphorylation (Qing et al. 2016; 
McGaughey et al. 2018). These observations indicate that 
the potential roles for AtPIP2;1 in other aspects of plant 
physiology, such as in seed germination, may be complex. 
During seed development, dormancy and germination, 
aquaporins are differentially regulated (Belmonte et al. 2013; 
Narsai et al. 2017; Footitt et al. 2019; Hoai et al. 2020). When 
aquaporin water permeability was inhibited using mercury in 
germinating Arabidopsis seed the water uptake accompanying 
expansion and growth was restricted (Vander Willigen et al. 
2006). Although aquaporins are expected to contribute to 
regulation of water flow in seeds the complement of different 
roles that aquaporins play during seed germination is yet to be 
resolved (Vander Willigen et al. 2006; Gattolin et al. 2011; 
Hoai et al. 2020). 

Aquaporins can help germinating seeds to adjust to 
unfavourable conditions in the environments in which the 
seed is germinating, such as osmotic stress caused by 
salinity (Liu et al. 2013a; Footitt et al. 2019). Soil salinity is 
one of the most common environmental stressors influencing 
plant performance, particularly seed development and 
germination (Ayers and Hayward 1949). Soil salinity can 
affect seed germination by decreasing water uptake into 
seed and by causing seed to accumulate NaCl. This decrease 
in water uptake and accumulation of NaCl can lead to a 
slower rate of germination, percentage germination and 
limit early seedling growth. Plants grown in saline conditions 
experience both osmotic stress and ionic stress (Munns and 
Tester 2008). Similarly, salinity stress can prevent or delay 
seed germination either by osmotic effects or ion toxicity 
or these combined stressors (Nasri et al. 2016; Wang 
et al. 2016). Previous analysis of the Arabidopsis electronic 
Fluorescent Pictograph (eFP) Browser data 2.0 (http://bar. 
utoronto.ca/) revealed that during seed imbibition and 
germination aquaporins from the PIP2 subfamily are 
expressed from early imbibition to 48 h of imbibition, 
particularly AtPIP2;7 and AtPIP2;1 aquaporins (Hoai et al. 
2020). These PIPs are candidates for having roles in water 
and hydrogen peroxide permeation, but also monovalent 
cation permeation that may depend on post-translational 
modifications (Byrt et al. 2017; Qiu et al. 2020; Groszmann 
et al. 2021); noting that the role of PIP2;7 in univalent cation 
transport remains unclear (Kourghi et al. 2017; Groszmann 
et al. 2021), and PIPs are also likely to be involved in 
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signalling processes (Dynowski et al. 2008; Hooijmaijers et al. 
2012; Bienert and Chaumont 2014; Tian et al. 2016). We 
hypothesise that the phenotype of plant material varying in 
AtPIP2;1 expression may differ relative to wild-type (WT) 
control material during germination. Here, we test whether 
modifying AtPIP2;1 expression alters germination dynamics 
in control, which refers to water treatment conditions, and 
saline conditions (75 mM NaCl treatment). 

Materials and methods

Plant material, transformation, and growth

Wild-type (WT) Arabidopsis thaliana L. Columbia-0 (Col-0) 
seed was sourced from the Arabidopsis Biological Resource 
Centre (ABRC; OH, USA). T-DNA insertion knockout 
mutant lines (SALK lines), Atpip2;1-1 (6AAS98 Amaze) 
and Atpip2;1-2 (SM_3_35928) were originally from the 
Nottingham Arabidopsis Stock Centre and sourced from 
ABRC (Da Ines et al. 2010). The pip2;1/pip2;2 double 
mutant Atpip(2;1*2;2) was generated by crossing Atpip2;1 
(SM_3_35928) and Atpip2;2 (SAIL_169A03) single mutants 
(Ceciliato et al. 2019). The 2x35S::AtPIP2;1 (lines 7, 21 
and wild-type null (WTnull)) over-expression seeds were 
from two independent transgenic lines, referred to as line 7 
and line 21, which were from a collection of transgenic 
lines. Line 7 and 21 were the highest expressing independent 
lines from single insertion events as determined by 
segregation counts and qPCR (see Supplementary Fig. S1). 
The origin of the sources of the Col-0 used to create the 
sets of mutant and transgenic lines were from different 
laboratories. The origin of the Col-0 was considered as a 
factor that could potentially influence the data from pheno-
typic assays; hence, WTnull was included as a control for the 
transgenic lines to account for potential differences in Col-0 
sources and to account for the potential influence of tissue 
culture on the phenotype for subsequent generations of seed. 

Assembly of constructs for 2x35S::AtPIP2;1
AtPIP2;1 coding sequence (CDS) was commercially 

synthesised (Genscript) as gateway-enabled entry vector 
with incorporated dicot optimal Kozak translation start site 
sequence (AGAACCATGGAA). The AtPIP2;1 CDS cassette 
was transferred/cloned into the pMDC83 plant expression 
vector of the pMDC Gateway-compatible Agrobacterium sp. 
binary vector system (Curtis and Grossniklaus 2003) using 
Gateway LR Clonase II enzyme mix (Invitrogen, Carlsbad, 
CA, USA). The final transformation cassette consisted of RB-
2x35S::AtPIP2;1:nosT-Hygr-LB. All E.coli cloning steps used 
One Shot OmniMAX 2 T1R Chemically Competent 
Escherichia coli cells (Invitrogen). The final expression 
plasmid was sanger sequenced to confirm accuracy of clone 
using Wizard Plus SV Minipreps DNA Purification Systems 
(Promega, Alexandria, NSW, Australia), BigDye sequencing 
chemistry (Thermo Fisher Scientific, Waltham, MA, USA), 

and ZR DNA Sequencing Clean-Up Kit (Zymo Research). 
Final expression vector was transformed via electropora-
tion into Agrobacterium tumefaciens strain LBA4044 and 
PCR genotyped with primers flanking the AtPIP2;1 CDS 
located upstream in the promoter (2x35S Fwd: 5 0 
TCATTTGGAGAGGACCTCGA) and downstream in the 
terminator (NOS-term: 5 0 GCAAGACCGGCAACAGGATT). 

Stable transgenic plants
The RB-2x35S::AtPIP2;1:nosT-Hygr-LB cassette was 

transformed into Arabidopsis using floral dip method 
(Clough and Bent 1998). Primary seedling transformants 
(T1 generation) were selected using RAPID technique 
(Harrison et al. 2006) and 10 healthy robust seedlings were 
transferred to soil. Once established, tissues were sampled 
and the presence of transgene confirmed via PCR genotyping 
on gDNA using above ‘2x35S Fwd’ and ‘NOS-term’ primer set. 

Quantitative PCR (qPCR) to quantify transgene
expression

T2 progeny from 10 independently chosen T1 lines were 
selected on hygromycin (50 mg L−1) MS-based agar 
medium for 18 days after germination (DAG) at 16 h light, 
22°C and light intensities between 100 and 120 μmol m2 s−1. 
An indication of number T-DNA insertion loci for each line, 
was determined through segregation counts of hygromycin 
resistant vs susceptible using >100 seedlings. The expecta-
tion being a 3:1 ratio of resistant:susceptible if there is 
single insertion site, 15:1 (96%) for two insertion sites and 
essentially 100% for >2 insertion sites. Only transgenic 
lines containing a single insertion locus were considered for 
subsequent analysis in this study. To quantify transgene 
expression levels, three biological replicates per independent 
transgenic line, each consisting of aerial tissue from eight 
18-DAG hygromycin resistant T2 seedlings, were harvested 
and snap frozen in liquid nitrogen. Tissue was ground using 
a QIAGEN TissueLyser II and RNA extracted using ISOLATE 
II RNA Plant Kit (Meridian Bioscience, OH, USA). RNA was 
quality checked using NanoDrop spectrophotometer (Thermo 
Fisher Scientific) and diluted to 200 ng μL−1. 1  μg RNA was 
aliquoted and DNaseI treated as per manufacturer’s instruc-
tions (Cat# 18068015; Thermo Fisher Scientific). cDNA was 
generated using the sensiFAST cDNA Synthesis Kit (Meridian 
Bioscience) as per manufacturer’s instructions and diluted 
1:10. Real time reactions were set up using SensiFAST 
SYBR Lo-ROX Kit (Meridian Bioscience) chemistry as per 
manufacturer’s instructions using 1 μL of cDNA (~5 ng). 
qPCR reactions were performed in a 384-well plate format 
on a ViiA 7 Real-Time system (Applied Biosystems, Scoresby, 
Vic., Australia) using cycle format: 95°C 2 min (×1); 95°C 5 s,  
60°C10  s,  72°C15  s  (×40); finished with a melt curve between 
95°C and 60°C. QuantStudio Real-Time PCR Software 
(Applied Biosystems) was used to capture and analyse data. 
Two primer sets with unique downstream primers were used 
to enable differential detection between transgenic versus 
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native AtPIP2;1 transcript abundance. For 2x35s:AtPIP2;1: 
NosT, primers were specific to the 3 0 end of AtPIP2;1 CDS 
(AtPIP2;1 RT Fwd: 5 0 ACCAATTCGTTCTGAGAGCTTCA) 
and within the 3 0 transcribed region of NOS-terminator 
(NosT RT Rev: 5 0 GAAATTCGAGCTCCACCGC). For native 
AtPIP2;1, primers were located in 3 0 end of AtPIP2;1 CDS 
(AtPIP2;1 RT Fwd: 5 0 ACCAATTCGTTCTGAGAGCTTCA) 
and within the AtPIP2;1 3 0 UTR (AtPIP2;1 UTR RT 
Rev: 5 0 GATTTGTACAGAGAGATCACAACTTCATT). YLS8 
(At5g08290) was used to normalise expression (Czechowski 
et al. 2005) (YLS8 Fwd: 5 0 TTACTGTTTCGGTTGTTCTCC 
ATTT and YLS8 Rev: 5 0 CACTGAATCATGTTCGAAGCAAGT). 

Plant growth
All experiments were performed on stable T3 transgenic 

plants or confirmed homozygous mutant lines. All mutant 
and transgenic lines and WT (Col-0) plants were grown 
simultaneously in controlled conditions at the Plant 
Research Centre, Waite Campus, University of Adelaide, to 
generate comparable seed for subsequent experiments. 
Seeds of all genotypes were sterilised with chlorine gas and 
sown on half strength Murashige and Skoog, pH 7.0 medium 
with 1% phytagel (½ MS). Seeds were stratified in the dark at 
4°C for 72 h to let seeds synchronise before germinating. 
Imbibed seeds were incubated in long-day growth chambers 
with temperature 19–22°C, continuous light intensity of 
90–130 μmol m−2 s−1 and 16 h light/8 h dark for 14 days. 
At 2 weeks old, seedlings were transferred to pots (1 per 
pot, 4–5 pots per genotype). Pots were 7.5 cm × 6.0 cm and 
6.0 cm in height, containing 170 g autoclaved mix of coco 
peat 6:4 and ‘Debco seed and cutting premium germinating 
mix’ at 1:1 ratio. Prior to seedling transplant, 15 pots were 
placed on a tray and soaked with 2 L of Imidacloprid 
0.1 g L−1 (Confidor 200 SC Insecticide, Bayer CropScience 
Pty Ltd, Hawthorn, Vic., Australia) and Bacillus thuringiensis 
5 mL L−1 (BTI Larvicide 1200 ITU mg−1, Amgrow Pty Ltd). 
Plants were watered every 2–3 days with reverse osmosis 
water. Young seedlings were covered with a plastic transparent 
lid for the first 4 weeks to maintain a high humidity for optimal 
growth. All plants/pots were randomly distributed within trays 
and their position changed every week to reduce positional 
biases within the growth chamber (potential for uneven light 
distribution and air flow variation). When plants bolted and 
started flowering, each plant was covered by a plastic trans-
parent floral sleeve 20 cm × 50 cm. After siliques turned 
dark brown plants were placed in a drying area for 2 weeks 
at 25°C for desiccation. Seed was collected and stored in 
enclosed 2 mL centrifuge tubes in the dark, at 22°C ready  for  
experiments completed within 3 months from harvesting. 

Seed germination assays

Seeds were sterilised with chlorine gas for 2 h and kept in 
enclosed 2 mL tubes at 22°C. Approximately 150−200 
seeds per line were sown on petri dishes (12 × 12 cm) 

containing ½ MS media, or ½ MS with an additional 
75 mM NaCl. Na+ and K+ concentration in ½ MS is 0.104 mM 
and 10.03 mM, respectively (Murashige and Skoog 1962). 
A concentration of 75 mM NaCl was chosen because previous 
studies indicated that this concentration is sufficiently stress-
ful so as to influence Arabidopsis germination and seed ion 
content, relative to standard non-saline conditions, but is not 
so severe as to completely prevent germination (Mcdowell 
et al. 2013; Nasri et al. 2016; Ravindran et al. 2020). 

Seed of four individual plants from each genotype was 
sown onto four plates (representative of four replications). 
Plates were sealed with micropore tape and placed in a sealed 
transparent box to maintain optimal moisture conditions. 
Stratification and growth chamber conditions were as 
described above. 

Seeds were visualised with a binocular microscope at 
24 h post-stratification and were classified as ‘germinated’ 
when their endosperm ruptured (germination sensu stricto). 
Subsequent to a 24-h time point, seeds were further 
monitored for germination ‘success’ at 12-h intervals for up 
to 4 days, then at 24-h intervals for 5, 6 and 9 days after 
stratification or until no change in scores were observed. 

Successful seed germination was assigned when seed clearly 
showed any of following plant organs: cotyledons and/or 
hypocotyl and/or radicle. Seeds lacking cotyledons and/or 
hypocotyl and/or radicle were regarded ‘ungerminated’. 

Seed germination data are represented as percentages 
of germinated seeds (% germination = (germinated 
seeds × 100)/total sown seeds) as a function of incubation 
time post-stratification (Bewley et al. 2013). 

Time to reach 50% germination (T50) was calculated 
according to the formula of Coolbear et al. (1984): 

� � � �N+1 
2 − ni � � 

T50 = ti + : ti − tjni − nj 

where N is final number of germinated seed and ni, nj are total 
number of germinated seeds by adjacent counts at times ti and 
tj, respectively, where ni < N/2 < nj. 

Monitoring changes in seed mass during
imbibition

Seed mass was assayed by weighing 15 mg (using electronic 
semi-micro balance with 0.00001 g resolution EX125D-
OHAUS, Gerard Scientific) and placing seed on pre-
prepared 25-mm diameter plastic mesh with 75 μm opening 
pores, 93 μm thickness (Sefar mesh 03-75/34 ×136; Sefar Pty 
Ltd Filtration and Metal Mesh; http://www.sefa.com.au) 
placed on two layers of 11 × 11 cm blue germination paper 
(Blue Blotter Paper; Anchor Paper Company, http://www. 
seedpaper.com) in  a  12  × 12 cm petri dish. 25 mL MilliQ 
(MQ) water or 75 mM NaCl solution was poured in Petri 
dishes and seeds spread into a thin layer on mesh. Time 
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was recorded upon addition of solutions to ensure consistent 
seed exposure time. 

At 30 min, 1 h, 4 h, 8 h and 30 h after sowing, plastic mesh 
containing seeds were collected and placed on thick layers of 
tissue paper to absorb all excess water on seed. A very thin and 
flat spatula was used to collect all seeds from plastic mesh and 
mass was recorded by as above. Seeds were placed back on 
plastic mesh and filter paper for subsequent exposure times. 

Seed mass data are reported here as fresh seed weight and 
percentage weight increase over time. 

A fresh seed mass was calculated from an average of 15 mg 
seed. Number of seed was counted by using ImageJ on 
captured images (Nikon SMZ-800) at 20× magnification. 

Percentage mass increase over time was calculated as: 

ðweight of seed − initial seed weightÞ
%increase = × 100

initial seed weight 

Sodium and potassium content in seeds

Seeds for each genotype were weighed (~15 mg), distributed 
on plastic mesh (75 μm pores) and placed on filter papers in 
petri dishes as described above. Twenty five millilitre of MQ 
water or 75 mM NaCl were supplied to respective Petri dishes 
for three different imbibing experiments: (1) seeds exposed 
to MQ water for 50 h (water); (2) seeds exposed to MQ 
water from 0 to 30 h and then transferred to 75 mM NaCl 
solution (following Mcdowell et al. 2013; Ravindran et al. 
2020) from 31 to 50 h (water-salt); and (3) seeds exposed to 
75 mM NaCl for 50 h (salt). Selection of the 30-h timepoint for 
the applied treatment that involved moving seed from water 
to 75 mM NaCl was on the basis that Atpip2;1 expression 
would be expected to double in WT Col-0 seed between 
24 h and 48 h after imbibition, based on previous observa-
tions by Klepikova et al. (2016), available via http://bar. 
utoronto.ca/eplant/. Plates with imbibing seed were sealed 
by micropore tape and placed in long-day chambers under 
the conditions described in the previous section. 

After imbibing treatments, seeds were harvested and washed 
in 5 mL iso-osmotic D-mannitol solution (i.e. iso-osmotic with 
75 mM NaCl; 140 mOsmol kg−1 measured using a Fiske 210 
Micro-Sample Osmometer, Fiske Advanced Instruments, USA). 
Seeds were then placed on 25 mm diameter nitrocellulose 
membrane filters with 0.45 μm pores (MF-Millipore Tm, Merck 
Millipore Ltd, Tullagreen, Carrigtwohill, Co. Cork, Ireland) and 
put in a Millipore Manifold vacuum (XX2702550 Merck 
Millipore 1225 Sampling Vacuum Manifold, USA) to control 
the rate that solution passed through the filter. The washing 
process happened within 1 min per sample to prevent excessive 
ion loss and ensure uniformity of the wash process between 
samples. Seeds were oven dried at 65°C for 72 h before dry 
weight was recorded. Dried seeds were digested in 1% (v/v) 
nitric acid at 80°C for 4 h. Na+ and K+ contents in samples 
from seeds were measured using a Sherwood 420 flame 

photometer (Sherwood, Cambridge, UK) following 
manufacturer’s instructions.  

Statistical analyses

For seed mass and seed ion content, the analysis of genotype 
collections were split into two analyses: (1) genotype 
collection 1 consisted of WT Col-0, Atpip2;1-1 and Atpip2;1-2 
mutants, and double Atpip2;1*2;2 mutant; and (2) genotype 
collection 2 consisted of 2x35S::AtPIP2;1 over-expression 
(OE) line 7, 2x35S::AtPIP2;1 OE line 21 and WTnull, a null  
segregant line of 2x35S::AtPIP2;1 was used as a control 
because it had been through same tissue culture process as 
the two OE lines. There were three experimental replications 
for each experiment and similar patterns were observed for 
each replication. To analyse the data for seed germination, a 
factorial repeated measures two-way ANOVA and Tukey’s 
HSD pair-wise test was used otherwise factorial repeated 
measures two-way ANOVA Fisher LSD multiple comparison 
test was used unless specified otherwise, where P < 0.05 was 
considered as significant. Data were analysed using GraphPad 
Prism (ver. 9, San Diego, CA, USA). Data on graphs are 
presented as mean ± standard error of mean (s.e.m). 

Results

Percentage seed germination of Arabidopsis lines
differing in abundance of PIP2;1 and PIP2;2

Seed of Arabidopsis Col-0 (WT), Atpip2;1-1 and Atpip2;1-2 
single KO mutants, Atpip2;1*Atpip2;2 double mutant, and 
two independent 2x35S::AtPIP2;1 over-expression (OE) 
lines, along with its null-segregant control (WTnull), were 
propagated in consistent conditions for use in experiments 
to assess whether germination of seed from these genotypes 
differed between control and saline treatments. Seed 
germination was recorded over 9 days (216 h) of post-
stratification. Col-0, Atpip2;1-1, Atpip2;1-2, Atpip2;1*pip2;2, 
2x35S::AtPIP2;1 OE lines and WTnull seeds were germinated 
on ½ MS media (control treatment) or ½ MS + 75 mM NaCl 
treatment (salt treatments). At 24 h in control treatment 
conditions, Col-0 had a percentage of germinated seeds 
(29.5%) that was greater than the percentage of germinated 
seed from Atpip2;1-1 and Atpip2;1*2;2, which were in the 
range of 15.1–17.8 %, (Fig. 1a, b, e, f ). At 48 h, the 
percentage germination of WTnull in ½ MS + 75 mM NaCl 
was ~98%, which was higher than that of the two 2x35S:: 
AtPIP2;1 OE lines (Fig. 1b, g, h). 

In saline treatment conditions, the seed germination 
was delayed relative to the control treatment conditions, 
with the 75 mM NaCl treatment resulting in only ~1% 
germination at 24 h (Fig. 1c, d) contrasting to control 
conditions where at 24 h germination ranged between 
15% and 35% for all genotypes (Fig. 1a, b). Atpip2;1-1 
consistently had the lowest percentage of germination in 
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Fig. 1. Cumulative germination success and
time to 50% germination (T50) of Arabidopsis
lines differing in PIP abundance in the presence
or absence of 75 mM NaCl. Data is reported
as percentage of seed germinated under
control treatment (½ MS) or saline treatment
(½ MS + 75 mM NaCl). All seed with
endosperm rupture were recorded over time
(0–216 h) upon exposure to 0 mM (a, b) or
75 mM (c, d) added NaCl treatments. Statistical
analysis of percent germination data at individual
time points after stratification: 24 h (e, f ), 48 h
(g, h ) and 72 h (i, j) and time to reach 50%
germination T50 in h (k, l). Data was divided
into two groups for analysis: (1) genotype
collection 1 consisting of Col-0 ( ), Atpip2;1-1
( ), Atpip2;1-2 ( ), Atpip2;1*2;2 ( ); and
(2) genotype collection 2 consists of 2x35S::
AtPIP2;1 OE 7 ( ), 2x35S::AtPIP2;1 OE 21 ( )
and WTnull ( ). T-tests indicated that there
was no significant difference between WTnull
and Col-0. Each panel includes percent seed
germination in ½ MS or ½ MS + 75 mM NaCl.
Data are means (±s.e.m.) from n = 4–10 plates,
with 150–200 seeds per genotype per plate. This
experiment was replicated three times, data for
experiment replications are included in Figs S2a
and S2b. The trends in all three experiment
replications were similar; for example, the mean
values for Col-0 percentage of germination at
24 h of imbibition in ½ MS and in ½ MS + 
75 mM NaCl were 29.51% and 1.72 %,
respectively, in replication 1; in replication 2, the
values were 28.63% and 1.825 %, respectively;
and in replication 3, the values were 25.83%
and 2.25%, respectively. Significant difference
determined by a factorial repeated measures
two-way ANOVA and Tukey’s HSD pair-wise
tests at P < 0.05. Different lowercase letters
denote significant differences between genotypes
within each germination treatment; different
capital letters denote significant differences
between ½ MS and ½ MS + 75 mM NaCl for
each genotype. Absence of error bars indicates
s.e. is smaller than symbol.

salt treatment from 48 h to 5 days after stratification 
(Fig. 1c, d). The percentage of germination of all genotypes 
after 9 days of exposure to ½ MS media was over 96.7% 
(s.e. = 0.42%), whereas for seed subjected to the 75 mM 
NaCl treatment, the total average germination was reduced 
to 93.8% (s.e. = 0.61%). 

No differences in percentage of germination were 
observed in genotype collection 1, which included Col-0 (WT), 
Atpip2;1-1, Atpip2;1-2, and  Atpip2;1*pip2;2, when seed  was  
germinated in control condition across all time points. Whereas 
in saline conditions, a reduction in germination compared to 

Col-0 (WT) seeds was observed at all measured time points for 
Atpip2;1-1, and at 72 h for Atpip2;1-2 (Fig. 1e, g, i). The 
Atpip2;1*pip2;2 line did not have significant decreases or 
increases in germination compared to Col-0 WT seeds. 

In genotype collection 2, which included two 2x35S:: 
AtPIP2;1 OE lines and WTnull, the 2x35S::AtPIP2;1 OE seeds 
(lines 7 and 21) had a significant reduction in percentage of 
germination relative to WTnull seed in both control and 
saline treatments at all measured time points (Fig. 1f, h, j). 

In control conditions, there were no significant differences 
between genotypes in both genotype collections for the 
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time when 50% of seed had germinated (T50), which was 
at 29–33 h post-stratification. However, in salt treatment 
conditions, Atpip2;1-1 and Atpip2;1-2 had longer T50 com-
pared to WT (51, 44 and 34 h, respectively), OE lines 2x35S:: 
AtPIP2;1 lines 7 and 21 also had longer T50 compared to 
WTnull (at 40, 42 and 35 h, respectively). (Fig. 1k, l; statistics 
tests result outcomes are shown in Table S9a, b, c). 

Changes in seed mass during imbibition in
control and saline conditions

Seed mass was determined by weighing the seed and 
maximum cross sectional (MCS) area was determined using 
measurements from high resolution scaled images of seed. 
MSC was used as a surrogate for seed volume assuming 
isodiametric swelling. Changes in MCS during imbibition 
are indicative of seeds accumulating water and swelling. 
We observed increases in seed mass and MCS area over 
time for all tested genotypes in control treatment (½ MS) 
and saline treatment (½ MS + 75 mM NaCl) (Figs S3, S4, 
S5 and S6). The initial seed mass of the various genotypes 
fell within 17–20 μg (P > 0.05). However, the rate of seed/ 
seedlings mass increase differed among genotypes during 
imbibition and germination over 50 h. The relationship 
between seed weight and MSC was fitted with linear 
regression lines (Y = B0 + B1 × X, where Y is, seed weight 
(μg/seed), X is seed MCS area (μg2/seed), B0 is intercept of 
dry seed weight, B1 is slope of the lines), as expected the 
relationship was positive (Fig. S6). For values from seed 
measurements taken from zero time point (Fig. S6a) a  
single linear line of MCS versus time adequately fit all data in 
each case (Prism F-test) and at later time points (Fig. S6b) 
single linear line of MCS versus time adequately fits all data 
of control treatment, or salt treatment. However, different 
linear lines were required to fit data for measurements 
taken following the water to 75 mM salt transfer treatments. 

The Atpip2;1-1 had a seedling mass greater than that 
of Col-0 control and Atpip2;1*2;2 at 50 h of imbibition 
in control conditions and conditions with 75 mM NaCl 
(Fig. 2b). In control treatment (water) and water-salt transfer 
treatments, differences were also observed between 
Atpip2;1-1 and Atpip2;1-2 lines, with Atpip2;1-1 having a 
higher seedling mass in both treatments after 50 h of 
imbibition (Fig. 2b). The weight of WTnull increased faster 
than weight of 2x35S::AtPIP2;1 OE lines in all imbibition 
treatments (Fig. 2c). 

Seed MCS area increased upon imbibition in control 
(½ MS) in all lines tested, with the largest increase observed 
in genotype collection 1 occurring within 30 min of imbibi-
tion, increasing from 11.5–12 to 14–15.5 mm2 (Figs S4 
and S5). The rate of MCS area increase slowed down after 
30 min through to 30 h of imbibition, with seeds reaching 
MCS area of ~18 mm2 (Fig. S4a). 

Seeds of genotype collection 2 had statistically different 
dry seed sizes (ranging from 11 to 12.5 mm2), with 2x35S:: 

AtPIP2;1 OE seeds having a smaller seed size than WTnull 

(Fig. S4b). In control treatment conditions, 2x35S::AtPIP2;1 
OE lines had statistically significant reduction in water 
accumulation rates, relative to WTnull (Fig. S5b). At 30 h 
imbibition, seed MCS area of Atpip2;1*2;2 was significantly 
smaller than that of Atpip2;1-2 (Fig. S5). The influence of 
saline treatments was more evident for seed mass than for 
seed MCS area (Figs S5c, d and S6). This may be because 
MCS area was measured from 2D images and thus did not 
represent seed swelling in all directions. 

Sodium and potassium content in seeds with
altered PIP2;1 and PIP2;2 abundance

Seeds of AtPIP2;1 loss-of-function mutants, over-expression 
lines, and their respective controls, were germinated in 
three different treatments: water (T1); water-salt transfer 
(T2); and salt (T3) (Fig. 3). As expected, seeds exposed to 
saline solutions (T2 and T3) had higher Na+ and lower K+ 

content (per dry weight), compared to seeds germinated in 
water treatment (T1) (Fig. 3b–e). 

There were no differences between genotypes in relation to 
Na+ or K+ content of seeds when germinated in water (T1) 
treatment (Fig. 3b–e), except Atpip2;1*pip2;2 seed did have 
a lower  K+/Na+ ratio than seed for two Atpip2;1 lines. 
Differences in Na+ and K+ content were observed between 
genotypes for seeds germinated in water-salt transfer (T2) 
and salt (T3) treatments, and for dry seed prior to imbibition 
(Figs 3b–e and S7). Specifically, Na+ content in Col-0 seeds 
was higher than that of Atpip2;1-2 and Atpip2;1*2;2 seed 
in water-salt transfer (T2) treatments, but there were no 
differences in Na+ content between these genotypes when 
germinated in salt (T3) treatment (Fig. 3b). WTnull seeds had 
a higher Na+ content than 2x35S::AtPIP2;1-7 OE seeds 
when germinated in water-salt (T2) and salt (T3) treatments, 
and also in dry seed prior to imbibition (Figs 3c and S7). 

K+ content in seeds of Atpip2;1*Atpip2;2 was higher than 
that of Atpip2;1-1 and Atpip2;1-2 lines when germinated on 
water-salt (T2) treatment, but each mutant had similar K+ 
content to Col-0 control, whereas when germinated solely 
on salt (T3), Atpip2;1 and Atpip2;1*Atpip2;2 seeds had a 
higher K+ content than Col-0 control seeds (Fig. 3d). 

Both 2x35S::AtPIP2;1 OE lines had a higher K+ content 
compared to WTnull when germinated on water-salt treatment 
(T2), and there was no difference in K+ content in these 
genotypes when germinated in salt treatment conditions 
(T3, Fig. 3e). 

There were no differences in K+/Na+ ratio in seed from salt 
(T3) treatment and water-salt treatment (T2) (ratio was 2–3), 
but the K+/Na+ ratio was higher in Atpip2;1-1 and Atpip2;1-2 
lines (51.8 and 52.2, respectively) relative to Atpip2;1*2;2 
(49.6) in water treatment (Fig. 3f ) and WTnull had the 
lowest K+/Na+ ratio (41.8) followed by 2x35S::AtPIP2;1 OE 
line 21 (54.1), and 2x35S::AtPIP2;1 OE line 7 had the 
largest K+/Na+ ratio (62.3) (Fig. 3f, g). In summary of key 
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Fig. 2. Changes in seed mass over time during 50 h imbibition in water and saline treatments.
Data was divided into two groups for analysis: (1) genotype collection 1 consisting of Col-0 ( ),
mutant Atpip2;1-1 ( ), Atpip2;1-2 ( ), Atpip2;1*2;2 ( ); and (2) genotype collection 2 consists of
over-express lines 2x35S::AtPIP2;1 OE 7 ( ), 2x35S::AtPIP2;1 OE 21 ( ) and their null WTnull ( ).
(a) Summary of the experiment set up consisting of three treatments: T1, 50 h imbibition in water
only (water); T2, 30 h imbibition in water followed by 20 h in water containing 75mMNaCl solution
(50 h total, water-salt); and T3, 50 h imbibition in 75 mM NaCl solution (salt). (b, c) Seed mass
increases in two genotype collections over 50 h of imbibition. Blue and yellow bars are to
indicate the relevant treatment shown in part (a). Dry seed mass data is the average of 600–900
seeds used per genotype on each experimental replicate (plates), n = 4 plates per condition.
Data are means and s.e.m. The experiment was repeated times times and showed the same
pattern. Significant difference determined by two-way ANOVA and Fisher’s LSD pair-wise tests,
P < 0.05. Different letters indicate a statistical difference between genotypes, absence of letters
indicates no significant difference.

observations: in the control treatment conditions the trends in Discussion
germination and ion accumulation were similar in pip2;1 and 
pip2;1*pip2;2 lines relative to WT (Col-0) and similar in Atpip2;1 loss-of-function mutants and AtPIP2;1
2x35S::AtPIP2;1 OE lines relative to nulls; but seed mass over-expression line seed both exhibited delayed
was higher in the pip2;1 mutant lines than WT and seed germination relative to controls when imbibed in
mass was lower in 2x35S::AtPIP2;1 OE line than WTnull saline conditions
(Fig. 4). The Atpip2;1*Atpip2;2 double mutant and 2x35S:: 
AtPIP2;1 OE lines had higher K+/Na+ ratios relative to their In Arabidopsis and in cereals, transcript abundance of various 
respective controls. genes encoding for AtPIP1s, AtPIP2s and AtTIPs increase 
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Fig. 3. (a) Seed Na+ and K+ content for seven genotypes including Col-0 ( ), loss-of-function
mutants Atpip2;1-1 ( ), Atpip2;1-2 ( ), Atpip2;1*2;2 ( ), and AtPIP2;1 over-expression lines
2x35S::AtPIP2;1 OE 7 ( ), 2x35S::AtPIP2;1 OE 21 ( ) and their null WTnull ( ) exposed to three
treatments: (1) water for 50 h (water); (2) 75 mM NaCl solution for 50 h (salt); or (3) 30 h in
water then transferred to a solution containing 75 mM NaCl from 30 to 50 h (water-salt). Na+ 

content (b, c) and K+ content (d, e) and K+/Na+ ratio in seed (f, g) following three treatments
(a). At some time points, error bars are so tight as to be obscured by the symbols. Significant
difference determined by a factorial repeated measures two-way ANOVA and Tukey’s HSD
pair-wise tests at P < 0.05. Different lowercase letters denote significant differences between
genotypes within each germination treatment. Absence of error bars indicates s.e. is smaller
than symbol. Ion concentration unit, mg per 1 kg dry weight (mg kg−1 DW).

rapidly in seed during imbibition and germination indicating 
that there are potential roles for multiple aquaporin isoforms 
from different subfamilies in germination (Matsunami et al. 
2022). In germinating Arabidopsis Columbia-0 seed, the abun-
dance of AtPIP2;1, AtPIP2;2 and AtPIP2;7 was previously 
observed to increase after 3 days soaking in water and in 
germinated seeds the transcript level for these genes were 
notably very high in roots (Fig. S8) (Klepikova et al. 2016). 
Analysis of previously reported transcript data revealed 
increased AtPIP2;1 expression particularly between 12 and 
48 h after start of imbibition, during the time period when 
germination occurs, which is typically around 24 h after the 
start of imbibition (Hoai et al. 2020; Fig. S8). Here, 

we observed that disruption of WT AtPIP2;1 abundance 
by either loss or increased transcript abundance influenced 
the seed germination, seed weight and seed Na+ and K+ 

content when seed was imbibed in a saline treatment 
(Fig. 4). Both the Atpip2;1*Atpip2;2 double mutant and the 
2x35S::AtPIP2;1 OE lines had higher K+/Na+ ratios relative 
to their respective controls indicating that disruption of 
AtPIP2;1/AtPIP2;2 function influenced ion homeostasis in 
Arabidopsis seed. 

At 50 h after stratification, the seed from mutant and over-
expression lines did not differ from controls in percentage 
germination when imbibed in water, but when imbibed in 
saline treatment conditions the percentage germination of 
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Dry seed Relative to 
control (1) 

Percentage 
germination at 

72 h 
T50 

Weight 
at 50 h Na+ K+ K+/Na+ 

Atpip2;1 n/a n/a n/a n.s.d n.s.d n.s.d 

Dry seed Atpip2;1*2;2 - - - - - -

Imbibition 
2x35S::AtPIP2;1 n/a n/a n/a 

Imbibition 
Atpip2;1 n.s.d n.s.d n.s.d n.s.d n.s.d 

Germination 
in control 
conditions 

Atpip2;1*2;2 n.s.d n.s.d n.s.d n.s.d n.s.d n.s.d 

2x35S::AtPIP2;1 n.s.d n.s.d n.s.d 

Imbibition 
in control-

Atpip2;1 n.s.d n.s.d n.s.d 

saline 
transfer 

Atpip2;1*2;2 n.s.d n.s.d n.s.d 

conditions 2x35S::AtPIP2;1 n.s.d 

Imbibition 
Atpip2;1 n.s.d n.s.d 

in saline 
conditions 

Atpip2;1*2;2 n.s.d n.s.d n.s.d n.s.d 

2x35S::AtPIP2;1 n.s.d n.s.d 

(1) For mutant Atpip2;1 and double mutant Atpip2;1*2;2, control is Col-0. 
For overexpression 2x35S::AtPIP2;1, control is WTnull. 

Fig. 4. Summary of comparisons for lines lacking PIP2;1, lacking both PIP2;1 and PIP2;2 and lines over-expressing PIP2;1
relative to controls. Data trends for ion content for dry seed and physiological parameters measured during imbibition
including ion content, seed percentage of germination, time to reach 50% germination (T50) and seedling weight are
represented by either red downward arrows or green upward arrows for mutant relative to Col-0 and transgenic lines
relative to WTnull, or no significant difference (n.s.d) if no differences were observed. n/a, not applicable.

seed from mutant and over-expression lines was delayed 
relative to WT and null controls, respectively, indicating 
that a decrease or increase of AtPIP2;1 was associated 
with reduced percentage of germination (Fig. 1, Table S10). 
This reveals that AtPIP2;1 could potentially have a role in 
enabling seed to achieve optimal germination success in 
saline conditions. 

Mutant or transgenic line seed with reduced or increased 
AtPIP2;1 expression tended to differ in mass gain during 
imbibition relative to their respective control lines (Fig. 2). 
The loss or over-expression of AtPIP2;1 also resulted in 
reduced seed Na+ content and greater seed K+ content in 
mutant and transgenic lines relative to controls (Fig. 3). 
Hypothetically, greater abundance of AtPIP2;1 in seed 
might be expected to be associated with more rapid water 
uptake during imbibition and loss of AtPIP2;1 might be 
expected to limit water uptake during imbibition, although 
there are other aquaporins that may also contribute to 
water uptake, such as AtPIP2;7 and there are likely to be 
other types of molecular mechanisms that influence water 
uptake during imbibition. In germinating WT Col-0 seed, 
transcripts of AtPIP2;1 and AtPIP2;7, followed by AtPIP2;2 
were observed to be most abundant relative to the 
other AtPIP2s (Groszmann et al. 2021). However, relative 

abundance of transcripts coding for each of 35 Arabidopsis 
aquaporins in mutant and transgenic lines is yet to be 
determined, and may not necessarily correspond to the 
protein abundance for each of the respective aquaporins 
(Liu 2015), revealing that it may be necessary to test the 
abundance of the complement of aquaporins in the various 
genotypes tested to determine the extent to which disruption 
of AtPIP2;1 function indirectly influences germination due to 
differential regulation of other aquaporins. In the present 
study the lines over-expressing AtPIP2;1 had reduced mass 
and loss-of-function mutants generally had greater mass gain 
during imbibition than their respective controls (Fig. 2). This 
indicates that the putative role for AtPIP2;1 in seed germina-
tion may not just be related to influencing water uptake or 
permeability during germination. AtPIP2;1 is permeable to 
water, CO2, H2O2 and ions (Tyerman et al. 2021), and altered 
regulation of AtPIP2;1 could influence permeability to a 
range of different substrates in different ways (Qiu et al. 
2020). AtPIP2;1 function is also known to be influenced 
by differences in hormones and signalling molecules 
(Daszkowska-Golec 2011; Wojtyla et al. 2016). Moreover, 
regulation of AtPIP2;1 is known to influence the regulation 
of other aquaporins (Liu 2015). Therefore, there may be a 
range of potential factors that could explain why germination 
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of seed with altered AtPIP2;1 abundance is delayed in saline 
treatment. Suggestions for these hypothetical factors have 
been categorised as follows: 

� Transport of either Na+ or K+ via AtPIP2;1 could be 
important in seed germination in conditions of salt stress, 
and is likely to be influenced by AtPIP2;1 phosphorylation 
status (Qiu et al. 2020). 

� The contribution of AtPIP2;1 to signalling processes, such 
as distribution of H2O2 signals, could be important in seed 
germination (Groszmann et al. 2021). 

� Disruption of AtPIP2;1 could cause differential regulation 
of other aquaporins which may influence seed germination 
(Da Ines 2008). 

There are limitations to the options for interpretation of 
the data sets related to the influence of the saline treatment 
in delaying germination of each of the genotypes. This is 
because germination delay could confound assessment of 
comparisons between the genotypes at a given specific time 
point when comparing the influence of the saline relative to 
control treatments. There are also a range of other factors 
that influence the development of plants in saline relative 
to control conditions. For example, previous studies 
reported that salt treatment (100 mM NaCl) caused delay in 
the emergence of lateral roots in Arabidopsis seeds because 
of possible induced thickening of the Casparian strip (Duan 
et al. 2013). 

Implications for seed germination associated
with AtPIP2;1 water and ion permeability

Hypothetically changing the abundance of AtPIP2;1 in seed 
could influence either seed swelling, and/or radicle cell expan-
sion during seed imbibition and/or germination. Previous 
studies have demonstrated using either heterologous expres-
sion systems or whole Arabidopsis plants that AtPIP2;1 
influences water flux; therefore, it is feasible that AtPIP2;1 
may also influence water flux in germinating seeds. For 
example, when AtPIP2;1 was expressed in Xenopus laevis 
oocytes those oocytes swelled more rapidly than control 
oocytes when transferred to a hypo-osmotic solution due to 
AtPIP2;1 facilitating water influx into oocytes (Mahdieh 
et al. 2008; Byrt et al. 2017; Prado et al. 2019; Qiu et al. 
2020; Tyerman et al. 2021). Differences in relative water 
flux in Atpip2;1 and Atpip2;2 loss-of-function mutant plant 
rosettes relative to WT controls has also been reported using 
deuterium as a tracer (Da Ines et al. 2010; Wang et al. 2016). 
A study  by  Da Ines et al. (2010)  of Arabidopsis rosette water 
flux revealed that loss of AtPIP2;1 and AtPIP2;2 in different 
tissues and cells contributed in an integrated fashion to 
reduced water flux in intact plants. Here, seed swelling of 
lines with varying AtPIP2;1 abundance, or varying AtPIP2;1 
and AtPIP2;2 abundance was investigated by measuring 
changes in seed area over time when seed was imbibing in 

control or in saline treatments (Figs S4 and S5). The seed 
area of Atpip2;1*pip2;2 was similar to that of WT and 
Atpip2;1 during the first 4 h of imbibition, but at 8 and 30 h 
imbibition, the relative increase in area of Atpip2;1*pip2;2 
was less than that of WT and Atpip2;1 single mutant lines 
(Fig. S4). The influence that loss of these different PIP2s may 
have had could potentially have differed in different cell types 
within the swelling seed during the period of imbibition and 
germination. Hypothetically it is possible that sub-optimally 
regulated swelling between different cell types caused by 
disrupted AtPIP2;1 abundance could have limited the germina-
tion efficiency of mutant lines (Fig. 1). 

It is expected that as seeds imbibe both the seed weight and 
the seed MCS would increase. As expected, we observed that 
the relationship between seed weight and seed MCS area was 
positive at the zero time point (dry seed) and at timepoints 
of 4 and 30 h into imbibition, under control treatment and 
saline treatment treatments (Fig. S6). However, there were 
significant differences in linear regression lines between 
0 mM and 75 mM for P2 but not for P1. This indicates that 
either seed weight at the same area is lower in 75 mM 
NaCl, or at the same seed weight the seed area is larger in 
75 mM NaCl. Further investigation of seed density in 
conditions of varying salinity would be required to further 
investigate how the relationship between seed weight and 
MSC area. 

Previous studies have revealed that salt stress delays seed 
germination. For example, Bafoil et al. (2019) revealed that 
seed in 50 mM NaCl had delayed testa rupture relative to 
seed in conditions without NaCl treatment. As expected, we 
observed that there was a delay in time to reach 50% 
germination associated with 75 mM NaCl treatment in both 
single mutant pip2;1 and over-expression lines, but there 
was a recovery of percentage germination in double mutant 
Atpip2;1*2;2 relative to WT Col-0. It is possible that loss of 
both AtPIP2;1 and AtPIP2;2 in the double mutant leads to 
different regulation of other mechanisms to compensate, 
and that this influenced the trends in percentage germination. 

AtPIP2;1 involvement in seed signalling could
have influenced seed germination

Hydrogen peroxide has multiple signalling roles in seeds 
including influencing seed germination and responses to 
stress such as salt stress, and AtPIP2;1 is permeable to H2O2 

(Dynowski et al. 2008; Hooijmaijers et al. 2012; Wojtyla 
et al. 2016; Groszmann et al. 2021). Hypothetically, AtPIP2;1 
H2O2 permeability could influence how seed germination 
responds to stress and this could have been a factor influenc-
ing differences in germination in mutant and transgenic seed 
in saline treatments (Fig. 1). Seed dormancy and germination 
are known to be regulated by complex signalling processes 
that involve a range of phytohormones and signals triggered 
by phytohormone changes may influence AtPIP2;1 functions 
in seed. Germination is influenced by the abundance of ABA, 
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while gibberellins (GA) and ethylene can restrict the effect of 
ABA on dormancy and instead GA and ethylene promote 
germination, meanwhile nitric oxide (NO) is proposed to be 
implicated in cross talk between ABA and ethylene in seed 
where NO treatments also tend to promote germination 
(Arc et al. 2013; Li et al. 2016; Tuan et al. 2021), and 
potentially some aquaporins may be permeable to NO (Wang 
and Tajkhorshid 2010). Ethylene treatment was reported 
to influence C-terminal phosphorylation of AtPIP2;1 and 
C-terminal phosphorylation of AtPIP2;1 can influence the 
proportion of AtPIP2;1 in cell plasma membranes and 
influence AtPIP2;1 water and ion transport (Qing et al. 
2016; Qiu et al. 2020). Where there is potentially greater 
ethylene accumulation under salt stress, this could influence 
abundance and function of AtPIP2;1 (Wilson et al. 2014). 

Auxin is a plant growth hormone that acts as an adaptable 
trigger for controlling many developmental processes 
(Vanneste and Friml 2009). Auxin plays a critical role in 
Arabidopsis seed dormancy that is independent relative to 
ABA but requires ABA signalling pathways (Liu et al. 2013b). 
Previously Péret et al. (2012) reported that lateral root 
emergence is delayed or slowed when AtPIP2;1 abundance is 
either reduced or increased, in Arabidopsis loss-of-function or 
over-expression lines, respectively and that auxin signalling 
influences AtPIP2;1 contribution to hydraulic conductivity 
to regulate lateral root emergence. Auxin signalling also 
influences directionality in relation to root growth (Vanneste 
and Friml 2009; Hu et al. 2021). The analysis of AtPIP2;1 roles 
in germination here reveals a potential trend for influencing 
radicle emergence, which is reminiscent of observations for 
roles of AtPIP2;1 in influencing lateral root emergence where 
AtPIP2;1 loss-of-function and over-expression lines both have 
delayed root emergence. To further study whether AtPIP2;1 
has a role in radicle emergence, it would be ideal to 
capture high resolution images of radicle emergence in loss-
of-function Atpip2;1 lines and AtPIP2;1 over-expression 
lines relative to controls in non-saline and saline treatments 
to check whether or not the radicle appearance differs. 

Differential regulation of aquaporins during seed
germination

Trends in aquaporin gene transcript abundance differ during 
different stages of development and phases of germination 
(Hoai et al. 2020). For example, the abundance of transcripts 
coding for AtNIP1;2, AtPIP1;2, and AtTIP3;1 are particularly 
high in dry seed, whereas transcripts coding for AtPIP2;1, 
AtPIP2;7, AtTIP1;1, AtTIP1;2, and AtTIP4;1 increase either 
at or immediately after germination (Footitt et al. 2019; 
Hoai et al. 2020; Su et al. 2022). At the stage of 24 h after 
imbibition, AtPIP1;2 and AtPIP2;7 transcripts were most 
abundant, and by 48 h AtPIP1;2, AtPIP2;7 and AtPIP2;1 
transcript abundance was notably higher than that of other 
AtPIPs (Groszmann et al. 2021). This indicates that different 
aquaporins are required during seed development relative to 

during seed germination, and it is possible that different 
aquaporins are required during different phases of seed 
germination. Three phases of germination can be summarised 
as follows (Bewley 1997; Weitbrecht et al. 2011): Phase I 
involves seed swelling; volume and shape change and 
solute leakage (Simon and Harun 1972; Van Steveninck and 
Ledeboer 1974; Simon and Mills 1983; Crowe and Crowe 
1992; Niemann et al. 2013). In seeds such as white spruce 
(Picea glauca (Moench) Voss), seed K+ loss during imbibition 
has been reported, indicating potential for there to be a role in 
membrane proteins permeable to K+ in this process (Reid et al. 
1999). Phase II involves rehydration; solute leakage; resump-
tion of respiration and oxygen consumption; activation of 
amino acid metabolism and Kreb’s cycle; mRNA, DNA and 
protein synthesis; formation of new mitochondria; substrate 
and small molecule diffusion; organelle assembly. Phase III 
involves cell division; testa rupture and radicle emergence. 
Previous analysis of aquaporin roles in these phases by 
Vander Willigen et al. (2006) based on mercury inhibition 
led to a conclusion that aquaporin functions are unlikely to 
be involved in Phase I, and are more likely to be involve in 
Phase III, but the mercury is toxic and could influence other 
aspects of Phase I biology. Potentially, TIP3s might be the 
only AQPs involved in mediating seed water uptake in 
Phase I, but if this was the case they would need to be 
located in the plasma membrane to contribute (Gattolin 
et al. 2011). Multiple PIP and TIP1 coding transcripts are 
abundant during germination, but some polypeptides do 
not become detectable until approximately 60 h post 
germination, well into Phase III of water transport in seed 
(Gattolin et al. 2011). In the context of seed mass changes 
during imbibition and germination, which may be indicative 
of solute flux changes, differences between loss of function 
mutant lines and WT were not observed until 50 h after 
imbibition, where one of two Atpip2;1 loss-of-function 
mutant lines exhibited greater seed area than WT controls 
(Fig. 2b). Whereas for AtPIP2;1 over-expression lines differ-
ences were observed 4 h after imbibition and transgenic 
over-expression line seed did not gain weight as quickly as 
null control line seed (Fig. 2c). It is difficult to determine 
which phases of seed germination AtPIP2;1 may play a role 
in reviewing differences in the timing of onset of 
phenotypic differences for mutant and over-expression line 
material relative to controls. 

There are potentially hundreds of different types of 
proteins that could possibly interact with AtPIP2;1 (Bellati 
et al. 2016), and the implications of loss of AtPIP2;1 
function or over-expression of AtPIP2;1 could potentially 
influence the function of many other proteins, or the proteins 
interacting with PIP2;1 could confer other functions for 
PIP2;1 such as sensing (Tyerman et al. 2021). For example, 
400 potential AtPIP2;1 and AtPIP2;2 interacting proteins 
were reported by Bellati et al (2016) and their analysis 
revealed TIP2;2 as a potential interacting partner, revealing 
that PIP abundance could impact TIP regulation, and TIPs 
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including TIP3;1, TIP3;2 and TIP4;1 were previously reported 
to significantly influence Arabidopsis seed germination in 
response to stress (Footitt et al. 2019). In cereals such as 
barley (Hordeum vulgare) and rice (Oryza sativa), some of 
the trends in aquaporin regulation in seeds are similar to 
those in Arabidopsis, for example, there are key TIPs such 
as HvTIP3;1 and OsTIP3;1 that are abundant in seeds, and 
OsTIP3;1 like AtTIP3;1 is influenced by ABA signalling 
(Takahashi et al. 2004; Utsugi et al. 2015; Han et al. 2018). 
Transcripts of rice PIPs including OsPIP1;1, OsPIP1;2, 
OsPIP1;3 and OsPIP2;8 were reported to increase in abun-
dance in germinating seed in response to nitric oxide treat-
ments, further implicating PIPs in processes that influence 
seed germination (Liu et al. 2007). Loss of OsPIP1;1 and 
OsPIP1;3 function in rice led to reduced seed germination 
and OsPIP1;3 over-expression promoted seed germination 
under water-stressed conditions (Liu et al. 2007). Therefore, 
changes in abundance of PIP2;1 and PIP2;2 may influence 
regulation of other aquaporins during seed germination, 
especially in the case of the double Atpip2;1*pip2;2 mutant 
where there may be differences in the abundance of PIPs 
relative to the respective abundance of various PIPs in the 
single mutant lines. The potential for different regulation of 
other aquaporins in single and double PIP2 mutants studied 
here could in part explain why there were different trends 
in the phenotypes of these different mutant lines. For 
example, germination, mass and ion content data for the 
double mutant was more similar to WT than data for the 
single Atpip2;1 mutants (Figs 1, 2 and 3). There is also 
potential that the original sources of the Col-0 germplasm 
used to create the lines included in this study could have 
varied in their inherent MIP regulation. For example, the 
two Atpip2;1 mutants (1 and 2) came from two indepen-
dent sources; the Amaze collection and the John Innes 
Centre collection. The site of insertion for pip2;1-1 is in the 
second intron whereas the site of insertion for pip2;1-2 is in 
the first intron. PIP2 genes and pip2 knockout mutants were 
previously observed to display distinct co-expression and 
transcriptional profiles, and PIP2 genes are distinctly co-
regulated with other MIP genes, and specific PIP2 proteins 
can be differentially influenced by PIP1 expression at the 
protein level (Da Ines 2008). This means that there is the 
potential that MIP genes other than AtPIP2;1, or other 
mechanisms, could be influencing the differences in pheno-
types between the two mutants from different mutant 
collections and further investigation is required to test this 
hypothesis. 

Narrowing in on AtPIP2;1 roles in seed
germination

Our results indicate a role or possibly multiple roles for 
AtPIP2;1 in seed germination, but the exact nature of this 
role(s) remains unclear. It could involve membrane transport, 
signalling or sensing. For example, rose (Rosa spp.) RhPIP2;1 

serves as a key player in orchestrating trade-off between 
growth and stress survival (Zhang et al. 2019). AtPIP2;1 
could similarly be involved in sensing or signalling in seeds. 
However, aquaporins such as AtPIP2;1 could also be involved 
in water absorption following germination (Matsunami et al. 
2022). The next steps towards determining AtPIP2;1 role(s) in 
seed germination could involve: 

� Testing whether Atpip2;1 loss-of-function and AtPIP2;1 
over-expression lines have delayed germination in non-
saline osmotic stress, such as treatments involving germi-
nation tests in solutions containing sorbitol, mannitol or 
polyethylene glycol (PEG) (Liu et al. 2013c). This may 
help resolve whether AtPIP2;1 role in germination in 
saline conditions relates to contributing to osmotic 
adjustment or sensing osmotic stress. 

� Testing whether there are differences in the flux of Na+ 

and K+ from radicles of Atpip2;1 loss-of-function lines 
and AtPIP2;1 over-expression lines relative to controls, 
by using approaches such as microelectrode ion flux 
estimation (Shabala et al. 2003). 

� Testing the extent to which germination of Atpip2;1 loss-of-
function and AtPIP2;1 over-expression lines and control 
lines change if their seed are exposed to hormone treat-
ments during germination to explore the potential 
interaction between AtPIP2;1 regulation in response to 
hormones and regulation of germination. 

� Testing transcript abundance of the complement of 
Arabidopsis aquaporin encoding genes during seed 
imbibition and germination in Atpip2;1 loss-of-function 
and AtPIP2;1 over-expression lines to determine the 
extent to which the regulation of other aquaporins 
change when abundance of AtPIP2;1 is disrupted. 

� Examination the phosphorylation status of AtPIP2;1 given 
that this can determine the solute permeation status and 
membrane location (Johanson et al. 2001; Zhang et al. 
2019; Qiu et al. 2020). 

Resolving roles of aquaporins in seed germination is 
relevant to industrial applications such as optimising seed 
priming techniques (do Espirito Santo Pereira et al. 2021; 
Pachchigar et al. 2022). Approaches to optimise seed priming 
are relevant to improving crop yields for future food security 
(Paul et al. 2022). 

Supplementary material

Supplementary material is available online. 
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