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Abstract
The plant hormone abscisic acid (ABA) plays a central role in the regulation of seed maturation and dormancy. ABA also re
strains germination under abiotic-stress conditions. Here, we show in tomato (Solanum lycopersicum) that the ABA importer 
ABA-IMPORTING TRANSPORTER 1.1 (AIT1.1/NPF4.6) has a role in radicle emergence under salinity conditions. AIT1.1 expres
sion was upregulated following seed imbibition, and CRISPR/Cas9-derived ait1.1 mutants exhibited faster radicle emergence, 
increased germination and partial resistance to ABA. AIT1.1 was highly expressed in the endosperm, but not in the embryo, and 
ait1.1 isolated embryos did not show resistance to ABA. On the other hand, loss of AIT1.1 activity promoted the expression of 
endosperm-weakening-related genes, and seed-coat scarification eliminated the promoting effect of ait1.1 on radicle emer
gence. Therefore, we propose that imbibition-induced AIT1.1 expression in the micropylar endosperm mediates ABA-uptake 
into micropylar cells to restrain endosperm weakening. While salinity conditions strongly inhibited wild-type M82 seed ger
mination, high salinity had a much weaker effect on ait1.1 germination. We suggest that AIT1.1 evolved to inhibit germination 
under unfavorable conditions, such as salinity. Unlike other ABA mutants, ait1.1 exhibited normal seed longevity, and therefore, 
the ait1.1 allele may be exploited to improve seed germination in crops.
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Introduction
The timing of seed germination is important for seedling es
tablishment (Donohue et al., 2010), and due to its irreversible 
nature, this process is highly regulated. Germination is regu
lated by environmental and internal cues including light, tem
perature, water availability, and hormones. The plant 
hormones gibberellin (GA) and abscisic acid (ABA) promote 
and inhibit germination, respectively (Nonogaki, 2014).

ABA accumulates during seed maturation and induces 
seed dormancy (Finch-Savage and Leubner-Metzger, 2006). 
ABA-induced seed dormancy is orchestrated by dormancy- 
related genes such as ABSCISIC ACID INSENSITIVE 3 (ABI3), 
FUSCA 3 (FUS3), DELAY OF GERMINATION1 (DOG1), and 
LEAFY COTYLEDON 1 (LEC1) and LEC2 (Holdsworth et al., 
2008). The output of these regulatory machinery promotes 

storage compound accumulation, inhibits viviparous ger
mination, reduces metabolic activity, and leads to the 
acquisition of desiccation tolerance, enabling embryo sur
vival under long periods of dry environment (Graeber 
et al., 2012).

During the early stages of seed imbibition, dormancy is re
leased due to ABA catabolism, which precedes the accumu
lation of GA (Toyomasu et al., 1998; Ogawa et al., 2003; 
Nambara and Marion-Poll, 2005; Raghavendra et al., 2010). 
These increase the GA to ABA ratio and promote seed ger
mination (Piskurewicz et al., 2008; Liu and Hou, 2018, Shu 
et al., 2018). In dicot seeds, the high GA to ABA ratio induces 
the accumulation of cell-wall-loosening enzymes, leading to 
endosperm and seed coat (testa) weakening (Muller et al., 
2006). GA also promotes radicle elongation, and the growing 
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radicle ruptures the weakened endosperm and testa, leading 
to radicle emergence and germination (Steinbrecher and 
Leubner-Metzger, 2018). Unfavorable conditions, such as sal
inity, inhibiting ABA catabolism, reducing GA to ABA ratio, 
and inhibiting endosperm weakening, embryo growth, and 
germination (Shu et al., 2017; Ruggiero et al., 2019; Lai 
et al., 2020).

ABA activity is regulated at the level of metabolism and sig
naling, but also by its transport to target tissues and cells 
(Anfang and Shani, 2021). The earliest characterized ABA 
transporters were the ATP-BINDING CASSETTE (ABC) trans
porters ABCG25 (Kuromori et al., 2010) and ABCG40 (Kang 
et al., 2010). ABCG25 functions as an exporter, and its loss of 
function resulted in reduced germination on ABA, while the 
loss of ABCG40, which is an ABA importer, exhibited in
creased germination in the presence of ABA. The integrated 
activity of ABCG ABA importers and exporters in the control 
of seed germination was demonstrated in Arabidopsis 
(Arabidopsis thaliana) and Medicago (Medicago truncatula) 
(Kang et al., 2015; Pawela et al., 2019). It was recently shown 
that the Arabidopsis ABA importers ABCG17 and ABCG18 
redundantly mediate stomatal aperture and shoot-to-root 
ABA translocation to regulate lateral root emergence 
(Zhang et al., 2021a, 2021b). Another ABA transporter called 
Detoxification Efflux Carriers (DTX)/Multidrug and Toxic 
Compound Extrusion (MATE) DTX50 is upregulated by 
ABA and expressed mainly in guard cells and vascular tissue 
(Zhang et al., 2014). The dtx50 mutant plants exhibited 
hypersensitivity to ABA during seed germination and in
creased tolerance to drought. Altogether these studies sug
gest an important role for ABA transport in key 
physiological and developmental processes in plants 
(Kuromori et al., 2018).

An additional ABA transporter from the NITRATE 
TRANSPORTER1 (NRT1)/PTR TRANSPORTER FAMILY 
(NPF) named ABA-IMPORTING TRANSPORTER 1 (AIT1), 
NRT1.2, or NPF4.6 according to the nomencalture suggested 
by the community (Léran et al., 2014) 2014 was characterized 
in Arabidopsis (Kanno et al., 2012). AIT1 is expressed mainly 
in vascular tissue of the inflorescence stem, but it is also ex
pressed in leaf vascular tissue and guard cells. The ait1 mu
tant exhibits increased transpiration due to larger stomatal 
aperture and a partial resistance to ABA (Shimizu et al., 
2021). Three AIT1 homologs were found in Arabidopsis; 
AIT2, which exhibits reduced ABA transport activity com
pared with AIT1 (Kanno et al., 2012), AIT3, which exhibits 
rather high ABA transport activity (Kanno et al., 2012), 
but in contrast to AIT1, it also transports 
jasmonoyl-isoleucine and GA (Chiba et al., 2015), and 
AIT4, which has a weak ABA transport activity but trans
ports also GA (Kanno et al., 2012; Chiba et al., 2015). The 
tomato (Solanum lycopersicum) AIT1 putative ortholog 
was recently characterized (AIT1.1, Solyc05g006990; Shohat 
et al., 2020). A CRISPR/Cas9-derived ait1.1 mutant exhibited 
increased transpiration and reduced stomatal closure in re
sponse to ABA.

Tomato seeds exhibit primary non-deep physiological 
dormancy and can be stored dry for years (Hilhorst and 
Downie, 1995; Baskin and Baskin, 2004). The tomato em
bryo is enclosed in a rigid endosperm and testa, which act 
as a physical barrier to restrict radicle emergence (Yan 
et al., 2014). During seed imbibition, the endosperm at 
the radicle tip region (i.e. micropylar endosperm) is wea
kened due to GA-induced cell-wall-loosening enzyme activ
ity, enabling radicle emergence (Nonogaki et al., 2000). 
Here, we show that the tomato AIT1.1 is upregulated fol
lowing seed imbibition. ait1.1 mutant seeds exhibited im
proved germination under normal and salinity conditions. 
Our results suggest that AIT1.1 acts in the endosperm fol
lowing imbibition to mediate ABA-suppression of endo
sperm weakening and germination under normal and 
salinity conditions.

Results
AIT1.1 is upregulated during tomato seed imbibition 
to restrain germination
ABA accumulates during seed maturation and promotes 
seed dormancy, whereas following imbibition, it is catabo
lized to enable germination (Braybrook and Harada, 2008). 
To study the possible role of the ABA transporter AIT1.1 in 
seed maturation, dormancy and/or germination, we first ex
amined its expression in wild-type (WT) M82 seeds during 
different developmental and physiological stages. We col
lected seeds from green, color break and red ripped tomato 
fruits, dry seeds 1 day, 2 weeks, and 4 weeks after extraction 
from red ripen fruits and at different times following seed im
bibition (0–96 h). AIT1.1 expression was low during seed 
maturation and slightly upregulated in dry seeds 
(Figure 1A). It was strongly upregulated following imbibition 
(up to 72 h), and after radicle emergence (96 h), its expres
sion was downregulated. These results imply that AIT1.1 
has a role following seed imbibition, perhaps to restrain ger
mination. To verify that this expression dynamic is reliable, 
we used additional reference housekeeping genes acting in 
tomato seeds (Dekkers et al., 2012) and all showed similar re
sults (Supplemental Figure 1A).

We next examined whether the loss of AIT1.1 activity in 
ait1.1 CRISPR/Cas9-derived mutant (Shohat et al., 2020) af
fects germination. Ten days after sowing in the soil, the mu
tant seeds reached 95% germination, whereas M82 seeds 
reached only 81% (Figure 1B). Increased germination was 
also found in another independent allele, ait1.1#2 
(Supplemental Figures 2A and 3A). Germination rate can 
be determined by the time (days) it takes to reach 50% ger
mination (T50, Coolbear et al., 1984). T50 of ait1.1 was 6.3, 
whereas that of M82 was 7.4 (Figure 1C). In a germination as
say on MS media containing ABA, seeds of the two independ
ent alleles of ait1.1 exhibited partial resistance to the 
hormone and germinated at higher percentage than M82 
(Figure 1D, Supplemental Figure 3B).
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We tested whether ait1.1 also affects dormancy by analyz
ing the transcriptional profile of the central regulators of seed 
dormancy ABI3, FUS3, DOG1, and LEC1. Loss of AIT1.1 activity 
had no effect on the expression of these genes (Figure 1E, 
Supplemental Figure 1, C–E). It was shown before that re
duced ABA accumulation or activity decreases seed desicca
tion tolerance and, therefore, longevity (Ooms et al., 1993). 
We tested the germination of M82 and ait1.1 seeds that 
were stored for 1 or 18 months. The loss of AIT1.1 did not af
fect the longevity of the seeds, and they exhibited normal 
germination after the long storage, suggesting that AIT1.1 
has no role in seed desiccation tolerance (Supplemental 
Figure 4). On the other hand, seeds of the ABA-deficient si
tiens mutant (sit, Groot and Karssen, 1992) exhibited reduced 
germination after long storage (15 months, Supplemental 
Figure 5). Taken together, the results suggest that AIT1.1 
does not affect dormancy or desiccation tolerance but prob
ably postimbibition-related processes.

Tomato has three uncharacterized AIT1.1 paralogs (Shohat 
et al., 2020). Since the sequences of all three proteins show 
higher similarity to the Arabidopsis AIT1 compared with 
AIT2/AIT3/AIT4, we named them AIT1.2 (Solyc05g007000), 
AIT1.3 (Solyc04g005790), and AIT1.4 (Solyc03g113250) 
(Shohat et al., 2020). We examined their expression pattern 
following imbibition to uncover possible functional redun
dancy. While AIT1.1 was upregulated following imbibition, 
AIT1.2, AIT1.3, and AIT1.4 were downregulated (Figure 2A), 
suggesting that AIT1.1 has a unique role in tomato seeds. 
The expression of AIT1.2/3/4 was not affected in the ait1.1 
mutant seeds (Supplemental Figure 6). Since AIT1.2 is the 
closest homolog of AIT1.1 (86% identity of the amino acid se
quences), we generated CRISPR/Cas9-derived ait1.2 mutant. 
The ait1.2 mutant gene had 5 bp deletion, causing a frame 
shift and a premature stop codon (Supplemental 
Figure 2B). Homozygous mutant plants did not show any 
clear phenotypic alteration. We performed germination as
say and found that ait1.2 seeds exhibit reduced germination 
compared with M82 (Figure 2, B and C). It should be noted 
that these results are based on the analysis of a single allele 
and, therefore, should be taken with caution.

AIT1.1 acts in the endosperm to mediate seed 
germination
Tomato seed germination is controlled by two parallel pro
cesses: embryo growth and endosperm weakening 
(Steinbrecher and Leubner-Metzger, 2017). We first tested 
whether AIT1.1 acts in the embryo to mediate seed germin
ation. To this aim, we imbibed M82 and ait1.1 seeds for several 
hours, then rescued the embryos from the seeds and grew them 
for 72 h on MS medium with or without ABA (Figure 3A). We 
analyzed two ABA-inhibited developmental processes: embryo 
growth and greening. We did not find differences in growth and 
greening between M82 and ait1.1 embryos on MS with or with
out ABA (Figure 3, B and C), suggesting that AIT1.1 does not 
affect germination via its activity in the embryo.

The Arabidopsis ABCG ABA transporters controls ABA 
transport from the endosperm to the embryo to regulate 
embryo growth and germination (Kang et al., 2015). To 
test whether AIT1.1 has a similar role in tomato, we have 
used the Seed Coat Bedding Assay (SCBA, Lee et al., 2010) 
that tests the inhibition of embryo growth by endosperm- 
synthesized ABA. We found that isolated M82 embryos taken 
from imbibed seeds, developed faster on MS medium com
pared with embryos that were placed on a layer of embryo- 
less seed coats and endosperms (Figure 4, A and B). However, 
we did not find differences in embryo growth and greening 
between M82 and ait1.1 in reciprocal SCBA assays 
(Figure 4C, Supplemental Figure 7), suggesting that the in
creased germination in ait1.1 is probably not a result of inhib
ition of ABA transport from the endosperm to the embryo.

AIT1.1 expression was significantly higher in the endo
sperm compared with the embryo (Figure 5A, 
Supplemental Figure 1B). Moreover, GUS activity in trans
genic pAIT1.1:GUS (Shohat et al., 2020) imbibed seeds was 
substantially higher in the endosperm compared with the 
embryo (Figure 5B). We, therefore, tested whether the in
creased germination of ait1.1 seeds is a result of reduced 
endosperm weakening. We first scarified the seed at the mi
cropylar endosperm region to eliminate the inhibitory effect 
of the endosperm and the testa on radicle emergence (Liptay 
and Schopfer, 1983). Following scarification, we did not find 
differences between M82 and ait1.1 in the time of radicle 
emergence or in postemergence primary root growth with 
or without ABA (Figure 5C, Supplemental Figure 8). We 
then analyzed the expression of the ABA-responsive genes 
RAB18 and RD29 (Nir et al., 2017) in the micropylar endo
sperms of M82 and ait1.1, and both genes exhibited lower ex
pression in the mutant, suggesting reduced ABA activity in 
this site (Figure 5D). We also analyzed the expression of 
endosperm-weakening-related genes EXPANSIN2 (EXPA2), 
beta-1,3-Glucanase, and ENDO-BETA-MANNASE 2 (MAN2) 
following imbibition (Leubner-Metzger et al., 1995; 
Martınez-Andujar et al., 2012; Graeber et al., 2014). These 
genes exhibited higher expression in ait1.1 endosperm, sug
gesting higher endosperm weakening activity in the mutant 
(Figure 5E).

AIT1.1 restrained germination under salinity 
conditions
Salinity conditions suppress germination via the inhibition of 
ABA catabolism (Kong et al., 2017; Xia et al., 2019). We tested 
if AIT1.1 has a role in the inhibition of germination imposed 
by salinity. M82 and ait1.1 seeds were germinated on 0, 25, 50, 
75, and 100 mM NaCl. In the presence of low NaCl concen
tration (25 mM), ait1.1 seeds were germinated slightly better 
than M82 seeds. However, in the presence of higher NaCl 
concentration (50 mM), M82 seeds exhibited only 24% ger
mination, whereas ait1.1 exhibited 66% (Figure 6, A and B). 
Similar result was found for the second allele ait1.1 #2 
(Supplemental Figure 9). We noticed that the germination 
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of ait1.1 seeds is more uniform than M82. To evaluate uni
formity, we analyzed the degree of variability in germination 
under salinity conditions by using the parameter of coeffi
cient of variation (CV − SD/mean, Illouz-Eliaz et al., 2020). 
The variability in M82 seed germination was higher under 
control and salinity conditions (Supplemental Figure 10), 
suggesting that inhibition of germination by AIT1.1 affect 
the uniformity of germination. We further tested the effect 
of salinity on ABA responses in germinating seeds. To this 
end, we have used the ABA transcriptional reporter 
pMAPKKK18:GUS (Okamoto et al., 2013; Shohat et al., 
2020). NaCl treatment promoted GUS activity in the 

micropylar region following imbibition (Figure 6C), indicat
ing that salinity induces ABA activity in germinating seeds. 
To test whether the increased germination of ait1.1 under 
salinity conditions is a result of reduced ABA activity, we ana
lyzed the expression of the ABA-inducible gene RAB18 in salt- 
treated micropylar endosperms of M82 and ait1.1. The re
sults show significantly lower expression of RAB18 in the 
mutant (Figure 6D), implying that the hyposensitivity of 
ait1.1 to salt stress is caused by reduced ABA activity in 
the micropylar endosperm. We did not find any effect 
of salt or ABA on AIT1.1 expression in imbibed seeds 
(Supplemental Figure 11), suggesting that although AIT1.1 plays 

Figure 1 AIT1.1 is upregulated following seed imbibition and restrains germination. (A) Relative expression of AIT1.1 in seeds taken from green, color 
break and red ripped tomato fruits, as well as, from fresh dry seeds for 1 day (dry 1), 2 weeks (dry 2), or 4 weeks (dry 3) after extraction from red ripen 
fruits, and imbibed seeds (0–96 h imbibition after 4 weeks of dry storage). (B) Germination of M82 and ait1.1 seeds in soil. (C) Germination rate (T50) 
of M82 and ait1.1. (D) Percentages of germinated seeds after 10 days in petri dishes containing MS medium with (or without) 1 µM abscisic acid 
(ABA). (E) Relative expression of central regulators of seed dormancy genes ABI3, FUS3, DOG1, and LEC1 in M82 and ait1.1 dry seeds stored for 1 
month. Values in A and E are means of 4 replicates, each contains 10 seeds ± SE. Values in B–D are means of four independent replicates each con
tained 100 (B, C) or 50 (D) seeds ± SE. Small letters in A and stars in B and C represent significant differences between respective treatments by 
Student’s t test (P < 0.05). Small letters in D represent significant differences between respective treatments by Tukey–Kramer HSD test (P < 0.05).
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a role in the inhibition of germination under salt stress, it is not 
regulated by salinity or ABA at the transcriptional level.

Discussion
ABA levels decrease in seeds following imbibition to enable 
germination (Nambara and Marion-Poll, 2005). However, un
der salinity-stress conditions, ABA levels remain high and in
hibit germination (Kong et al., 2017). All these are eliminated 
in ABA-deficient mutants that are able to germinate 
on salt-containing media (Groot and Karssen, 1992; 
Léon-Kloosterziel et al., 1996). Here, we show in tomato 
that the ABA importer AIT1.1 acts in the endosperm to me
diate the inhibitory effect of ABA on germination under sal
inity conditions.

Although ABA is the central regulator of seed maturation, 
dormancy, and desiccation tolerance, the expression of 
AIT1.1 was relatively low during these stages and was sub
stantially upregulated following imbibition, when ABA level 
drops (Braybrook and Harada, 2008). Loss of AIT1.1 did not 
affect the expression of the major dormancy-related genes 
but reduced ABA activity and increased the expression of 
genes related to endosperm weakening. These suggest that 
AIT1.1 promotes ABA inhibition of seed germination but 
has no role in ABA-mediated seed maturation or dormancy. 
In line with this, the loss of AIT1.1 had no effect on seed lon
gevity and therefore, it probably has no role in seed desicca
tion tolerance.

Tomato has three AIT1.1 putative paralogs, but their ABA 
transport activity has not been characterized. While AIT1.1 
was upregulated following imbibition, AIT1.2, AIT1.3, and 
AIT1.4 were downregulated. These opposite expression dy
namics of AIT1 genes imply that they might have roles in dif
ferent processes, e.g. AIT1.1 in germination and AIT1.2, AIT1.3, 
and AIT1.4 in maturation, dormancy, or desiccation 

tolerance. AIT1.1 and AIT1.2 may have an opposite role in 
germination; while the loss of AIT1.1 improved germination, 
the loss of AIT1.2 inhibited germination, suggesting that 
AIT1.1 inhibits, and AIT1.2 promotes germination. 
However, since only one ait1.2 allele was analyzed, these 
are preliminary results and more alleles should be analyzed 
to confirm our suggestion.

Seed germination includes two major paralleled pro
cesses: embryo growth and endosperm weakening to allow 
radicle emergence. Both processes are inhibited by ABA 
(Belin et al., 2009; Lee et al., 2012). We found that the 
loss of AIT1.1 had no effect on embryo growth or on rad
icle emergence following the removal of the micropylar 
barrier (scarification). Kang et al (2015) suggest that ABA 
is transported from the endosperm to the embryo to in
hibit embryo growth. Our SCBA assays do not support 
such a role for AIT1.1 in this process. AIT1.1 was predom
inantly expressed in the endosperm and the expression of 
endosperm weakening marker genes, such as EXPA2, 
beta-1,3-Glucanase and MAN2 was upregulated in the 
ait1.1 endosperm, which also exhibited reduced ABA activ
ity. Taken together, all these results suggest that AIT1.1 
mediates the inhibitory effect of ABA on endosperm weak
ening, but not on embryo growth. We propose that AIT1.1 
is upregulated during imbibition to restrain endosperm- 
weakening and radicle emergence, by promoting 
ABA-uptake into the micropylar endosperm cells. AIT1.1 
exhibited the highest expression just before radicle emer
gence which in our experiments occurred 60–70 h after 
the beginning of imbibition. After the emergence of the 
radicle, AIT1.1 was downregulated and had no role in post
emergence primary root growth.

Although the loss of AIT1.1 promoted germination under 
normal conditions, its effect was more prominent under 
salt stress. It is possible that the main role of AIT1.1 in seeds 

Figure 2 Expression dynamics of the tomato AIT1 genes following seed imbibition. A, Relative expression of the tomato AIT1 genes in seeds following 
imbibition (0–96 h imbibition following 4 weeks of dry storage). Values are means of four replicates each containing 10 seeds ± SE. (B, C) Germination 
(B) and germination rate (C) of M82 and ait1.2 seeds in soil after 10 days. Values are means of four replicates (plates) each contained 70 seeds ± SE. 
Stars in B and C represent significant differences between respective treatments by Student’s t test (P < 0.05).
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is to transport ABA following imbibition under unfavorable 
conditions, to inhibit germination. Indeed, the loss of 
AIT1.1 reduced ABA activity in the micropylar endosperm 
under salinity conditions. Although ABA and salinity did 
not affect the expression of AIT1.1 in seeds, it is possible 
that high ABA levels under salinity conditions posttransla
tionally regulate AIT1.1 activity to increase ABA transport 
into endosperm cells. It was recently shown that ABA acti
vates a kinase that phosphorylates the Arabidopsis AIT1 to 
enhance ABA transport and responses (Zhang et al., 2021a, 
2021b). We propose that imbibition under salinity conditions 
increases ABA levels and, therefore, the contribution of 
AIT1.1 to the inhibition of germination is more prominent 
under stress.

Plants have adopted mechanisms to reduce germination 
under unfavorable conditions. It was demonstrated before 
that reduced germination-uniformity under abiotic stress 
conditions promotes the survival of a population (Gioria 
et al., 2018; Vishal and Kumar, 2018). However, this evolu
tionary advantage is an undesired trait for agricultural needs 
(Finch-Savage and Bassel, 2016; Fabrissin et al., 2021). We 
showed here that the loss of AIT1.1 activity reduced germin
ation variability under salt stress. Since, the ait1.1 mutant ex
hibited increased and uniform germination but had no effect 
on seed longevity and in field test exhibited normal fruit 
quality, size and total yield (Supplemental Figure 12), the 
ait1.1 allele may have the potential to improve germination 
in commercial tomato varieties.

Figure 3 AIT1.1 did not affect embryo growth. A, Representative isolated embryos grown for 72 h on petri dishes containing MS medium with or 
without 10 µM abscisic acid (ABA). B, Length of M82 and ait1.1 isolated embryos grown for 72 h on Petri dishes containing MS medium with (or 
without) 10 µM ABA. C, Greening of M82 and ait1.1 isolated embryos grown for 72 h on Petri dishes containing MS medium with (or without) 
10 µM ABA. Values in B and C are means of 10 embyos ± SE. Small letters in B and C represent significant differences between respective treatments 
by Tukey–Kramer HSD test (P < 0.05). Scale bar in A = 1 mm.

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac545#supplementary-data
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Materials and methods
Plant materials, growth conditions, and hormone 
treatments
Tomato (S. lycopersicum L.) plants in M82 background (sp/sp, 
Pnueli et al., 1998) were used throughout this study. ait1.1 
(Shohat et al., 2020), ait1.2, sit (Nir et al., 2017) and the trans
genic lines pAIT1.1:GUS and pMAPKKK18:GUS (Shohat et al., 
2020) were backcrossed to or generated in M82 background. 
Plants were grown in a growth room set to a photoperiod of 
12/12 h night/day, light intensity of 150 μmol m−2 s−1 °C 
and 25°C and irrigated to saturation. The seeds were har
vested from ripped fruits and treated with 1% sodium hypo
chlorite followed by 1% (v/v) Na3PO4 12H2O, and incubated 

with 10% sucrose (w/v) over-night in 37°C. Seeds were stored 
dry at room temperature. (±)-ABA is dissolved in dimethyl 
sulfoxide (DMSO, Sigma-Aldrich, St. Louis, USA) and NaCl 
is dissolved in double-distilled water.

CRISPR/Cas9 mutagenesis, tomato transformation, 
and selection of mutant alleles
Four single-guide RNAs (sgRNAs, Supplemental Table 1) were 
designed to target AIT1.1 and AIT1.2, using the CRISPR-P tool 
(http://cbi.hzau.edu.cn/crispr). Vectors were assembled using 
the Golden Gate cloning system, as described by Weber et al. 
(2011). Final binary vectors pAGM4723 was introduced into 
Agrobacterium tumefaciens strain GV3101 by electroporation. 

Figure 4 AIT1.1 did not affect endosperm inhibition of embryo growth. A, Length of M82 isolated embryos grown for 72 h on Murashige and Skoog 
(MS) medium or on a layer of endosperm containing seed coat (seed coat bedding assay, SCBA). B, Greening of M82 isolated embryos grown for 72 h 
on MS medium or on a layer of endosperm containing seed coat (SCBA). C, Representative M82 and ait1.1 reciprocal SCBA assays grown for 72 h on 
Petri dishes containing MS medium. Values in A and B are means of five biological replicates ±SE. Stars in A and B represent significant differences 
between respective treatments by Student’s t test (P < 0.05). Scale bar = 1 mm.

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac545#supplementary-data
http://cbi.hzau.edu.cn/crispr
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The constructs were transferred into M82 cotyledons using 
transformation and regeneration methods described by 
McCormick (1991). Kanamycin-resistant T0 plants were grown 
and independent transgenic lines were selected and self- 
pollinated to generate homozygous transgenic lines. The genom
ic DNA of each plant was extracted and genotyped by PCR for 
the presence of the Cas9 construct. The CRISPR/Cas9-positive 
lines were further genotyped for mutations using a forward pri
mer to the upstream sequence of the sgRNA1 target and a re
verse primer to the downstream of the sgRNA2 target 
sequence. AIT1.1 and AIT1.2 were sequenced in all mutant lines. 
Homozygous lines were identified and selected for further ana
lysis. The Cas9 construct was segregated out by crosses to M82.

Germination assays
Seeds were germinated in soil or petri dishes contained 
Murashige and Skoog (MS) medium including vitamins 
(N0224, Duchefa, Haarlem, NL) or wet Whatman filter paper 
(GE Healthcare, Amersham, UK) in a growth room set to a 

photoperiod of 12/12-h night/day, with a light intensity of 
150 µmol m−2 s−1, and at a temperature of 25°C. In soil, germin
ation was scored when the hypocotyl emerged from the soil, and 
in petri dishes when the radicle pierced the seed coat.

RNA extraction and cDNA synthesis
Total RNA extracted by RNeasy Plant Mini Kit (Qiagen). For 
synthesis of cDNA, SuperScript II reverse transcriptase 
(18064014; Invitrogen, Waltham, MA, USA) and up to 3 mg 
of total RNA were used, according to the manufacturer’s 
instructions.

RT-qPCR analysis
RT-qPCR analysis was performed using an Absolute Blue 
qPCR SYBR Green ROX Mix (AB-4162/B) kit (Thermo 
Fisher Scientific, Waltham, MA, USA). Reactions were per
formed using a Rotor-Gene 6000 cycler (Corbett Research, 
Sydney, Australia). A standard curve was obtained using di
lutions of the cDNA sample. The expression was quantified 

Figure 5 AIT1.1 acts in the endosperm to restrain radicle emergence. (A) Relative expression of AIT1.1 in isolated embryos or endosperms after 48 h 
of imbibition. (B) Representative pAIT1.1:GUS transgenic embryo and embryo-less endosperm, showing GUS staining after 48 h of imbibition. The 
images were digitally extracted for comparison. (C) Percentages of radicle emergence in M82 and ait1.1 seeds following scarification. (D) Relative 
expression of ABA-responsive genes RAB18 and RD29 in micropylar endosperms of M82 and ait1.1 48 h after the beginning of imbibition. E, Relative 
expression of endosperm weakening marker genes EXPA2, beta-1,3-Glucanase and MAN2 in endosperms of M82 and ait1.1 after 48 h of imbibition. 
Values in A, D, and E are means of four replicates each containing 10 seeds ±SE. Values in C are means of three replicates each containing 30 seeds ±SE. 
Stars in A, D, and E represent significant differences between respective treatments by Student’s t test (P < 0.05). Scale bar in B = 1 mm.
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using Corbett Research Rotor-Gene software. Three inde
pendent technical repeats were performed for each sample. 
Relative expression was calculated by dividing the expres
sion level of the examined gene to ACTIN, TIP41 or 
PP2CA1. Gene to ACTIN/TIP41/PP2CA1 ratio was then aver
aged. All primers sequences are presented in Supplemental 
Table 2. The values of mock and/or M82 WT treatments 
were set to 1.

Embryo and radicle length measurements
Embryos and radicles images were captured using a Nikon 
SMZ1270 stereo microscope equipped with a Nikon DS-Ri2 

camera and NIS-ELEMENT software (Nikon Instruments, 
Melville, NY, USA). Images were than analyzed to determine 
length using ImageJ software segmented line tool (http://rsb. 
info.nih.gov/ij/).

Embryo greening analysis
Embryos greening was analyzed using ImageJ software histogram 
feature. Greening was determined by calculating the green (G) 
pixels intensity relative to Red + Green + Blue (RGB) intensity. 
The minimum greening value which calculated from white 
screen was 0.34, and the maximum value which calculated 
from 4 days old embryo cotyledons was 0.54.

Figure 6 Loss of AIT1.1 promoted germination under salinity conditions. (A) Representative M82 and ait1.1 seeds placed for 5 days on Petri dishes 
with or without 50 mM NaCl. The images were digitally extracted for comparison. Scale bar = 1 cm. (B) Percentages of germinated seeds after 7 days 
on Petri dishes containing different concentrations of NaCl. (C) GUS activity in pMAPKKK18:GUS transgenic seeds 48 h after the beginning of im
bibition with (or without) 100 mM NaCl. Scale bar = 1 mm. (D) Relative expression of the abscisic acid (ABA)-responsive gene RAB18 in micropylar 
endosperms of M82 and ait1.1 48 h after the beginning of imbibition with (or without) 75 mM NaCl. Values in B are germination relative to 0 mM 
NaCl of the same line. Values in B are means of four replicates each containing 80 seeds ± SE. Values in D are means of four replicates each containing 
10 seeds ± SE. Small letters in B and D represent significant differences between respective treatments by Tukey–Kramer HSD test (P < 0.05).

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac545#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac545#supplementary-data
http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
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Embryos isolation and seed coat bedding assay 
(SCBA)
To isolate embryos, tomato seeds were imbibed for several 
hours in water, and then the seeds were dissected into em
bryos and endosperms by using a surgical blade and very 
fine tweezers under a binocular microscope (Olympus, 
Waltham, MA, USA). The SCBAs were performed according 
to Lee et al. (2010). Briefly, isolated embryos were placed 
on a layer of embryo-less endosperms that laid on a MS me
dium. Embryos growth and greening were analyzed after 72 h 
as described above (see Material and methods).

GUS staining
Histochemical detection of GUS activity was performed 
using 5-bromo-4- chloro-3-indolyl-b-D-glucuronide as de
scribed in Donnelly et al. (1999). Samples were photographed 
under a Nikon SMZ1270 stereo microscope equipped with a 
Nikon DS-Ri2 camera and NIS-ELEMENT software.

Statistical analyses
All experiments were repeated at least three times, each with 
three or more biological replicates and analyzed using JMP 
software (SAS Institute, Cary, NC, USA). Means comparison 
was conducted using ANOVA with post hoc Tukey– 
Kramer HSD (for multiple comparisons) and Student’s t tests 
(for one comparison) (P < 0.05).

Accession numbers
Sequence data from this article can be found in the Sol 
Genomics Network (https://solgenomics.net/) under the follow
ing accession numbers: ACTIN, Solyc11g005330; TIP41, 
Solyc10g049850; PP2AC1, Solyc05g006590; AIT1.1, Solyc05g 
006990; AIT1.2, Solyc05g007000; AIT1.3, Solyc04g005790; AIT1.4, 
Solyc03g113250; ABI3, Solyc06g083600; FUS3, Solyc02g094460; 
DOG1, Solyc03g006120; LEC1, Solyc04g015060; beta-1-3- 
Glucanase, Solyc01g060010; EXPA2, Solyc09g018020; MAN2, 
Solyc06g064520; RAB18 Solyc02g084850; RD29, Solyc03g025810.
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The following materials are available in the online version of 
this article.

Supplemental Figure S1. Using different housekeeping 
genes (ACTIN, TIP41, and PP2C1A) gave similar results in 
gene expression analyses in tomato seeds.

Supplemental Figure S2. Sequence analyses of ait1.1 #2 
and ait1.2 CRISPR mutant alleles.

Supplemental Figure S3. Loss of AIT1.1 promoted ger
mination in additional independent allele.

Supplemental Figure S4. Loss of AIT1.1 did not affect seed 
longevity.

Supplemental Figure S5. ABA deficiency reduced seed 
longevity.

Supplemental Figure S6. Loss of AIT1.1 did not affect the 
expression of the other AIT1 genes.

Supplemental Figure S7. AIT1.1 did not affect endosperm 
inhibition of embryo growth.

Supplemental Figure S8. Loss of AIT1.1 did not affect 
post-emergence radicle elongation.

Supplemental Figure S9. Increased germination un
der salinity conditions in additional independent ait1.1 
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Supplemental Figure S10. Loss of AIT1.1 increased ger
mination uniformity under normal and stress conditions.

Supplemental Figure S11. Salt or ABA treatments did not 
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Supplemental Figure S12. Loss of AIT1.1 did not affect 
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