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Abstract
The OsFBT4 belongs to a small sub-class of rice F-box proteins called TLPs (Tubby-like proteins) containing the conserved 
N-terminal F-box domain and a C-terminal Tubby domain. These proteins have largely been implicated in both abiotic and 
biotic stress responses, besides developmental roles in plants. Here, we investigated the role of OsFBT4 in abiotic stress 
signalling. The OsFBT4 transcript was strongly upregulated in response to different abiotic stresses in rice, including exog-
enous ABA. When ectopically expressed, in Arabidopsis, under a constitutive CaMV 35S promoter, the overexpression (OE) 
caused hypersensitivity to most abiotic stresses, including ABA, during seed germination and early seedling growth. At the 
5-day-old seedling growth stage, the OE conferred tolerance to all abiotic stresses. The OE lines displayed significant toler-
ance to salinity and water deficit at the mature growth stage. The stomatal size and density were seen to be altered in the OE 
lines, accompanied by hypersensitivity to ABA and hydrogen peroxide (H2O2) and a reduced water loss rate. Overexpression 
of OsFBT4 caused upregulation of several ABA-regulated/independent stress-responsive genes at more advanced stages 
of growth, showing wide and intricate roles played by OsFBT4 in stress signalling. The OsFBT4 showed interaction with 
several OSKs (Oryza SKP1 proteins) and localized to the plasma membrane (PM). The protein translocates to the nucleus, in 
response to oxidative and osmotic stresses, but failed to show transactivation activity in the yeast system. The OE lines also 
displayed morphological deviations from the wild-type (WT) plants, suggesting a role of the gene also in plant development.
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Introduction

The Tubby protein was discovered in mouse and is a small 
group of 4–5 members, called TLPs (Tubby-like proteins) 
in mammals. The TLP family plays vast and indispensable 
roles in mammals, ranging from retinal maintenance, neu-
ronal cell development, regulation of insulin pathway, spinal 

cord development during embryogenesis, skeletal develop-
ment, stress signalling, vesicle trafficking, and so on (Bog-
gon et al. 1999; Mukhopadhyay and Jackson 2011). These 
proteins, almost entirely constituted of a large C-terminal 
Tubby domain acts as a bi-partite transcription factor pos-
sessing both DNA binding and transcriptional activation 
properties. They localize to the inner side of the plasma 
membrane (PM) and translocate to the nucleus in response 
to extracellular signals, where they function as a transcrip-
tion factor (Boggon et al. 1999; Santagata et al. 2001). Later, 
the TLPs were identified in diverse eukaryotic organisms, 
like humans, C. elegans, Drosophila, and chicken. Each hav-
ing 4–5 members (Nishina et al. 1998; Heikenwälder et al. 
2001).

The plant TLP family is more expanded and was first 
identified in Arabidopsis with 11 members (Lai et al. 2004), 
and later in several other plants, viz. fourteen in rice, eleven 
in poplar, nine in apple etc. (Yang et al. 2008; Kou et al. 
2009; Xu et al. 2016). This is indicative of a more diversified 
and yet basic role of the plant TLPs. In plants, the TLPs are 
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part of a highly expanded F-box family of proteins, as they 
possess an N-terminal F-box motif coupled to the C-terminal 
Tubby domain (Lai et al. 2004; Kou et al. 2009), which is 
not the case with the non-plant TLPs, having undefined 
N-terminal. The F-box proteins are part of the SCF (SKP1-
Cullin1-F-box)-type E3 ligase that ubiquitinates the target 
proteins for their 26-S proteasome-mediated degradation 
and have been reported to be involved in all aspects of plant 
development (Vierstra. 2009). The plant TLPs might show 
functional divergence from the rest of the eukaryotes as, 
although they have been shown to possess dsDNA binding 
properties (Wardhan et al. 2012), but may not possess a strong 
transcriptional activation activity, unlike other eukaryotic 
TLPs (Lai et al. 2004; Wardhan et al. 2012). Moreover, 
they may be involved in the ubiquitin-mediated protein 
degradation pathway as a newly acquired plant-specific 
function (Bao et al. 2014). Plant TLPs have been shown to 
bind SKP1 (S-phase kinase-associated protein 1) subunit 
(also known as OSKs in rice and ASKs in Arabidopsis) of 
the SCF-E3 ligase complex and other target proteins with the 
help of F-box motif alone or in combination with the Tubby 
domain, but DNA binding is the sole property of Tubby 
domain (Du et al. 2014; Lai and Shaw 2012; Bao et al. 2014; 
Wardhan et al. 2016).

TLPs from several plants have been shown to display 
widespread expression pattern, both temporally and spa-
tially, across all vegetative and reproductive stages of growth 
suggesting their basic as well as pleiotropic roles (Lai et al. 
2004; Kou et al. 2009; Wardhan et al. 2012; Xu et al. 2016; 
Li et al. 2020; Zhang et al. 2020). Several studies on the 
functional characterization of plant TLPs have shown their 
diverse roles in plant development, abiotic stress signalling, 
hormone signalling, plant-pathogen interactions, seed coat 
mucilage biosynthesis, fruit ripening, and so on (Kou et al. 
2009; Reitz et al. 2012; Bao et al. 2014; Wang et al. 2019; 
Xu et al. 2019; Zhang et al. 2020; Li et al. 2020, 2021). TLPs 
across a wide range of plants, such as Arabidopsis, apple, 
cassava, cotton, tomato, cucumber, and so on, have been 
shown to be extensively involved in abiotic stress signalling 
(Kou et al. 2009; Reitz et al. 2012; Wardhan et al. 2012; Xu 
et al. 2016; Dong et al. 2019; Li et al. 2020, 2021; Bano 
et al. 2021).

There are 14 TLP genes in rice (classified and designated 
as FBTs), viz. OsFBT1 to OsFBT14 (Jain et al. 2007; Yang 
et al. 2008). As true for other plant TLPs, the OsFBTs also 
exhibit differential expression in different tissues and at dif-
ferent stages of development (Liu 2008; Kou et al. 2009). 
The transcript level of OsFBT4 was found to be in abun-
dance in all tissues and moreover, it expressed at a rela-
tively higher basal level across tissues, compared to the other 
OsFBTs (Liu 2008; Kou et al. 2009; Yang et al. 2008), sug-
gesting important roles. All OsFBTs, including OsFBT4, 
were shown to be upregulated in response to blight-causing 

bacteria, Xanthomonas oryzae, and also by wounding, show-
ing that they are involved in plant–pathogen interaction (Kou 
et al. 2009). OsFBT12/ OsTLP2 was shown to interact with 
the pathogen-responsive element of the OsWRKY13 pro-
moter and regulate its transcription, which plays an impor-
tant role in defense response to pathogen attack (Cai et al. 
2008).

Since several plant TLPs have been implicated in abiotic 
stress responses, including CaTLP1 and AtTLP2, the 
putative orthologs of OsFBT4 (showing 49.7% and 54% 
amino acid sequence similarities, respectively, at the protein 
level), we studied the possible role of OsFBT4 in abiotic 
stress signaling. Rice productivity is severely affected by 
water scarcity, high temperatures, and salinity, frequently 
encountered by this crop plant, and hence, it becomes 
essential to study stress pathways for future improvements. 
The stress response of the OsFBT4-OE lines was studied 
in Arabidopsis at the seed germination, 5-day-old seedling, 
and mature stages of growth. As was expected, OsFBT4 
overexpression conferred tolerance to salt and dehydration 
stresses at a mature stage but caused hypersensitivity to 
abiotic stresses at the seed germination stage. At the 
seedling growth stage, tolerance was conferred by the 
overexpression of the gene to most stresses. The responses 
seemed to be both ABA dependent and independent. The 
OE lines showed altered behavior in response to exogenous 
ABA, and also exhibited differential expression of several 
ABA and stress-responsive genes.

Materials and methods

Plant materials and growth conditions

For all rice-related work, the PB1 variety of indica rice was 
used. Seeds were surface sterilized using 0.1% mercuric 
chloride and placed on ½ MS (Murashige and Skoog) salts 
supplemented with 1% sucrose and 0.2% phytagel (Sigma) 
for gelling, in 50-ml culture tubes. The rice plants were 
grown in the rice culture room conditions, i.e., 16 h light 
and 8 h dark at 28–30 °C, with 100–120 µmol m−2 s−1 light 
intensity. For hydroponics, a liquid rice growth medium 
(Yoshida et al. 1976) was used. The plant material used for 
transformation and stress analysis was Arabidopsis thali-
ana, ecotype Col-0. The seeds were surface sterilized using 
2% solution of sodium hypochlorite. The seedlings/plants 
were grown in growth room conditions, i.e., 16 h light and 
8 h dark at 22 °C, with 100–120 µmol m−2 s−1 light inten-
sity. One-half MS salts supplemented with 1% sucrose and 
0.8% agar (Qualigens) for gelling was used whenever MS 
basal medium is mentioned in this study. For mature plants, 
a mix of 50% soilrite and 50% coco peat, saturated with OS 
medium (Ogren and Somerville) was used. Transformation 
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of Arabidopsis was performed by floral dip method (Clough 
and Bent 1998), using the GV3101 Agrobacterium strain.

Tissue sampling and RT‑qPCR analysis

For expression profiling of OsFBT4 under stress treatments 
in rice, the month-old plants grown hydroponically were 
transferred to stress agents in separate culture tubes as fol-
lows: salinity stress (200 mM NaCl solution), oxidative 
stress (1% H2O2 solution), ABA (50 µM in 0.1% ethanol); for 
drought stress gradual drying of the plants was performed on 
the Whatman sheet. For expression profiling of stress marker 
genes in Arabidopsis, the 3-day-old seedlings and 15-day-
old plants, raised in MS basal petri plates, were harvested. 
The RT-qPCR analysis was performed twice (n = 2). The 
RNA isolation was done using Trizol reagent (Sigma), as per 
the manufacturer’s protocol. The cDNA synthesis was done 
with 1 µg of total RNA samples using the High-Capacity 
cDNA Reverse Transcription kit (Applied Biosystems). The 
RT-qPCR analysis was carried out using 2X Roche SYBR 
Green I master mix on a Roche Light Cycler 480 II instru-
ment as per the manufacturer’s protocol.

Stress treatments and physiological assays

All stress assays were performed involving sub-lethal and 
gradual stress conditions to mimic environmental stress, 
allowing sufficient time to mount maximal responses.

Percentage germination assays

The seeds were plated directly on MS basal supplemented 
with stress agents; NaCl (150 mM), Mannitol (300 mM), 
ABA (3 µM), and 3 µM paraquat (Methyl viologen). The 
emergence of the radicle was scored as germinated, 24 h 
onwards till day 5. Cotyledon greening was scored on day 
6. The assay was performed in three sets (n = 3), where each 
set consisted of three subsets of 30 seeds each.

Arabidopsis seedling growth assays on stress agents

The 5-day-old seedlings, raised on MS basal in a vertical 
position were transferred to MS basal supplemented with 
stress agents; 300 mM mannitol, 150 mM NaCl, 10 µM 
ABA, 1 µM paraquat (methyl viologen), and 40% poly-
ethylene glycol 6000 (PEG) and allowed to grow in verti-
cal position for 15 days before evaluation. For root length 
measurements, the ImageJ software was used. The assay was 
performed in triplicate (n = 3), where each set consisted of 
15 seedlings each.

Stress assays with mature potted Arabidopsis plants

The Arabidopsis plants were grown in pots till the stage 
of bolting, before giving stress treatments. Salt stress of 
150 mM NaCl was given for 3 weeks, every alternate day, 
followed by a recovery phase where excess salt was removed 
by passing excess water through the pots. Dehydration stress 
was also given gradually where a limited amount of water 
was given on a daily basis, insufficient for sustaining the 
potted plants, for introducing a gradual water deficit. For 
recovery, excess water was supplied to the pots for 1 week. 
All experiments were done thrice (n=3), where each set con-
sisted of three pots each having eight plants. Response to 
exogenous ABA and oxidative stress was studied by trans-
ferring 15-day-old Arabidopsis plants, raised on MS basal, 
to stress media supplemented with 15 µM ABA and 2 µM 
paraquat for 14 days. Nearly 15 plants were taken per set, 
where n = 3. Membrane injury was studied by subjecting 
15-day-old plants raised on a thin layer of soilrite mix in 
glass petri plates to different stress treatments for 72 h. The 
stress agents were administered as solutions by saturating the 
soilrite mix with their equal volumes, i.e., 35% PEG 6000, 
250 mM NaCl, 25 µM ABA, and 5 µM paraquat. For mem-
brane injury, each set consisted of three plants, where n = 3.

Water loss assay

The assay was performed in mature Arabidopsis plants, prior 
to bolting. The rosettes were detached, placed in trays cov-
ered on top with plastic wrap, and weighed every 30 min for 
4 h. The assay was done in five sets (n = 5), each consisting 
of three mature rosettes.

Chlorophyll estimation

Chlorophyll estimation was done according to Porra (2002). 
One hundred-milligram leaf samples or three 15-day-old 
seedlings were harvested and added to 2 ml dimethyl sul-
phoxide (DMSO). The samples were incubated at 65 °C for 
30 min. The absorbance was measured at 645 and 663 nm 
in 96-well micro-titer plates. The total chlorophyll was 
calculated using the equation: (Chl A + B) = (17.679 * 
A645) + (7.129 * A663). Chlorophyll values are represented 
in mg/g fresh weight or per 3 seedlings. The estimation was 
performed in a set of three (n = 3).

Proline estimation

Proline estimation was done according to the protocol given 
by Bates et al. (1973). A proline standard curve in the range 
of 0–100 µg was utilized in calculating the proline concen-
tration in the samples. Readings from three plants per set 
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were employed for estimating the proline values and 3 sets 
were used (n = 3).

MDA estimation

The malondialdehyde (MDA) estimation was done accord-
ing to the protocol given by Heath and Packer (1968). 
The MDA concentration was calculated using the equa-
tion: C = A/155*L, where, C = MDA concentration, 
A = OD532 − OD600, and L = Pathlength. Readings from three 
plants per set were employed for estimating MDA and 3 sets 
were used (n = 3).

Fv/Fm measurements

The Fv/Fm values were measured using the Junior PAM 
instrument (PAM-210, H. Waltz). Before taking the meas-
urements, the plants were darkly acclimatized for 2 h and 
the measurements were also performed in dark. Readings 
from ten plants per set were taken for calculating the Fv/Fm 
values, and three sets were employed (n = 3).

DAB staining

DAB (3,3′-diaminobenzidine) staining was done according 
to the protocol given by Kumar et al. (2014). The seedlings 
were incubated overnight in 10 ml DAB solution followed 
by de-staining. For staining, five plants were employed per 
set, where n = 3, and the best representation for each line is 
presented.

Ion leakage

The ion leakage was measured by quickly weighing 50-mg 
seedling tissues, washing them with Milli-Q water, and 
immersing them in 5-ml Milli-Q water for 60 min. One-
milliliter sample (A) was removed after the incubation and 
the remainder volume was autoclaved (B). Both samples 
were measured for conductivity using a TDS meter (Eutech), 
and the ion leakage values were represented in percentage 
as (A/B *100). Readings from three plants per set were 
employed for calculating the ion leakage values, where n = 3.

Stomatal analysis

The stomata from the epidermal peels of the abaxial surface 
of mature leaves were isolated with the help of an adhesive 
tape and observed under a bright field microscope (Leica). 
The detached leaves were dipped in stomatal opening solu-
tion according to Eisele et al. (2016), for 2 h, followed by 
visualization of stomatal apertures, size, and density. Stoma-
tal sensitivity to ABA and H2O2 was studied by immersing 
the leaves with fully open stomata in the stomatal opening 

solution supplemented with 10 µM ABA or 100 µM H2O2 
for 90 min, before visualization. All experiments were done 
in a set of two (n = 2), where each set consisted of data from 
three leaves each divided into three parts, one each for con-
trol, ABA, and H2O2. The stomatal density was calculated 
from 5 images from random areas of each leaf. Stomatal 
size/aperture was calculated from 100 stomata from each 
set. The stomatal response was calculated from 10 random 
images for each treatment per set.

Protein cell localization

The coding sequence (CDS) of OsFBT4 was cloned in the 
pSITE-3CA vector where the YFP protein is fused to the 
N-terminal region of OsFBT4. Cell localization studies were 
performed in the onion peel cells using the PDS-1000 He 
system (Bio-Rad), according to the manufacturer’s instruc-
tions. The bombarded peels were visualized under a confo-
cal microscope (Leica). For studying nuclear translocation 
in response to stress treatments, the bombarded peels were 
placed on MS basal supplemented with 1% H2O2, 20% PEG, 
and 10 µM ABA, for 4 h, before visualization. The experi-
ment was done twice (n = 2) with similar observations.

Protein interaction studies in yeast 
and transactivation assay

For the OsFBT4-SKP1 interaction study, seven high-
expressing rice SKP1 proteins (OSKs) were chosen, based 
on an earlier study by Kahloul et al. (2013), these were OSK1 
(Os11g26910), OSK8 (Os11g48030), OSK11 (Os06g02350), 
OSK20 (Os09g36830), OSK23 (Os07g43270), OSK24 
(Os12g40300), and OSK29 (Os08g28780). The CDS 
of OsFBT4 and OSKs were cloned in both pGBKT7 and 
pGADT7 vectors (Clontech) for studies in yeast. All yeast 
assays were confirmed at least twice and the best interpreta-
tion of the results has been presented.

Transactivation assay

The PGBKT7-OsFBT4 construct, where the gene of inter-
est is cloned next to the GAL4 DNA binding domain was 
transformed into the AH109 strain of yeast and plated on 
SD-W medium supplemented with X-α-GAL, to check for 
the development of blue color.

Spot assay for yeast two‑hybrid protein interaction studies

The reciprocal combinations of PGBKT7-OsFBT4 and 
PGADT7-OSKs; and PGBKT7-OSKs and PGADT7-
OsFBT4 were co-transformed into the AH109 strain of 
yeast. These co-transformed cells were cultured on liquid 
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SD-LW medium and were dropped on SD-HLW medium 
supplemented with 3 mM 3-AT (3-Amino-1,2,4-triazole). 
Growth of the cells was observed after 5–6 days.

ONPG assay and β‑galactosidase colony‑lift filter assay

These assays were performed following the protocols and 
instructions provided in the Yeast Protocols Handbook 
(Clontech).

Statistical analysis

The graphical representations have been done as averages 
with standard error. The statistical significance of the data 
has been analyzed using Student’s t-test in the Microsoft 
Excel program. The P-value less than 0.05 was considered 
to be significant.

Results

OsFBT4 is differentially regulated at the transcript 
level by different abiotic stresses

The RT-qPCR results showed that the gene was 
significantly up-regulated under drought stress and salt 
stress (Fig. 1). The transcript level increased slightly in 
response to oxidative stress caused by H2O2 treatment, 
although the response was not immediate. It indicates 

that the OsFBT4 transcript level is regulated by different 
abiotic stresses and the gene may play role in abiotic stress 
signalling. In response to exogenously supplied ABA, there 
was a sharp increase in the transcript level in the first hour 
of exposure followed by a sharp decline at 3 h, indicating 
the possibility of an early response to ABA and a possible 
feedback repression.

OsFBT4 interacts with several OSKs and might be 
part of larger SCF‑E3 ligase complexes

F-box proteins play the role of a target-specific adaptor protein 
that functions to attach the target proteins to a larger multi-sub-
unit complex called the SCF-type E3 ligase, for ubiquitination 
and ultimately degradation. SKP1 proteins (or OSKs in rice) 
are the component of the SCF complex that directly binds to 
the adapter F-box protein through the F-box motif. There are 
31 OSKs in rice, showing expression in a wide range of tis-
sues (Kahloul et al. 2013). We selected seven out of the nine 
OSKs that were showing widespread tissue expression, due to 
their higher chances of interaction with OsFBT4. The CDS of 
OsFBT4 and the chosen OSKs, viz. OSK1, 8, 11, 20, 23, 24, and 
29 were cloned in both bait (with DNA binding domain of the 
GAL4 transcription factor) and prey (with activation domain 
of the GAL4 transcription factor) vectors, i.e., pGBKT7 and 
pGADT7, respectively. The OsFBT4 and OSK bait and prey 
constructs were co-transformed into the AH109 strain of yeast 
in reciprocal combinations and spot assays were performed on 
SD-HLW medium, supplemented with 3 mM 3-AT (Fig. 2A, 
B). The yeast-two-hybrid assays showed an interaction between 
OsFBT4 and OSK1, 20, 23, 24, and 29 when OsFBT4 was 
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Fig. 1   Expression profiling of OsFBT4 in rice, under different abiotic 
stress treatments, by RT-qPCR. Relative transcript level of OsFBT4 
under different stress conditions have been graphically represented. 
Different controls (con) were used for different stress conditions; 
RO water was used for salt and H2O2 treatments, RGM (rice growth 

medium) was used for drought treatment and 0.1% EtOH was used 
for ABA treatment. The expression data was normalized with the 
geometric mean of UBQ5 and eEF-1α reference genes. The data is 
represented as mean ± SE. The asterisk marks (*) indicate significant 
difference (P-value < 0.05)
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used in the bait construct and the OSKs in the prey construct, 
however, the interactions with OSK23 and 29 were weak. These 
interactions were re-confirmed when the reciprocal combina-
tion was used, i.e., OsFBT4 in the prey construct and the OSKs 
in the bait constructs. In the latter combination, the interaction 
between OsFBT4 and OSK8 was also seen which was not seen 
earlier. The results from the spot assays were also confirmed 
by β-GAL assay (Fig. 2A, B) and ONPG assay (Fig. 2C). The 
deeper blue color developed in the spots indicated stronger 
interaction in the β-GAL assay which was indicated by longer 
bars in the ONPG assay. Taken together, it was concluded that 
OsFBT4 interacts with OSK1, 8, 20, 23, 24, and 29, albeit with 
different strengths, and hence, possessed a functional F-box 
domain. Moreover, OsFBT4 did not show homo-dimerization 

in the yeast system, when the combination of OsFBT4 cloned 
in both bait and prey vectors was used.

OsFBT4 may not possess transcriptional activation 
capability

Plant TLPs have been shown to possess a relatively 
weaker dsDNA binding property, but the transcriptional 
activation property has been shown for a few TLPs, and 
not all. To confirm the latter for OsFBT4, the pGBKT7-
OsFBT4 bait construct, where the protein was fused with 
the DNA binding domain of the GAL4 transcription fac-
tor was transformed into the AH109 strain of yeast and 
plated on SD-W medium, supplemented with X-α-Gal. 

Fig. 2   Interaction study of 
OsFBT4 and OSKs by yeast 
two-hybrid. A Shows the spot 
assay and β-gal assay for all 
controls in all combinations, B 
Shows the spot assay and β-gal 
assay for interaction of OsFBT4 
with the chosen OSKs in both 
reciprocal combinations. C Rep-
resents the ONPG assay per-
formed to assess the strength of 
each interaction, where KT rep-
resents the pGBKT7 empty vec-
tor and AD represents pGADT7 
empty vector. P53 + T7 served 
as positive control whereas 
LAM + T7 served as negative 
control. A 3-mM concentration 
of 3-AT was used for the spot 
assay. Intensity of the blue color 
developed in the β-gal assay 
is directly proportional to the 
strength of interaction. D Shows 
the transactivation assay, where 
the pGBKT7 empty vector 
served as negative control and 
the GAL4-AD fragment cloned 
in pGBKT7 served as positive 
control on SD-W + X-α-GAL 
medium
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Activation of the Mel1 (α-galactosidase) reporter gene 
of the AH109 strain, due to the transcriptional activation 
property of the fused protein of interest, would have pro-
duced blue color due to the breakdown of X-α-Gal. No 
such activation was seen in the case of OsFBT4, although 
the positive control was able to activate the Mel1 gene 
(Fig. 2D). Hence, OsFBT4 did not show transactivation 
property in the yeast system.

OsFBT4 localizes to the PM and shows nuclear 
re‑orientation in response to stress signals

In plants, TLPs have been shown to detach from the PM for 
nuclear translocation in response to stress signals (Reitz 
et al. 2012). The localization of OsFBT4 was studied in 
onion peel cells for which the CDS of the gene was cloned 

in the pSITE-3CA (YFP) vector, where YFP is fused 
N-terminal to OsFBT4. The construct was then used for 
the particle bombardment procedure. The empty vector 
when used as a control showed the distribution of YFP all 
throughout the cell, whereas the YFP-OsFBT4 localized 
to the PM, under control conditions (Fig. 3), which was 
expected. Nuclear translocation of YFP-OsFBT4 was 
observed when the bombarded onion peels were placed 
on a medium supplemented with 1% H2O2 and 20% PEG 
for 4 h, before visualization. No nuclear translocation of 
the protein was observed in response to 10 µM ABA. The 
results further strengthened the role of OsFBT4 in abiotic 
stress signalling.

Cloning of OsFBT4, generation of heterologous 
over‑expression (OE) lines in Arabidopsis, and their 
phenotypic characterization

The ORF of the gene is 1287 bp in length and comprises 
of four exons that encode a protein of 428 amino acids 
(aa) comprising of an N-terminal F-box motif (56 aa) and 
a C-terminal Tubby domain (291 aa) (Fig. S1). The CDS 
of OsFBT4 was amplified from 12-day-old rice seedlings 
by RT-PCR and subsequently cloned into the binary vec-
tor, pBI121 (Clontech), which is a plant expression vector 
and the gene of interest is expressed constitutively under 
the CaMV 35S promoter. The construct was transformed 
into the Arabidopsis (Col-0) plants by the floral dip method. 
We obtained eight homozygous T3 OE lines which were 
confirmed for the presence of the transgene by PCR ampli-
fication of OsFBT4, using a combination of CaMV 35S pro-
moter-specific forward primer and OsFBT4-specific reverse 
primer and also through PCR amplification of NPT-II (Neo-
mycin Phosphotransferase-II) (Fig. S1). We also checked 
for the expression level of OsFBT4 in the OE lines (Fig. S1). 
Four OE lines, viz. OE 16, 18, 30, and 37 were chosen for 
further analysis as these lines displayed strongest phenotypes 
and showed the higher expression level of OsFBT4. Ectopic 
expression of OsFBT4 caused several developmental altera-
tions in Arabidopsis. An increase in the length of lateral/
secondary roots, while a significant reduction in their num-
ber was conspicuous at the seedling growth stage (Fig. 4A). 
Most of the OE lines showed deviation in leaf morphology, 
which included slightly broader leaves and increased wavi-
ness in their margins (Fig. 4B, C), causing an overall devia-
tion from the normally oblong leaves to slightly obovate 
shape. There was a small reduction in the overall rosette size 
and plant height (Table S1), and there was a marked delay 
in the flowering time (bolt emergence) by 7–10 days across 
lines, under long-day condition (Fig. 4D, E). This delay was 
not attributed to the slow growth rate of the plants as there 
was a greater number of leaves at the time of bolting in 
the OE lines (Fig. 4F). From the above observations, it was 

Fluorescence            Brightfield Merged

YFP 

control

OsFBT4

OsFBT4 after 4 

hours of H2O2 

treatment

25 µM

25 µM

25 µM

25 µM

25 µM

OsFBT4 after 4 

hours of PEG 

treatment

OsFBT4 after 4 

hours of ABA 

treatment

Fig. 3   Cell localization study of OsFBT4 by particle bombardment 
in onion peels. The first panel shows the sub-cellular localization 
of YFP protein as control, the second panel shows PM localization 
of OsFBT4, the third and fourth panels show the nuclear transloca-
tion of OsFBT4 from the PM after 4  h of 1% H2O2 and 20% PEG 
treatments. The fifth panel shows that 4 h of ABA treatment did not 
induce nuclear translocation of OsFBT4. The pSITE-3CA vector was 
used for the study where the YFP protein is fused to the N-terminus 
of the protein of interest. The nuclei in every image have been high-
lighted in red circles
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clear that OsFBT4 plays pleiotropic roles and may regulate 
multiple developmental processes.

OsFBT4 OE lines are sensitive to exogenous ABA 
and abiotic stress at the seed germination stage

We studied the germination and early seedling growth 
response of the OE lines to abiotic stresses. The results 
showed that the OE lines were significantly more 
sensitive to osmotic stress caused by mannitol, salt stress 
and exogenous ABA as the percentage of germination was 
significantly poor (Fig. 5A). A slightly lower germination 
rate was observed across the OE lines to oxidative stress 
caused by 3 µM paraquat, which was apparent only during 
the initial days. Growth characteristics of the seedlings 
were also observed, post germination, where the OE lines 
displayed a significantly lower percentage of cotyledon 
greening and expansion and also significantly reduced 
hypocotyl and radicle elongation on all abiotic stresses 
(Fig.  5B, C). Taken together, it could be concluded 
that ectopic expression of OsFBT4 caused enhanced 

sensitivity to ABA and abiotic stress, at the seed 
germination stage.

Overexpression of OsFBT4 confers tolerance 
to 5‑day‑old Arabidopsis seedlings challenged 
with abiotic stresses

We checked for altered sensitivity in the OE lines towards 
different abiotic stresses at the 5-day-old seedling stage. After 
14 days of stress treatment, the plants were evaluated for root 
growth and other physiological parameters. The primary and 
lateral roots were significantly longer in all the OE lines, in 
response to osmotic stress caused by mannitol and PEG, salt 
stress, oxidative stress, and exogenous ABA (Fig. 6A, D). 
An improved foliar growth was also seen in the case of salt 
stress, ABA, and oxidative stress, however, the osmotic stress 
caused by mannitol resulted in slightly reduced foliar growth 
(Fig. 6A). Higher root-to-shoot ratios are favored for toler-
ance to mild to medium drought conditions to conserve water 
(Verslues et al. 2006; Janiak et al. 2016). Foliar growth reduc-
tion was proportionate in the OE lines, in response to PEG, 

Fig. 4   Morphological pheno-
typic analysis of OsFBT4-OE 
lines in Arabidopsis. (A) Shows 
longer but lesser number of lat-
eral/secondary roots in the OE 
lines, at the 14-day-old stage. 
Morphological differences in 
leaf shape and rosette size are 
depicted in (B) and (C). (D) 
Shows late-flowering pheno-
type in the OE lines which is 
graphically represented in (E), 
and the associated increased 
leaf number phenotype at bolt-
ing time is represented in (F). 
All phenotypic observations 
were done several times. The 
flowering time data is repre-
sented as mean ± SE, where 
n = 3. The asterisk marks (*) 
indicate significant difference 
(P-value < 0.05)

E F

W       OE 16     OE 18      OE 30    OE 37

W            OE 16        OE 30       OE 37
W   OE 16  OE 18  OE 30  OE 37

W      OE 16   OE 18  OE 30  OE 37

B
o

lt
in

g
 t

im
e 

(d
ay

s)

L
ea

f 
n

u
m

b
er

0
5

10
15
20
25
30
35
40

WT OE

16

OE

18

OE

30

OE

37

0

3

6

9

12

15

WT OE

16

OE

18

OE

30

OE

37

A

B

C

D

*
*

**
**

*
*



1071Overexpression of a rice Tubby–like protein‑encoding gene, OsFBT4, confers tolerance to abiotic…

1 3

compared to the control condition. The biomass, as indicated 
by fresh weight per five seedlings, was significantly higher in 
the case of salt stress, exogenous ABA, and oxidative stress, 
but was not significant for mannitol and PEG (Fig. 6B). 
Finally, the percentage survival was calculated which was sig-
nificantly higher in the OE lines for salt stress and oxidative 

stress (Fig. 6C). Survival rate was not affected by stress due 
to PEG, mannitol, and ABA, at the concentrations used in this 
study, but the growth characteristics were severely affected. 
Taken together, the results suggest tolerance in the OE lines 
towards osmotic stresses, salinity, exogenous ABA, and oxida-
tive stress, at the seedling growth stage.

Fig. 5   Response of the 
OsFBT4-OE lines to different 
abiotic stresses at the seed ger-
mination stage. Percentage seed 
germination from day 1 (D1) to 
day 5 (D5) for different stresses 
has been graphically presented 
in (A), where radicle emer-
gence is scored as germinated. 
Cotyledon greening after 6 days 
of growth post germination 
has been graphically presented 
in (B). (C) depicts the growth 
characteristics of the OE lines 
in response to different stresses 
after 6 days of growth. Three 
micrometer ABA, 150 mM 
NaCl, 300 mM mannitol, and 
3 µM paraquat were used for the 
assay. All results are repre-
sented as mean ± SE, where 
n = 3. The asterisk marks (*) 
indicate significant difference 
(P-value < 0.05)
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Fig. 6   Response of the 
OsFBT4-OE lines to different 
abiotic stresses at the seedling 
growth stage. A Depicts the 
growth response of the OE lines 
to different abiotic stresses after 
15 days on the stress media. 
Fresh weight or biomass per 
five seedlings has been graphi-
cally represented in (B). The 
percentage survival in response 
to stresses has been presented 
in (C). D Shows the total pri-
mary root length after 15 days 
of growth on stress media. 
150 mM NaCl, 300 mM man-
nitol, 40% PEG, 10 µM ABA, 
and 1 µM paraquat were used 
for the assay. All results have 
been represented as mean ± SE, 
where n = 3. The asterisk marks 
(*) indicate significant differ-
ence (P-value < 0.05)
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OsFBT4 confers tolerance to mature Arabidopsis 
plants subjected to salt and drought stress

At the mature stage, the plants were given gradual and sub-
lethal exposure to salt and drought stresses, in order to allow 
them sufficient time to mount responses. The detrimental 
effects of salt were evident significantly earlier in the WT 
plants, relative to the OE lines (Fig. 7A), as also reflected 
in the higher chlorophyll and Fv/Fm values in the OE 
lines demonstrating lesser damage to the photosynthetic 
apparatus (Fig. 7C, D). At the end of the recovery phase, the 
survival rate was calculated which was significantly higher 
for the OE lines along with the onset of new growth which 
was far lesser in the WT plants (Fig. 7E). In response to 
dehydration, which was induced by a limited and insufficient 
daily supply of water, the OE lines showed a significantly 
lower and delayed wilting of the rosette, compared to WT 
(Fig. 7B). After 2 weeks the WT plants perished and showed 
poor revival during the recovery phase when excess water 
was supplied, whereas the OE lines showed much higher 
survival and recovery (Fig. 7F). In a separate experiment, 
the rate of loss of water was studied from the detached 
mature rosettes, just prior to bolting, to support the role of 

OsFBT4 in dehydration tolerance. As was expected, the OE 
lines showed a significantly lower rate of water loss due to 
transpiration, in comparison to WT, although there was no 
difference in the overall water content between the OE lines 
and the WT, as shown by the dry weights (Fig. 7G). The 
response of the OE lines to exogenous ABA and oxidative 
stress was also studied at 15-day-old plant stage (Fig. S2), 
which is closer to the mature stage. For this purpose, the 
Arabidopsis plants raised on MS medium were transferred 
to the stress media supplemented with 15 µM ABA or 2 µM 
paraquat. With the selected concentrations of the stress 
agents, there was no detrimental effect on survival, but the 
other physiological factors such as chlorophyll content, Fv/
Fm value, and rosette size were affected. After 2 weeks on the 
stress media, the loss of chlorophyll content and drop in the 
Fv/Fm values were slightly lesser across the OE lines on both 
ABA and paraquat. Also, the reduction in the final rosette 
size was slightly lower in the OE lines in the case of ABA, 
but more or less proportionate in the case of oxidative stress. 
Taken together, it could be concluded that overexpression of 
OsFBT4 conferred tolerance to drought and salt stresses at 
the mature stage of growth. It also conferred slight tolerance 
to exogenous ABA and oxidative stress at this stage.

Fig. 7   Response of the 
OsFBT4-OE lines to different 
abiotic stresses at the mature 
plant stage. A and B Depicts 
the response of the OE lines 
of OsFBT4 to salt stress and 
drought stress, respectively, at 
different stages of treatment, B 
represents the Fv/Fm values; 
and (D) shows the total chlo-
rophyll content after exposure 
to salt stress. The percentage 
survival after the recovery 
phase has been presented in 
(E) and (F) for salt and drought 
stresses, respectively. The rate 
of water loss in the OE lines 
w.r.t. WT has been presented 
in (G). All results have been 
represented as mean ± SE, 
where n = 3, for water loss assay 
n = 5. The asterisk marks (*) 
indicate significant difference 
(P-value < 0.05)
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Plants overexpressing OsFBT4 show lesser damage 
to membranes when challenged with stress

The stress of any form tends to jeopardize the normal 
functioning of cells and leads to increased production of 
reactive oxygen species (ROS) due to disruption of cell 
homeostasis. These ROS entities predominantly attack 
membrane structures and associated components, leading 
to cell damage. To support the positive role of OsFBT4 in 
stress signaling, we checked for membrane injury under 
stress conditions by exposing 15-day-old plants, raised on a 
thin layer of pot mix, to stress agents for 72 h (Fig. S3). ROS 
(H2O2) accumulation was studied by the DAB staining method 
which showed slightly lighter staining, caused by lower H2O2 
accumulation, under most abiotic stresses, except oxidative 
stress, where similar staining was seen across the OE lines and 
WT. The chlorophyll level/3 seedlings and the Fv/Fm values 
were measured, where the loss of chlorophyll and decline 
in the Fv/Fm values were lower in the OE lines, in response 
to all abiotic stresses. The Fv/Fm ratio is the maximum 

quantum efficiency of photosystem II (PSII), indicative of its 
performance in plants. Ion leakage, as a function of membrane 
injury, was also found to be lower in the OE lines in response 
to all abiotic stresses. The MDA level was observed to be 
significantly lower in response to salt, PEG, and oxidative 
stress, while it was only slightly lower in the case of ABA. 
The proline level was higher in the OE lines in the case of salt, 
drought, and oxidative stresses, but was similar in the case of 
exogenous ABA. The results suggest that the OsFBT4-OE lines 
incur lesser damage to its membranes and the photosynthetic 
apparatus, in response to ABA and abiotic stress.

Overexpression of OsFBT4 causes altered stomatal 
response to exogenous ABA and H2O2

We checked for stomatal size, density, and response to 
exogenous ABA and H2O2 as the OE lines exhibited a 
reduced water loss rate. The stomata in the OE lines were 
significantly larger in size and lower in density (Figs. 8A, F, 
G). We found an altered stomatal response in the OE lines 

Fig. 8   Stomatal response 
from the mature OsFBT4-OE 
plants to ABA and H2O2. (A) 
Pictorially depicts the stomatal 
response of the OE lines and 
WT to stomatal opening solu-
tion (control), ABA (10 µM), 
and H2O2 (100 µM). Also note 
the larger stomatal size and 
lower stomatal density in the 
OE lines. (B, C, and D) graphi-
cally represents percentages of 
stomata in open/partially open/
closed states when leaves were 
treated with ABA and H2O2 for 
90 min from the fully open state 
(control). (E) Represents the 
reduction in stomatal aperture 
in response to ABA and H2O2 
after 90-min exposure. (F) 
Represents the stomatal density; 
and (G) shows the stomatal 
size comparisons between the 
OE lines and WT. The results 
are represented as mean ± SE, 
where n = 2. The asterisk marks 
(*) indicate significant differ-
ence (P-value < 0.05)
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to both ABA and H2O2. A higher percentage of stomata was 
found to be completely closed across the OE lines in response 
to ABA and H2O2, although this response was stronger in the 
case of H2O2 treatment (Fig. 8A–D). The stronger stomatal 
response was also reflected in their smaller apertures across 
the OE lines, in response to both agents (Fig. 8E).

Overexpression of OsFBT4 causes differential 
regulation of several stress‑responsive genes, 
at different stages of growth

Overexpression of OsFBT4 confers tolerance to most abiotic 
stresses, including ABA, at advanced stages of growth. To 
find out the plausible mechanism of conferring the general 
tolerance to abiotic stress, we checked the expression level 
of several known stress-responsive genes in the 15-day-old 
MS medium-grown plants under unstressed condition (Fig. 9). 
Most of the genes quantified are known to be involved in sev-
eral layers of stress signalling, both ABA-dependent and inde-
pendent, and were found to be significantly upregulated in the 

OsFBT4-OE lines, such as SOD1, CAT1, DREB2A, ERD6, 
RD20, RD22, RD26, RD29A, ATAF1, RAB18, and MYB2. 
Since the OsFBT4-OE lines showed increased sensitivity to 
abiotic stresses at the germination and seedling establishment 
stages, we checked the transcript level of these marker genes at 
the 3-day-old seedling stage also. Most of these marker genes 
were slightly downregulated at this stage, except RAB18, which 
did not show significant deviation from the WT plants. The 
differential regulation of these diverse stress marker genes in 
the OE lines, in an unstressed condition, at different stages of 
growth shows that OsFBT4 may regulate both ABA-dependent 
and independent stress signalling pathways.

Discussion

In the present study, we showed that OsFBT4 plays pleio-
tropic roles in plant development, most notably in leaf and 
root architecture and vegetative to floral transition. The 
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Fig. 9   Transcript quantification of stress-marker genes in the 
OsFBT4-OE lines in Arabidopsis at 3-day and 15-day-old plant 
stages, by RT-qPCR. The expression data was normalized with Actin-

II. The results are represented as mean ± SE. The asterisk marks (*) 
indicate significant difference (P-value < 0.05)
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OsFBT4-OE lines also exhibit slight dwarfism, which is 
contrary to the CaTLP1-OE lines, the ortholog of OsFBT4, 
where an enhanced growth rate was seen (Wardhan et al. 
2012, 2016). TLPs may be involved in plant development 
as they are shown to be regulated by major plant hormones 
(Lai et al. 2004). The OsFBT4-OE lines were moderately to 
mildly insensitive to ABA at the seedling and mature stages, 
respectively. ABA insensitivity has been associated with 
dwarfism (Gonzalez-Guzman et al. 2012; Zhao et al. 2018), 
which may partly explain the dwarfism observed in the 
OsFBT4-OE lines. Moreover, the late flowering phenotype 
observed in the OsFBT4-OE lines may also be attributed to 
ABA insensitivity. ABA promotes flowering by upregulating 
the florigen gene (FT) through the Gigantea and Constans 
signalling pathway, as several ABA-deficient and insensi-
tive mutants have been shown to be late flowering (Riboni 
et al. 2013; Hwang et al. 2019). We showed that OsFBT4 
interacts with OSK1, 8, 20, 23, 24, and 29 and hence pos-
sessed a functional F-box domain, and may participate in 
protein turnover. OsFBT4 failed to show transcriptional acti-
vation property, in yeast, localized to the PM and exhibited 
nuclear translocation in response to oxidative and osmotic 
stresses. In plants, the TLPs may be playing dual roles; as 
weak transcription factors and as F-box proteins. Several 
previous studies support the latter, as TLPs from several 
plants have been shown to bind SKP1 proteins, which may 
be mediated jointly through both F-box and Tubby domains 
(Lai et al. 2004; Lai and Shaw 2012; Bao et al. 2014; Li 
et al. 2021). It is essential for the F-box proteins to bind to 
the SKP1 subunit of the SCF-E3-ligase complex for par-
ticipating in the targeted protein turnover. Several SKP1 
proteins interact with several sub-classes of F-box proteins, 
while some of them are quite specific in their interactions 
(Risseeuw et al. 2003). Kuroda et al. (2012) revealed that 
AtTLPs interact with highly specific SKP1 proteins, ASK1 
and ASK2, in Arabidopsis, compared to other sub-classes 
of the F-box proteins. The rice SKP1 proteins, OSK1 and 
OSK20, are orthologous to ASK1 and ASK2, and similarly 
showed interactions with several sub-classes of rice F-box 
proteins (Kahloul et al. 2013). Both interacted with OsFBT4 
in the present study. Several previous studies have shown 
nuclear/partially cytosolic translocation of the plant TLPs 
from their usual PM-bound cell localization, in response to 
abiotic stress (Reitz et al. 2012; Wardhan et al. 2012; Bao 
et al. 2014; Li et al. 2021). However, ABA and other phyto-
hormones failed to induce nuclear translocation of AtTLP3 
(Reitz et al. 2012), similar to what was observed for OsFBT4 
in the present study. The PM-binding function of the TLPs 
is mediated exclusively by the Tubby domain and may even 
be essential for the protein function, as seen for MdTLP7 
(Bao et al. 2014; Xu et al. 2019). The nuclear transloca-
tion of plant TLPs may be facilitated by interaction with 
other nuclear-bound proteins, such as the Nuclear Factor Y 

subunit C3 (NF-YC3), as seen in the case of AtTLP2 (Wang 
et al. 2019). CaTLP1, AtTLP9, and SlTLFP8 were shown to 
be unable to activate transcription from the GAL4 promoter 
when fused to the GAL4 DNA-binding domain in the yeast 
two-hybrid system (Lai et al. 2004; Wardhan et al. 2012; 
Li et al. 2020, 2021). On the contrary, in rice, OsTLP2 was 
shown to transcriptionally regulate OsWRKY13 by bind-
ing to its promoter and AtTLP2 activated the expression 
of UGE1 (UDP-glucose epimerase) in Arabidopsis meso-
phyll protoplasts (Cai et al. 2008; Wang et al. 2019). Hence, 
plant TLPs may function as weaker transcription factors 
and may require specific post-translational modifications 
or additional interacting mediator proteins for regulating 
transcription.

In the present study, we found OsFBT4 to be upregulated 
by abiotic stress, including ABA. Several TLPs have been 
shown to be under direct transcriptional regulation by ABA 
and abiotic stress (Lai et al. 2004; Bao et al. 2014; Xu et al. 
2016; Dong et al. 2019; Bano et al. 2021; Li et al. 2021). 
The OE lines of OsFBT4, in Arabidopsis, were significantly 
sensitive to exogenous ABA and abiotic stress at the seed 
germination and seedling establishment stages, but exhib-
ited tolerance to ABA, salt, osmotic, and oxidative stresses 
at the later stages of growth. Several plant TLPs have been 
demonstrated to play roles in abiotic stress signalling that 
may involve both ABA-regulated and independent pathways. 
Overexpression of CaTLP1, an ortholog of OsFBT4, has 
also been shown to confer tolerance to ABA, salt, osmotic, 
and oxidative stresses at multiple stages of plant growth, 
including during seed germination, in Arabidopsis and 
tobacco (Wardhan et al. 2012, 2016). Overexpression of 
SlTLFP8, in tomato, conferred tolerance to drought stress, 
while its loss-of-function CRISPER lines were more sensi-
tive (Li et al. 2020). Overexpression of CsTLP8 inhibited 
seed germination in Arabidopsis and cell growth in yeast, in 
response to ABA, salt, and osmotic stresses (Li et al. 2021). 
MdTLP7, when expressed in Arabidopsis and E.coli, con-
ferred tolerance to salt, dehydration, heat, and cold stresses 
(Du et al. 2014; Xu et al. 2019).

Loss of function mutants, attlp3 and attlp9, were 
observed to be insensitive to exogenous ABA and osmotic 
stress during seed germination, while overexpression of 
AtTLP9 caused hypersensitivity to ABA during the same 
stage. The attlp3-attlp9 double mutant is further insensitive 
to ABA, suggesting their involvement in redundant as well as 
overlapping ABA-signalling pathways (Lai et al. 2004; Bao 
et al. 2014). Moreover, AtTLP9 interacts with a RING-H2 
zinc-finger protein, XERICO, in Arabidopsis, the upregula-
tion of which causes a dramatic increase in the endogenous 
ABA levels, caused by transcriptional upregulation of ABA-
biosynthesis gene, NCED3, resulting in increased sensitivity 
to exogenous ABA and abiotic stress during seed germina-
tion, while conferring drought tolerance at the mature stage 
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due to greater percentage of ABA-led stomatal closure (Ko 
et al. 2006). We made similar observations in the case of 
OsFBT4, where overexpression of the gene caused increased 
sensitivity to ABA and stress during seed germination and 
seedling establishment, but conferred tolerance to both at 
the later stages. AtTLP7 and AtTLP11 interact with an ABA 
and stress-inducible protein, NHL6 (NDR1/HIN1-like 6), 
that regulates seed germination and early seedling growth in 
response to ABA-mediated stress signalling (Bao et al. 2016; 
Song et al. 2019). Hence, it is possible that OsFBT4 may 
upregulate endogenous ABA level during seed germination, 
causing delayed germination and seedling establishment, or 
may interact with other proteins to regulate stress responses.

Disruption or overexpression of several components of 
ABA signalling has been shown to produce altered sensitiv-
ity to ABA and stress, specifically only during seed germi-
nation, similar to what was observed in the OsFBT4-OE 
lines. The ABA-hypersensitive germination mutants, ahg1, 
ahg2, and ahg3, are defective in the protein phosphatase 2C 
(PP2C) encoding genes and serve as negative regulators of 
ABA signalling. These mutants exhibit pronounced ABA 
and stress hypersensitivity during the seed germination stage 
by transiently enhancing the endogenous ABA levels, but 
behave normally at advanced stages of growth (Nishimura 
et al. 2005, 2007). ABI5 is a positive regulator of ABA sig-
nalling in mature seeds and its loss of function mutant is 
insensitive to ABA and stress only during the seed germina-
tion stage, but not during other stages (Gonzalez-Guzman 
et al. 2012; Shu et al. 2016; Zhao et al. 2020). Overexpres-
sion of a positive regulator of ABA-signalling, SnRK2.6, 
caused hypersensitivity to ABA and stress during seed ger-
mination and early seedling growth but conferred improved 
growth at advanced stages (Zheng et al. 2010).

ABA and ROS (H2O2) regulate opening and closing of 
stomata (Li et al. 2017; He et al. 2018). Reduced stoma-
tal density and increased stomatal cell size contribute to 
reduced transpiration and increased water use efficiency 
leading to drought tolerance (Yoo et al. 2010; Wang et al. 
2016; Guo et al. 2019). Several TLPs, such as CaTLP1, 
AtTLP2, and CsTLP8, which conferred drought tolerance 
also caused increased stomatal sensitivity to ABA (Wardhan 
et al. 2016; Li et al. 2021). Drought-tolerant SlTLFP8-OE 
lines exhibited lower stomatal density, but larger stomatal 
size (Li et al. 2020). Similar results were observed for the 
OsFBT4-OE lines, in the present study, where they displayed 
larger stomatal size, lower stomatal density, and increased 
responsiveness to both ABA and H2O2, leading to a lower 
water loss rate and improved drought tolerance.

Several stress marker genes, such as SOD1, CAT1, 
DREB2A, ERD6, RD20, RD22, RD26, RD29A, ATAF1, 
RAB18, and MYB2 were found to be upregulated in the 
OsFBT4-OE lines in un-stressed condition, at a mature 
stage of development. Most of these genes were, however, 

down-regulated or unaltered in expression at the 3-day-
old seedling stage. The differential expression pattern of 
these stress-responsive genes at different developmen-
tal stages may partly explain the different stage-specific 
responses of the OsFBT4-OE lines. SOD1 and CAT1 are 
known to scavenge ROS, generated in response to stress 
thereby protecting the cells from oxidative damages (Du 
et al. 2008; Lin et al. 2019). CsTLP8 OE lines showed 
reduced activities of ROS scavenging enzymes which led 
to more ROS accumulation in stress condition causing 
inhibition of seed germination and reduced early seedling 
growth (Li et al. 2021). RD20, RD22, RD26, and RD29A 
are ABA-dependent stress-regulated genes that play sev-
eral roles in ABA signalling and ABA-mediated stress 
responses (Fujita et al. 2004; Aubert et al. 2010; Msanne 
et al. 2011; Harshavardhan et al. 2014; Kamranfar et al. 
2021). ATAF1 induces ABA biosynthesis by binding to 
the promoter of ABA-biosynthesis gene, NCED3, and 
regulates stress signalling (Wu et al. 2009; Jensen et al. 
2013; Wang et al. 2018). Expression of DREB2A, RAB18, 
MYB2, and ERD6 is regulated by ABA and stress and are 
involved in dehydration and salt stress responses (Lång 
and Palva 1992; Yoo et al. 2005; Kim et al. 2011; Slaw-
inski et al. 2021). Several of these ABA/stress-responsive 
genes are known to be downregulated in the ABA-insensi-
tive mutants (Yoshida et al. 2010; Gonzalez-Guzman et al. 
2012; Zhao et al. 2018). Moreover, several genes, such 
as MYB2, ATAF1, RD20, and RD22 may also be upregu-
lated in an ABA-independent manner (Fujita et al. 2004; 
Yoshida et al. 2010; Zhao et al. 2018). In the present study, 
these ABA/stress-responsive genes were downregulated/
unaltered at the ABA-hypersensitive germination/seedling 
establishment stage, while they were upregulated at the 
less ABA-sensitive advanced stages of growth, suggesting 
the involvement of both ABA-dependent and independent 
pathways in stress responses.

Conclusion
In this study, we characterized a rice Tubby-like protein 
(TLP) encoding gene, OsFBT4, by analyzing the OE lines in 
Arabidopsis. OsFBT4 exhibits properties common to plant 
TLPs and plays extensive roles in abiotic stress signalling. 
Over-expression of the gene conferred tolerance to ABA and 
abiotic stress at most stages of plant growth, except the seed 
germination stage, where hypersensitivity to abiotic stress, 
including ABA, was seen. Higher endogenous ABA level at 
the seed germination stage is a possibility which could result 
in the increased sensitivity to stress at this stage, although 
we have not checked the ABA levels. At more advance 
stages of growth, the OsFBT4 overexpression seemed to 
activate more intricate and wide stress response pathways, 
both ABA-dependent and independent, conferring an over-
all tolerance to abiotic stress. The future studies should be 
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aimed at deciphering the molecular mechanisms of function-
ing of the plant TLPs, as little is known in this direction and 
they differ substantially from the other eukaryotic TLPs in 
their domain/structural organization.
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