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SUMMARY

Salicylic acid (SA) plays important roles in different aspects of plant development, including root growth,
where auxin is also a major player by means of its asymmetric distribution. However, the mechanism under-
lying the effect of SA on the development of rice roots remains poorly understood. Here, we show that SA
inhibits rice root growth by interfering with auxin transport associated with the OsPIN3t- and clathrin-
mediated gene regulatory network (GRN). SA inhibits root growth as well as Brefeldin A-sensitive traffick-
ing through a non-canonical SA signaling mechanism. Transcriptome analysis of rice seedlings treated with
SA revealed that the OsPIN3t auxin transporter is at the center of a GRN involving the coat protein clathrin.
The root growth and endocytic trafficking in both the pin3t and clathrin heavy chain mutants were SA
insensitivity. SA inhibitory effect on the endocytosis of OsPIN3t was dependent on clathrin; however, the
root growth and endocytic trafficking mediated by tyrphostin A23 (TyrA23) were independent of the pin3t
mutant under SA treatment. These data reveal that SA affects rice root growth through the convergence of
transcriptional and non-SA signaling mechanisms involving OsPIN3t-mediated auxin transport and clathrin-
mediated trafficking as key components.
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INTRODUCTION

Salicylic acid (SA) is an important phytohormone in plant
development. In the dicotyledon Arabidopsis thaliana, SA
is involved in the regulation of root hair formation (Garcia-
Sanchez et al., 2015), root elongation and lateral root initia-
tion (Kim et al., 2012), root waving growth (Zhao
et al.,, 2015) and root meristem patterning (Pasternak
et al., 2019). SA affects root growth by broadly regulating
the activity of the protein phosphatase 2A complex (Tan
et al., 2020). Furthermore, SA functions as a major signal
in plant defense, and the SA signaling pathway, including
SA receptors NPR1 and NPR3/4, in the plant immune
response is clear and well described (Zhou & Zhang, 2020).
However, the effect of the SA signaling pathway on rice
root development remains unclear.

Endocytosis plays an important role in plant physiol-
ogy. In plants, the prominent endocytosis regulatory mech-
anism is dependent on clathrin (Chen et al., 2011). SA can
inhibit clathrin-mediated endocytosis (CME) of the auxin
efflux transporters, which has an effect on root auxin distri-
bution in Arabidopsis (Du et al., 2013; Ke et al., 2021; Wang
et al., 2016). Previous literatures demonstrate that SA treat-
ment affects the expression levels of PIN-FORMED (PIN)
genes (Adamowski & Friml, 2015; Armengot et al., 2014;
Pasternak et al., 2019). There is evidence that genes of the
PIN family are critical for polar auxin transport, and can
mediate the growth of different plant tissues (Chen
et al, 2012; Friml, 2022; Rakusova et al., 2016; Xu
et al., 2015). Although there are 13 PIN family genes in the
rice genome (Li et al., 2019; Wang et al., 2009; Zhang
et al., 2012), OsPINla-d, OsPIN2, OsPIN3t, OsPIN5a-c,
OsPIN8, OsPIN9 and OsPIN10a-b, only OsPINT (Li
et al., 2019; Xu et al., 2005), OsPIN2 (Chen et al., 2012) and
OsPIN3t (Zhang et al., 2012) have been characterized, and
these have been found to have a function in root develop-
ment through affecting the polar auxin transport. Further-
more, OsPIN3t in particular has been found to be involved

in the drought stress response (Zhang et al., 2012). How-
ever, the functions of the OsPIN3t gene in response to SA
treatment and root growth have not been reported to date.
We hypothesize that the network relationships between
auxin efflux carriers are important for rice root growth.

In this study, we found that SA was able to inhibit endo-
cytosis of the auxin efflux transporter OsPIN3t to disturb
auxin transport in rice root growth, leading to SA-induced
inhibition of root growth via non-canonical SA signaling.
The mechanisms by which SA inhibits root growth and
endocytic protein trafficking of rice were dependent both on
the OsPIN3t and clathrin. Moreover, when rice roots were
treated with SA, the auxin transporter OsPIN3t was found to
be in the center of a gene regulatory network (GRN) contain-
ing clathrin, with SA inhibiting the CME of OsPIN3t, and the
clathrin-mediated root growth and endocytic trafficking were
independent of the OsPIN3t. These results provide an insight
into the role of SA in the regulation of plant physiological
processes mediated by the OsPIN3t and clathrin.

RESULTS

SA modulates auxin-mediated root growth via non-
canonical SA signaling

To test the effects of SA on root growth in rice, seedlings
of the rice lines LTH (Li Jiang Xin Tuan Hei Gu; Figure 1a,
b), which is a paddy rice landrace with high susceptibility
to rice blast fungus Magnaporthe oryzae (Yang
et al., 2022), and the wild-type Nipponbare (Figure 1c,d)
were treated with 100 pm SA. Compared with the controls,
the primary root length was significantly shorter in both
rice lines LTH and Nipponbare after SA treatment
(Figure 1g). To investigate this observation genetically, we
analyzed the root phenotype of rice line NB-7B-70, which
has very high endogenous SA levels (Figure S1a). This rice
line NB-7B-70 showed shorter primary roots (Figure 1f,g)
compared with the wild-type NB-61-WT (Figure 1e,g).

Figure 1. Salicylic acid (SA) inhibited root growth in rice.

Six-day-old seedlings of rice LTH (a, b), Nipponbare (c, d), NB-61-WT (e) and NB-7B-70 (f) were grown on 1/2 Murashige and Skoog (MS) medium
supplemented with 100 pm SA (b, d) or an equivalent volume of dimethylsulfoxide (DMSO) as a control (a, c). Quantification of the length of the primary roots
(g) (LTH: npmso = 16, nsa100=21; NPB: npmso = 30, nsa100 = 30; Nng-s1-wT = 32, Nng-78-70 = 36) shown in images (a—f).

Six-day-old Nipponbare rice seedlings (h, j) were treated with DMSO (h) or 100 um SA (j), and grown on 1/2 MS medium with 18-h gravity stimulation. Six-day-
old seedlings of rice NB-61-WT (i) and NB-7B-70 (k) were grown on 1/2 MS medium with 18-h gravity stimulation. Quantification of root growth angle (I) (NPB:
Npmso = 35, Nsa100 = 50; Nng-g1-wT =29, Nne.78-70 = 30) shown in images (h-k).

Six-day-old Nipponbare rice seedlings (m, n) were treated with DMSO (m) or 100 um SA (n) and were grown on 1/2 MS medium with 120-h gravity stimulation.
Six-day-old NB-61-WT (o) and NB-7B-70 (p) rice seedlings were grown on 1/2 MS medium with 120-h gravity stimulation. Quantification of the ratio of lateral
roots (HR/VR) (q) (NPB: npmso =36, nsa100 = 33; Nnp-s1-wt = 13, Nns-78-70 = 17) shown in images (m-p).

Six-day-old seedlings of rice Nipponbare (r) and NahG (s) were grown on 1/2 MS medium. Quantification of the length of the primary roots (t) (nypg =50, Nnanc
=36) shown in images (r) and (s). Six-day-old seedlings of rice Nipponbare (u) and NahG (v) were grown on 1/2 MS medium with 18-h gravity stimulation.
Quantification of root growth angle (w) (nypg =48, Nnang=31) shown in images (u-v).

Six-day-old seedlings of rice NPB (x) and NahG (y) were grown on 1/2 MS medium with 120-h gravity stimulation. Quantification of the ratio of number of lateral
roots (HR/VR) (z) (nype =23, nnang=16) shown in images (x) and (y). G, gravity; HR, number of lateral roots growing from the horizontal part of primary root;
LTH, Li Jiang Xin Tuan Hei Gu; ND, no difference; NPB, Nipponbare; VR, number of lateral roots growing from the vertical part of primary root. Data are means
+SD; *P<0.05, **P<0.01 (Student’s t-test). Scale bar: 1cm. Arrows indicate the direction of gravity.
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When we investigated the root phenotype of rice line
NahG (Figure 1s), which has lower levels of SA
(Figure S1a), compared with wild-type Nipponbare
(Figure 1r), the rice NahG had longer roots (Figure 1t). We
further found that the root growth rate in the rice lines LTH
(Figure S2a-d) and Nipponbare (Figure S2e-h) treated with
100 and 200 pm SA were inhibited, whereas the root growth
rate in the rice line NahG (Figure S2j,k) was increased com-
pared with the wild-type Nipponbare (Figure S2i).

Next, we tested the effect of SA treatment on rice root
gravitropic growth. Compared with the control (Figure 1h,
m), Nipponbare seedlings treated with 100pm SA
(Figure 1j,n) showed a smaller root bending angle than the
control (Figure 11), and more lateral roots grown in the hor-
izontal part of the primary root than in the vertical part of
the primary root (Figure 1g) grown under gravity stimula-
tion. When rice line NB-7B-70 seedlings (Figure 1k,p) were
grown under gravity stimulation, they also showed a smal-
ler root growth angle (Figure 11) and more lateral roots
grown from the horizontal part of the primary root than
the vertical part of the primary root (Figure 1g) compared
with the wild-type NB-61-WT (Figure 1i,0). When seedlings
of rice NahG (Figure 1v,y) were grown under gravity stimu-
lation, there were no significant differences in root growth
angles (Figure 1w) and the number of lateral roots
(Figure 1z) compared with the wild-type Nipponbare
(Figure 1u,x).

Next, we tested whether SA affected rice root growth
through the established canonical SA signaling pathway
(Ding et al., 2018; Wu et al., 2012; Yan & Dong, 2014). In
the rice genome, the SA receptor OsNPR1 has a homolo-
gous OsNPR3 encoded by the gene 0s03g0667100. In this
study, we used the OsNPR1-RNAi line (Yuan et al., 2007),
in which the expression level of OsNPR1 is downregulated
(Figure S3), to detect root growth after seedlings were trea-
ted with 100 um SA. It showed that SA treatment inhibited
the root lengths of the wild-type rice TP309 (Figure 2b,e) as
well as the OsNPR1-RNAi line (Figure 2d,e) compared with
seedlings treated with dimethylsulfoxide (DMSO) as a con-
trol (Figure 2a,c). Compared with the TP309 treated with
DMSO (Figure 2a) or 100 um SA (Figure 2b), the rice line
OsNPR1-RNAi (Figure 2c,d) showed shorter root lengths
(Figure 2e) following either DMSO (Figure 2c) or SA
(Figure 2d) treatments. Furthermore, when the TP309
(Figure 2f,g,k,I) and OsNPR1-RNAi (Figure 2h,i,m,n) were
treated with 100pm SA (Figure 2g,i,I,n) and grown under
gravity stimulation, the seedlings of the wild-type TP309
(Figure 2g,l) and the rice line OsNPR1-RNAi (Figure 2i,n)
showed smaller root growth angles (Figure 2g,i,j) and a
greater ratio of lateral roots (Figure 2l,n,0) compared with
seedlings treated with DMSO as a control (Figure 2f,h,k,m).
Furthermore, the root growth angles (Figure 2j) and ratio
of lateral roots (Figure 20) did not differ between the wild-
type TP309 (Figure 2f,g,k,|l) and the OsNPR1-RNAi line

(Figure 2h,i,m,n) following treatment with either DMSO
(Figure 2f,h,k,m) or SA (Figure 2g,i,l,n). We further ana-
lyzed the root phenotype of the rice npr1 mutant, which
was created using the CRISPR/Cas9 method (Figure S4a,b),
and which has decreased expression levels of OsNPR1 in
the root (Figure S4c). Compared with the seedlings treated
with DMSO as control (Figure Sba,c,f,h,k,m), seedlings of
rice wild-type Zhonghua 11 (ZH11; Figure Sba,b,f,g,kI) and
the rice npr1 mutant (Figure Sbc,d,h,i,m,n) treated with
100pm SA (Figure 2b,d,g,il,n) also showed shorter root
lengths (Figure S5b,d,e), and smaller root growth angles
(Figure S5g,i,j) and a higher proportion of lateral roots
(Figure Sbl,n,0) under gravity stimulation. This suggests
that the SA-induced inhibition of root growth is indepen-
dent of the known canonical SA signaling pathway.

Given that root growth and architecture strongly
depend on auxin and its asymmetric distribution (Zhao
et al., 2021), we next tested the impact of the SA treat-
ment on auxin levels. We measured auxin levels in the
roots of the LTH and Nipponbare lines treated with 100 pm
SA after gravity stimulation (Figure S6). The results of this
experiment suggest that SA treatment increased the auxin
levels in the horizontal part of the primary root
(Figure S6b,c). We then checked the auxin levels in the
rice lines NB-7B-70 and NahG grown under gravity stimu-
lation conditions. Compared with the wild-type NB-61-WT
(Figure S6d) and Nipponbare (Figure S6e), the auxin levels
in the horizontal part of the primary root of rice NB-7B-70
were increased (Figure S6d), but were decreased in the
NahG line (Figure S6e). Again, we tested involvement of
the canonical SA pathway. Both the seedlings of rice wild-
type TP309 and the SA signal mutant OsNPR7-RNAi with
100pm SA treatment under gravity stimulation demon-
strated a similar increase in auxin levels in the horizontal
part of the primary roots (Figure S6f), and no differences
in auxin content between the rice TP309 and OsNPRT-
RNAi lines treated with either DMSO or 100 um SA were
observed (Figure S6f). These data suggest that the SA-
mediated effect on auxin transport and regulating root
growth is not mediated by canonical OsNPR1-dependent
signaling.

SA interferes with Brefeldin A-sensitive endocytic traffick-
ing in rice root epidermal cells

Salicylic acid has been shown to inhibit Brefeldin A (BFA)-
sensitive trafficking in Arabidopsis (Du et al., 2013; Tan
et al., 2020). To test whether SA was able to influence
endocytic trafficking of rice root cells to disturb auxin
transport in root growth, rice roots were co-treated with
SA and the endocytic tracer, the dye FM4-64, which labels
plasma membranes and enables visualization of endocytic
trafficking (Jelinkova et al., 2010). The result of this experi-
ment showed that the signal intensity on the plasma mem-
brane of root epidermal cells was enhanced following

© 2023 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 2. Root phenotype of rice OsNPR1-RNAI lines treated with salicylic acid (SA).

Six-day-old seedlings of the rice lines OsNPR1-RNAi (c, d) and wild-type TP309 (a, b) were treated with 100 um SA (b, d), with an equivalent volume of dimethyl-
sulfoxide (DMSO) treatment as a control (a, c). Quantification of the length of the primary roots (e) (TP309: npuso = 65, nsa100 =69; OsNPR1-RNAi: nppmso =59,
Nsa100 = 66) shown in images (a-d).

Six-day-old rice seedlings of the lines OsNPR1-RNAi (h, i) and wild-type TP309 (f, g) were treated with DMSO (f, h) and 100 um SA (g, i), and grown on 1/2 Mura-
shige and Skoog (MS) medium with 18-h gravity stimulation. Quantification of the root growth angle (j) (TP309: npmso = 48, Nsa100 =39; OsNPR1-RNAi: npuso =
41, nsat00 =31) shown in images (f-i).

Six-day-old seedlings of the rice lines OsNPR1-RNAi (m, n) and wild-type TP309 (k, I) were treated with DMSO (k, m) or 100 pm SA (I, n), and were grown on 1/2
MS medium with 120-h gravity stimulation. Quantification of the ratio of lateral roots (HR/VR) (o) (TP309: npmso =35, nsatoo =22; OsNPR1-RNAi: npmso =21,
Nsa100 =27) shown in images (k-n). HR, number of lateral roots growing from the horizontal part of primary root; VR, number of lateral roots growing from the

vertical part of primary root. Data are means + SD; *P<0.05, **P<0.01 (Student’s t-test). ND, no difference. Scale bar: 1cm.

treatment with 100 um SA for 10 min (Figure S7b,c) and 20
min (Figure 3b,c) compared with the control (Figures 3a
and S7a). Nipponbare seedling roots were then further
treated with 100 pm SA (Figure 3e) in combination with 25p
m BFA, which is an established protein trafficking inhibitor
(Geldner et al., 2001) and is used in the observation of vesi-
cle trafficking in rice (Wu et al., 2015). After the SA treat-
ment (Figure 3e), the size of FM4-64-stained, BFA-induced
endomembrane internalization aggregates (BFA bodies)
was significantly decreased in the epidermal cells
(Figure 3k) as compared with the control (Figure 3d,k).

To further confirm that SA interfered with BFA-
sensitive trafficking, seedlings of the rice lines NB-7B-70

(Figure 3g), NahG (Figure 3j) and NB-7B-76 (Figure 3h),
which also have higher endogenous SA levels
(Figure S1b), were treated with 25 um BFA. Compared with
the rice wild-type NB-61-WT (Figure 3f), smaller BFA bod-
ies were observed in NB-7B-70 and NB-7B-76 seedlings
(Figure 3g,h,k). However, there were bigger BFA bodies in
the rice NahG line (Figure 3j,k) compared with the rice
wild-type Nipponbare (Figure 3i). This shows that SA inter-
feres with BFA-sensitive trafficking in rice. Next, we tested
whether SA treatment has an effect on the localization of
auxin export proteins, which are known cargoes of BFA-
sensitive trafficking (Adamowski & Friml, 2015), using rice
lines expressing pOsPIN1b :: OsPIN1b-GFP (Figure 3l,m),

© 2023 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 3. Salicylic acid (SA) treatment inhibited endocytosis of plasma membrane proteins and auxin efflux carriers in rice root epidermal cells.

Root epidermal cells of 6-day-old Nipponbare seedlings were treated with 4 pm FM4-64 plus either 100 um SA (b) or an equivalent volume of dimethylsulfoxide
(DMSO) as a control (a) for 20 min. Quantification of relative fluorescence intensities of plasma membrane versus cytoplasm in rice root epidermal cells (c)
(NPB: npmso = 139, nsa100 = 162). The roots of 6-day-old Nipponbare seedlings were treated with 4 um FM4-64 plus either 25 um Brefeldin A (BFA) for 90 min (d) or
cotreated with 100 um SA (e).

The roots of 6-day-old seedlings of the rice lines NB-7B-70 (g), NB-7B-76 (h) and wild-type NB-61-WT (f), NahG (j) and wild-type Nipponbare (i) were treated with
4um FM4-64 plus 25 pum BFA for 90 min. Quantification of the relative area of the BFA bodies (k) (NPB: ngpazs =733, nsa100=202; nng-s1-wt = 140, Nng-78-70 = 250,
NnB.78.76 = 143; Nnpe = 279, Nnang = 117) shown in images (d-j).

Roots of 14-day-old rice lines expressing pOsPIN1b :: OsPIN1b-GFP (I, m), pOsPIN2 :: OsPIN2-GFP (n, o) and 35S :: OsPIN3t-GFP (p-s) were treated with 25um
BFA for 90 min (1, n, p, r) or cotreated with 100 pm SA (m, o, g, s). Quantification of the relative area of the internalized PIN1-GFP, PIN2-GFP and PIN3t-GFP pro-
teins (t) (NPB/pOsPIN1b :: OsPIN1b-GFP: nggazs = 47, Nsar00 = 43; NPB/pOsPINZ2 :: OsPIN2-GFP: nggags = 47, nsar00 = 60; ZH11/35S :: OsPIN3t-GFP(L3): nggags =102,
Nsa100 = 25; ZH11/358S :: OsPIN3t-GFP (L5): ngpazs =38, Nsa100 =32) shown in images (I-s).

Root epidermal cells of 14-day-old rice lines expressing pOsPIN1b :: OsPIN1b-GFP (u, v), pOsPIN2 :: OsPIN2-GFP (w, x) and 35S :: OsPIN3t-GFP (y, z, aa, ab) were
treated with either 100 um SA (v, X, z, ab) or equivalent volume of DMSO acted as a control (u, w, y, aa) for 20 min. Quantification of relative fluorescence inten-
sity of plasma membrane versus cytoplasm in rice root epidermal cells (ac) (NPB/pOsPIN1b :: OsPIN1b-GFP: npyso =87, nsai00="51; NPB/pOsPIN2 :: OsPIN2-
GFP: npmso =65, Nsa100=88; ZH11/35S :: OsPIN3t-GFP(L3): npmso =84, nsareo=74; ZH11/35S :: OsPIN3t-GFP (L5): npmso =52, Nsa100 =84) shown in images (u-
ab). The relative fluorescence intensity is color-coded: red, low; green, medium; and blue, high fluorescence. Arrow heads indicate the internalization of plasma
membrane protein. FM4, FM4-64; NPB, Nipponbare; ZH11, Zhonghua 11. Data are means + SD; *P<0.05, **P<0.01 (Student’s t-test). PM, plasma membrane.

Scale bar: 10 pm.

pOsPIN2 :: OsPIN2-GFP (Figure 3n,0) and 35S :: OsPIN3t-GFP
(Figure 3p-s). The OsPIN1b, OsPIN2 and OsPIN3t did not
show obvious polar localization in the rice root epidermal
cells (Figure 3l,n,p,r), in contrast from results of Arabidop-
sis (Adamowski & Friml, 2015; Friml, 2022; Friml
et al., 2002), When we analyzed the amino acid sequences
of OsPIN1b, OsPIN2 and OsPIN3t, we found that they
shared 67.72, 58.54 and 58.11% identities with Arabidopsis
PIN1, PIN2 and PIN3, respectively. Moreover, the OsPIN1b,
OsPIN2 and OsPIN3t contain different membrane transport
domains than their Arabidopsis homologous PIN1, PIN2
and PIN3, respectively (Figure S8; Additional File S1).
Therefore, the different subcellular localization of auxin
transporters observed in rice and Arabidopsis may result
from the sequence differences in the auxin transporters.
However, SA treatment inhibited the BFA-induced intracel-
lular aggregation of OsPIN1b (Figure 3m,t), OsPIN2
(Figure 3o,t) and OsPIN3t (Figure 3q,s,t) compared with
the controls (Figure 3I,n,p,r). We then checked the subcel-
lular localization of OsPIN1b, OsPIN2 and OsPIN3t follow-
ing SA treatment. The results of this experiment showed
that the signal intensities of OsPIN1b (Figure 3v), OsPIN2
(Figure 3x) and OsPIN3t (Figure 3z,ab) on the plasma
membrane were enhanced after 100 um SA treatment for
20min (Figure 3ac) as compared with the control
(Figure 3u,w,y,aa,ac). These data show that SA may inhibit
BFA-sensitive trafficking of endomembranes in general
and PIN auxin transporters specifically in rice root epider-
mal cells, which then affects auxin transport and rice root
growth. Ultrastructural observation of BFA compartments
did not reveal differences in ultrastructure between BFA
and SA/BFA treatments, and the BFA bodies could still be
observed in the rice root epidermal cells treated with SA
using electron microscopy (Figure 4a-c). We also found
that SA treatment did not cause obvious changes in the
ultrastructure of organelle and vesicle compartments
(Figure S9).

Non-canonical SA signaling is involved in BFA-sensitive
trafficking

To gain insight into the mechanism underlying the effect
of SA on BFA-sensitive trafficking in rice, we treated Nip-
ponbare seedling roots with BFA and SA, accompanied by
an inhibitor of protein synthesis (cycloheximide, CHX;
Figure 4d,e) and the proteasome inhibitor MG132
(carbobenzoxy-L-leucyl-L-leucyl-L-leucine; Figure S7d,e).
Under these conditions, SA treatment was also found to
inhibit formation of the BFA bodies (Figures 4e,j and S7¢,f)
compared with the control (Figures 4d and S7d). To test
whether canonical SA signaling is required for the effect
on trafficking, we used the rice line OsNPR1-RNAi, and
treated it with both SA and BFA (Figure 4i). We found that
SA treatment significantly interfered with the formation of
BFA bodies in both the wild-type TP309 (Figure 4g,j) and
the rice line OsNPR1-RNAi (Figure 4i,j) compared with the
control (Figure 4f,h). This suggests that the canonical
OsNPR1 receptor is not required for the observed effect of
SA on BFA-sensitive trafficking.

Transcript analysis of rice LTH root treated with SA

Although we found that the effect of SA on BFA-insensitive
trafficking was independent of SA signaling, it is likely that
the more complex effect on root growth also has a tran-
scriptional component. To gain insight into the transcrip-
tional component of the mechanism, we analyzed the
effect of SA treatment on the rice LTH root transcriptome.
The correlation assessment showed that except for the SA-
treated sample L-S1, there were strong correlations within
biological replicates, including DMSO-treated L-D1, L-D2
and L-D3 (controls), and SA-treated L-S2 and L-S3
(Figure S10a). The subsequent transcriptome analysis was
therefore based on the data from these five samples. In the
rice roots treated with SA or DMSQO, a total of 40.2 Gb clean
reads were mapped and assembled into 57 402 unigenes,

© 2023 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 4. Salicylic acid (SA) inhibition of endocytosis in rice epidermal cells did not disturb the ultrastructure of Brefeldin A (BFA) compartments, and is inde-
pendent of protein translation and SA signaling pathways.

Roots of 6-day-old rice line NPB seedlings were treated with dimethylsulfoxide (DMSO; acting as a control) (a), and 25 um Brefeldin A (BFA) (b) or cotreated with
100 pm SA (c) to observe the ultrastructure of BFA bodies.

Roots of 6-day-old Nipponbare seedlings were treated with 4 pm FM4-64 plus either 25 ym BFA and 50 pm cycloheximide (CHX) (d) or cotreated with 100 pm SA (e)
for 90 min.

Roots of 6-day-old rice wild-type TP309 (f, g) and OsNPR1-RNAi (h, i) seedlings were treated with 4 um FM4-64 plus either 25 um BFA (f, h) or cotreated with 100 p
m SA (g, i) for 90 min.

Quantification of the relative area of the BFA bodies (j) (Nipponbare: ngpazs =103, nsai00=14; TP309: ngrazs =125, nsa100="66; OsNPR1-RNAI: ngrazs =290,
Nsat100 = 114) shown in images (d-i). Arrow heads indicate the BFA bodies. CW, cell wall; FM4, FM4-64; N, Nucleus; NPB, Nipponbare. Scale bar: 1pm (a—c); 10
m (d-i). Data are means + SD; **P<0.01 (Student's t-test).

including 1146 unannotated transcripts (Additional Files S2 NR databases (Figure S10b). The GO assignments could be
and S3). A total of 56 437 unigenes were annotated against further divided into three categories, ‘cellular component’,
the COG, GO, KEGG, KOG, Pfam, Swiss-prot, eggNOG and ‘molecular function’ and ‘biological process’ (Figure S10c).

© 2023 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Compared with the DMSO treatment, 1647 differen-
tially expressed genes (DEGs) were detected when seed-
lings were treated with SA, including 625 (37.95%)
upregulated genes and 1022 (62.05%) downregulated
genes (Additional File S4). Of the 1647 DEGs, 129 DEGs
were associated with transport, synthesis or signal trans-
duction of auxin, 40 DEGs were identified as being
involved in endocytosis, and 269 DEGs were identified as
being involved in root development (Additional File S5).

The top enriched GO terms of the upregulated DEGs
(Figure S11a; Additional File S6) included ‘glutathione
metabolic process’, ‘toxin catabolic process’, ‘6-
phosphofructokinase complex’, ‘extracellular matrix’, ‘glu-
tathione binding’ and ‘L.-amino acid efflux transmembrane
transporter activity’. On the other hand, the top enriched
GO terms of the downregulated DEGs (Figure S11b; Addi-
tional File S7) included ‘RNA processing’, ‘isopentenyl
diphosphate biosynthetic process’, ‘plastoglobule’, ‘photo-
system [I', ‘chlorophyll binding’ and ‘poly (U) RNA
binding’.

Intriguingly, in the KEGG pathway enrichment analy-
sis of the upregulated DEGs (Figure S12a), the most signifi-
cant pathway was found to be ‘glutathione metabolism’,
which was consistent with the GO term ‘glutathione meta-
bolic process’. In the KEGG pathway enrichment analysis
of the downregulated DEGs (Figure S12b), the most signifi-
cant pathways were found to be ‘photosynthesis — antenna
proteins’ and ‘photosynthesis’, indicating that the downre-
gulated DEGs were relevant to the metabolism of photo-
synthesis, which was also consistent with the GO terms
‘photosystem 1I' and ‘chloroplast thylakoid lumen’ in the
GO enrichment analysis (Figure S11b; Additional File S7).

We randomly selected 25 DEGs and validated their
expression levels using quantitative reverse transcriptase-
polymerase chain reaction (qRT-PCR). The qRT-PCR results
showed that the expression trends of these DEGs
(Figure S13b) were consistent with those of the transcrip-
tome sequencing (Figure S13a), and all showed significant
differential expression, which also supports the reliability
of the high-throughput RNA sequencing data.

Network analysis of DEGs reveals an OsPIN3t-centered
GRN

To further explore the regulatory networks in which the
DEGs may participate, a rice SA related GRN was con-
structed by combining the known regulatory relationship
pairs from RiceNetDB (Lee et al., 2011; Liu et al., 2013). A
total of 6606 genes, including 5801 non-DEGs and 805
DEGs, were aligned to the RiceNetDB database
(Figure S14; Additional File S8). We then examined the hub
genes in the network, with the results suggesting that
there were 30 hub genes in total (Additional File S9).

In this rice SA-related GRN, we found one DEG,
OsPIN3t (Os01g45550), coding for the PIN auxin exporter,

Salicylic acid regulates rice root growth 9

which  further regulated 10 downstream genes
(Figure S14). However, we found no DEGs regulating
OsPIN3t upstream. We wanted to gain clues as to the
mechanism underlying the involvement of the OsPIN3t
gene in the SA regulation of root growth, and we therefore
constructed a sub-GRN between OsPIN3t, its 10 down-
stream genes and the genes associated with these down-
stream genes (Figure 5a). This sub-GRN suggested that
OsPIN3t could directly or indirectly interact with several
different genes, including OsPIN1a (Li et al., 2019), OsPIN2
(Chen et al., 2012; Inahashi et al., 2018; Sun et al., 2019;
Wang et al., 2018), OsPIN5a (Wang et al., 2009), ZFP350
(Kang et al., 2019), SLG (Feng et al., 2016), REL2 (Yang
et al., 2016), PME31(Yang et al., 2013) and RBGT (Liu
et al., 2015), which are involved in the development of
inflorescences, roots, shoots, panicles, tillers, grains and
leaves. We further detected the expression levels of
OsPIN3t in the rice lines NB-7B-70 and NahG, which have
higher and lower endogenous SA levels, respectively
(Figure S1), and found that the OsPIN3t levels were down-
regulated in the rice line NB-7B-70 and upregulated in the
rice line NahG (Figure S15). It suggests that function of
OsPIN3t is involved in the SA regulation of rice root
growth.

OsPIN3t is involved in SA-mediated rice root growth
through the regulation of auxin transport

Interestingly, when we analyzed gene expression levels
from the OsPIN3t regulatory network, including OsPIN7a
(0s06912610), OsPIN2 (Os06g44970) and OsPIN5
(0s01g69070), using qRT-PCR, we detected a differential
effect of SA on the transcription of these genes in the rice
wild-type ZH11 and pin3t mutant (Figure S16) compared
with the controls (Figure 5b).

Next, we tested the root phenotype of the pin3t
mutant treated with 100 and 200pm SA. This analysis
revealed that the root length (Figure 6a-g) and root growth
rate (Figure S17) were not inhibited in the pin3t mutant
(Figures 6d-g and S17d-g) compared with the wild-type
ZH11 (Figures 6a-c,g and S17a-c,g). The rice pin3t mutant
also showed no root bending sensitivity to SA following
gravity stimulation (Figure 6i,k,1) compared with the wild-
type ZH11 (Figure 6h,j,1). Because the root growth in the
pin3t mutant was SA insensitive, we next tested whether
the pin3t mutant was involved in the mechanism underly-
ing SA regulation of auxin homeostasis. The wild-type rice
line ZH11 (Figure 6h,j) and the pin3t mutant (Figure 6i,k)
were treated with SA and grown under gravity stimulation.
This pin3t mutant was insensitive to SA in terms of regula-
tion of indole acetic acid (IAA) levels, as compared with
the control (Figure 6m). We further checked the root phe-
notype under SA treatment of the rice OsPIN3t-RNAi line
L7, which had lower expression levels of OsPIN3t in the
root (Figure S18). Both the root lengths (Figure S19d-g)

© 2023 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 5. Regulation network of OsPIN3t and polymerase chain reaction (PCR) detection.

Regulation network of OsPIN3t (a), its 10 downstream genes, and genes associated with them, extracted from the salicylic acid (SA)-related gene regulatory net-
work (GRN) of rice (Figure S13). Light yellow blocks indicate that the gene in the block is regulated directly by OsPIN3t. Blue blocks indicate that the gene is indi-
rectly regulated by OsPIN3t. Highlighted blocks indicate that the gene in the block is expressed differentially following treatment with SA. Relative expression of
genes shown in part (a) from the primary roots of the rice line Zhonghua11 and the pin3t mutant following treatment with 100 um SA or dimethylsulfoxide
(DMSO; acting as a control) were determined using quantitative reverse transcriptase (QRT)-PCR (b). The OsActin gene was used as an internal control. The data
presented here represent at least three biological replicates. Data are means & SD. *P<0.05, **P<0.01 (SPSS analysis). 2-ODD5, 2-oxoglutarate-dependent diox-
ygenase 5; AMI, aminopeptidase; ARP1, auxin repressed protein 1; BHLH095, basic helix-loop-helix protein 095; CHP, conserved hypothetical protein; EAPD,
eukaryotic aspartyl protease domain; GELP74, GDSL esterase/lipase protein 74; P3, rice pin3t mutant; PILS2, PIN likes 2; PILS6a, PIN likes 6a; PIN3t, PIN protein
3a; PIN5a, PIN protein 5a; PIN1a, PIN protein 1a; PIN2, PIN protein 2; PME24, pectin methylesterase 24; PME31, pectin methylesterase 31; REL2, rolled and erect
leaf 2; RBG1, rice big grain 1; SLG, slender grain; ZFP350, zinc finger protein 350; ZH, rice Zhonghua 11.
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Figure 6. Root phenotype and endocytosis of root epidermal cells in the rice pin3t mutant were insensitive to salicylic acid (SA) treatment.

Six-day-old seedlings of the rice lines Zhonghua 11 (a—c) and pin3t (d-f) were grown on 1/2 Murashige and Skoog (MS) medium complemented with either
100 um SA (b, e), 200 upm SA (c, f), or with an equivalent volume of dimethylsulfoxide (DMSO) (a, d) as a control. The primary root length was measured and
quantified (g) (Zhonghua 11: npmso = 43, Nsat00 = 35, Nsaz00 = 40; pin3t: npmso =19, Nsat00 =21, Nsaz00 = 20) shown in images (a—f).

Six-day-old Zhonghua 11 (h, j) and pin3t (i, k) seedlings were treated with DMSO (h, i) or 100 um SA (j, k), and grown on 1/2 MS medium with 18-h gravity stimu-
lation. Quantification of the growth angle (I) (Zhonghua 11: npmso = 45, Nsa100 = 37; Pin3t: Npmso = 36, Nsat00 = 34) of the roots shown in images (h-k).

Indole acetic acid (IAA) content (m) (Zhonghua 11: npmso =5, Nsate0 = 3; Pin3t: Npmso =4, Nsa100=4) in the horizontal part of primary roots of rice seedlings trea-
ted with 100 um SA. The roots of 6-day-old seedlings of rice lines Zhonghua 11 (n, 0) and pin3t mutant (p, q) were treated with 4 um FM4-64 plus either 25 um Bre-
feldin A (BFA) for 90 min (n, p) or with 4 ym FM4-64, 25 m BFA and 100 um SA (o, g). Quantification of the relative area of the BFA bodies (r) (Zhonghua 11:
Ngra2s = 98, Nsat00Brazs = 149, pin3t: Nerass = 137, Nsa1008razs = 216) shown in images (n-q). Data are means + SD; *P<0.05, **P<0.01 (Student’s t-test). G, grav-
ity; ND, no difference; HI, IAA content in the horizontal part of the primary root; ZH11, Zhonghua 11. Arrows indicate the direction of gravity. Arrow heads indi-
cate the BFA bodies. Scale bar: 1c¢m (a-c, d-f, h-k); 10pm (n-q).
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Figure 7. Regulation network of the clathrin gene Os72g01390 and root phenotypes of the rice clathrin heavy chain (CHC) mutants treated with salicylic acid
(SA).

The regulatory network connecting OsPIN3t and the CHC encoding gene Os12g01390 were extracted from the SA-related gene regulatory network (GRN) for rice
(Figure S13). Blue blocks indicate that the gene in the block was not found to be differentially expressed in the transcriptome analysis (a). Red blocks indicate
that the gene in the block was differentially expressed in the transcriptome analysis (a). The larger blocks indicate hub genes in the regulatory gene network (a).
Six-day-old seedlings of the rice lines Nipponbare (b, c) and chc17-cc lines #1 (d, e), #2 (f, g) and chc12-cc line #30 (h, i) were grown on 1/2 Murashige and Skoog
(MS) medium supplemented with either 100 um SA (c, e, g, i) or with an equivalent volume of dimethylsulfoxide (DMSO) (b, d, f, h) as a control. The primary root
length was measured and quantified (j) (NPB: npmso =30, nsat00=33; chc11-cc #1: npmso =16, nNsa100= 14, che11-cc #2: npmso = 18, Nsa100 =22, chc12-cc #30:
Npmso =19, Nsa100=21) shown in images (b-i).

Six-day-old seedlings of rice Nipponbare (k, 1) and chc11-cc lines #1 (m, n), #2 (o, p), and chc12-cc line #30 (q, r) were treated with either 100 pm SA (I, n, p, 1) or
an equivalent volume of DMSO (k, m, o, q), and grown on 1/2 MS medium with 18-h gravity stimulation. Quantification of the growth angle of the roots (s)
(NPB: npmso =30, nsateo=22; chc11-cc #1: npmso =26, Nsatoo =22, chcl1-cc #2: npmso =25, Nsar00 =20, chc12-cc #30: npmso = 27, Nsat00 =24) shown in images
(k-r). ABE, AMP-binding enzyme; ARP1, auxin repressed protein 1; C50RP, chloroplast 50S ribosomal protein; CHC, clathrin heavy chain; EAPD, eukaryotic aspar-
tyl protease domain; G3PD, glyceraldehyde-3-phosphate dehydrogenase; GBPR, GTP-binding protein-related; ENO2, enolase 2; MOHT, 3-methyl-2-oxobutanoate
hydroxymethyltransferase; NOG, nucleolar GTP-binding protein 1; PILS6a, PIN likes 6a, PIN3t, PIN protein 3a; RFAT1, rice elongation factor 1A-1; RFA3, rice elon-
gation factor 1A-3; RFA4, rice elongation factor 1A-4; RPL11, 50S ribosomal protein L11; RPL21, 50S ribosomal protein L21; STEK, STE kinase. Scale bar:1cm
(b-i, k-r). NPB, Nipponbare. Data are means + SD; **P< 0.01 (Student’s t-test). G, gravity; ND, no difference. Arrows indicate the direction of gravity (k-r).

and root growth angles (Figure S19j-1) of the rice OsPIN3t-
RNAI line L7 were insensitive to SA treatment compared
with the wild-type ZH11 (Figure S19a—c,h-i). Next, we fur-
ther detected the effect of SA inhibition of endocytic traf-
ficking on the pin3t mutant. The roots of the wild-type rice
ZH11 (Figure 6n,0) and the pin3t mutant (Figure 6p,q) were
co-treated with 100 um SA, 25um BFA and 4pm FM4-64. It
showed that SA treatment inhibited the endocytic traffick-
ing of the wild-type rice ZH11 (Figure 60,r) compared with
the control treated with DMSO (Figure 6n); however, the
pin3t mutant was insensitive to the SA treatment and big-
ger BFA bodies (Figure 6q) than the control (Figure 6p)
were observed in the pin3t mutant (Figure 6r). These data
suggest that OsPIN3t is a key component of the SA signal-
ing network that modulates auxin transport and homeosta-
sis in rice root growth.

Clathrin heavy chain (CHC) mutants are insensitive to SA
treatment

It has been reported that CME is targeted by SA-related
pathways in Arabidopsis (Du et al., 2013). In the rice SA-
related GRN (Figure S14), we found one rice clathrin gene
homolog, 0s12901390, encoding for the CHC. Network
analysis showed that 0s12g01390 was linked to
Os01g45550 (OsPIN3t) in a sub-GRN by multiple DEGs,
including five hub genes (Figure 7a). Notably, although
0s12g01390 was not differentially expressed after SA treat-
ment, two differentially expressed hub genes 0s02932490
and 0s02g35010 were shown to directly regulate the
expression of 0s12g01390, 0s02g07490 and Os03g14450 in
the sub-GRN (Figure 7a). Interestingly, when we analyzed
the rice line expressing 35S::0sPIN3t-GFP, we found that
BFA-mediated trafficking of OsPIN3t showed the same sen-
sitivity to SA (Figure 3q,s,t) as did OsPIN1b and OsPIN2
(Figure 3m,o0,t). Given that the endocytic step of the BFA-
sensitive PIN trafficking is dependent on clathrin (Ada-
mowski et al., 2018; Narasimhan et al., 2021), this provides

a functional link between 0s12g01390, which encodes the
CHC, and OsPIN3t.

To test whether the rice clathrin gene might respond
to SA treatment, as its Arabidopsis homolog does (Du
et al., 2013), and to find out whether it plays a role in rice
root development, we analyzed the root phenotype of the
T2 rice CHC mutants chc11-cc (#1, #2) and chc12-cc (#30;
Figures 7d-i and S20). The results of this experiment
showed that root lengths in the lines #1, #2 and #30
(Figure 7e,g,i) were not inhibited following treatment with
100 um SA (Figure 7j) compared with the wild-type Nippon-
bare (Figure 7b,c). We also found that the root growth in
lines #1, #2 and #30 (Figure 7m-r) was less sensitive to SA
treatment (Figure 7n,p,r) than the control (Figure 7k,l)
grown under gravity stimulation (Figure 7s). We then
detected the effect of SA inhibition of endocytic trafficking
on mutant lines #1, #2 and #30. The roots of mutant lines
#1, #2 and #30 were co-treated with 100 pm SA, 25 um BFA
and 4 pm FM4-64 (Figure 8c-h); however, the sizes of BFA
bodies in the mutant lines #1, #2 and #30 treated with SA
(Figure 8d,f,h,i) were not inhibited compared with those in
the wild-type (Figure 8a,b,i). Furthermore, when the rice
lines expressing 35S::0sPIN3t-GFP (Figure 8j-m) were trea-
ted with the CME inhibitor TyrA23(10 um), BFA and SA, we
found that the SA treatment did not inhibit the BFA-
induced intracellular aggregation of OsPIN3t (Figure 8k,m,
n) in the root epidermal cells compared with that in the
control (Figure 8j,1,n).

The rice root growth and endocytic trafficking of pin3t
mutant following TyrA23 treatment are insensitive to SA

To further check the involvement of OsPIN3t and clathrin
in the regulation of rice root growth, we analyzed the
expression levels of OsPIN3t, CHC (LOC_0Os119g01380 and
LOC_0s12901390) in the rice chc1l-cc (#1, #2), chc12-cc
(#30) and the pin3t mutant, respectively, following treat-
ment with 100pm SA. It showed that the levels of
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Figure 8. Salicylic acid (SA) inhibition of OsPIN3t endocytosis in rice epidermal cells was dependent on the clathrin heavy chain (CHC) gene.

The roots of 6-day-old seedlings of Nipponbare (a, b) and chc17-cc lines #1 (c, d), #2 (e, f), chc12-cc line #30 (g, h) were treated with 4 um FM4-64 plus either 25
m Brefeldin A (BFA) for 90 min (a, c, e, g) or with 4 pm FM4-64, 25 um BFA and 100 pm SA (b, d, f, h). Quantification of the relative area of the BFA bodies (i) (NPB:
Nrazs = 241, Nsat00 =199, cheT1-cc #1: npmso =62, Nsat00 =83, chc11-cc #2: npmso = 161, nsat00 =78, #30: Npmso =75, Nsa100 = 125) shown in images (a-h).

Roots of 14-day-old rice seedlings expressing 35S :: OsPIN3t-GFP (j-m) were treated with 25 pm BFA and 10 pm TyrA23 for 90 min (j, I), or with 4 pm FM4-64, 25 pm
BFA and with 100 um SA (k, m). Quantification of the relative area of the internalized OsPIN3t-GFP proteins (n) (ZH11/35S :: OsPIN3t-GFP (L3): nryraz2s 108ra2s =
101, Nryra23 10sat008FA2s =51; ZH11/35S :: OsPIN3t-GFP (L5): Ntyra23 108Fa2s = 118, Nryra2s 10satoosrazs = 90) shown in images (j-m). Arrow heads indicate the BFA
bodies. FM4, FM4-64; ND, no difference; NPB, Nipponbare; TyrA23, Tyrphostin A23; ZH11, Zhonghua 11. Data are means & SD; **P<0.01 (Student’s t-test).

Scale bar: 10 pm.

LOC_0s119g01380 and LOC_0s129g01390 were decreased in
the wild-type ZH11 and pin3t mutant following 100 um SA
treatment compared with their respective controls
(Figure S21a). However, the levels of OsPIN3t were
decreased in the rice wild-type Nipponbare, but increased
in the chc11-cc and chc12-cc mutants following 100 um SA
treatment compared with the control (Figure S21b). This
suggests that the expression of OsPIN3t was negatively

regulated by the CHC gene in rice roots following SA treat-
ment. Next, we checked the root phenotype of the rice
pin3t mutant treated with 10 um TyrA23 and 100 um SA. The
root lengths of rice wild-type ZH11 (Figure 9c) and pin3t
mutant (Figure 9f) co-treated with TyrA23 and SA were not
significantly different (Figure 9g) from the control treated
with TyrA23 alone (Figure 9a,b,d,e). Furthermore, the root
bending in the wild-type rice ZH11 (Figure 9j) and the pin3t
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Figure 9. Salicylic acid (SA) did not inhibit root growth and endocytosis in the rice pin3t mutant following TyrA23 treatment.

Six-day-old seedlings of the rice line ZH11 (a—c) and the pin3t mutant (d-f) were grown on 1/2 Murashige and Skoog (MS) medium supplemented with either
100 um SA plus 10 pm TyrA23 (c, f), 10 um TyrA23 (b, €), or with an equivalent volume of dimethylsulfoxide (DMSO) (a, d) as a control. The primary root length
was measured and quantified (g) (ZH11: npmso =56, Nryrazs 10="63, Nryra2s 10/5a100 = 64; Pin3t: Npmso =32, Nryrazs 10=235, Nryrazs 10/sa100 = 33) shown in images
(a—f).

Six-day-old seedlings of rice ZH11 (h-j) and the pin3t mutant (k-m) were treated with either 10 um TyrA23 (i, 1), 10 pm TyrA23 plus 100 pm SA (j, m) or an equiva-
lent volume of DMSO (h, k), and were grown on 1/2 MS medium with 18-h gravity stimulation. Quantification of the growth angles of the roots (n) shown in
images (h-m) (ZH11: npmso =53, Nryrazs 10=17, Nryrazs 105a100 = 19; PIN3t: Npmso =32, Nryrazs 10= 23, NTyra23 10/5a100 = 21). The roots of 6-day-old ZH11 (0-q) and
pin3t mutant (r-t) seedlings were treated with 4 um FM4-64 and 25 um Brefeldin A (BFA) (o, r) plus 10 um TyrA23 (p, s) or cotreated with 100 pm SA (q, t) for 90
min. Quantification of the relative area of the BFA bodies (u) (ZH11: ngrazs = 166, Nryrazs 10/8ra25 = 113, Nryra2s 10/sa1008Fa2s = 117; pin3t: ngrazs =117, Nryeazs 10/
8ra2s = 137, Ntyra2s 10/5A100/8FA25 = 165) shown in images (o-t). Data are means + SD; *P<0.05, **P<0.01 (Student’s t-test). FM4, FM4-64; G, gravity; ND, no dif-
ference; TyrA23, Tyrphostin A23; ZH11, Zhonghua 11. Scale bar:1cm (images a-f, h-m); 10 um (images o-t). Arrows indicate the direction of gravity. Arrow
heads indicate the BFA bodies.

mutant (Figure 9m) treated with TyrA23 and grown under
gravity stimulation was insensitive to SA treatment
(Figure 9n) compared with the control (Figure 9h,ik,l). We
then detected the effect of SA inhibition of the endocytic
trafficking in the pin3t mutant treated with TyrA23. The
roots of the wild-type ZH11 (Figure 9q) and the pin3t
mutant (Figure 9t) were co-treated with 100 pm SA, 10 pm
TyrA23, 25um BFA and 4pm FM4-64. Compared with the
controls treated with 25pym BFA and 4pm FM4-64
(Figure 90,r) and 10 um TyrA23, 25 um BFA and 4 pm FM4-64
(Figure 9p,s) separately, there was no SA-mediated

inhibition of the endocytic trafficking in the wild-type ZH11
(Figure 9q,u) or the pin3t mutant (Figure 9t,u). These above
data suggest that the clathrin-mediated endocytic traffick-
ing processes involved in the SA regulation of rice root
growth are independent of the OsPIN3t gene.

DISCUSSION

Salicylic acid is known to play several important roles in
plant development. In this study, we found that SA affects
rice root growth through a convergence of non-SA signal-
ing and transcriptional mechanisms. The key component
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of this regulation is the OsPIN3t mediator of polar auxin
transport, whose endocytic trafficking depends on the coat
protein clathrin. Transcriptome analysis revealed that
OsPIN3t and clathrin were located in the same GRN
responding to SA. However, SA affects root growth via a
non-canonical mechanism, which is independent of the
established OsNPR1 receptor, and depends on the CHC
and OsPIN3t. SA interferes with auxin transport and the
endocytic trafficking of OsPIN3t in a CME manner; how-
ever, root growth and endocytic trafficking in the pin3t
under TyrA23 treatment are insensitive to SA, implying
that SA affects root growth via a complicated GRN medi-
ated by the clathrin and OsPIN3t.

Rice and Arabidopsis have different root development
patterns. Nonetheless, SA can inhibit the endocytic traffick-
ing in both Arabidopsis (Du et al., 2013) and rice (Figure 3),
implying that the mechanism of SA inhibited endocytosis
may be conserved in both dicotyledonous and monocotyle-
donous plants. Moreover, SA inhibition of root growth
through the disturbance of OsPIN3t-regulated polar auxin
transport (Figure 6) was independent of the canonical SA
signaling pathway (Figure 2). Previous research shows that
overexpression of OsNPR1 decreases the extent of rice root
system, and is also associated with lower IAA levels and
alteration of the OsGH3.8-regulated auxin distribution (Li
et al., 2016). This suggests that SA and OsNPR1 utilize two
different pathways to regulate auxin-mediated root
development.

In Arabidopsis, the polar auxin transport mediated by
the auxin efflux carrier family proteins PIN1 and PIN2 (Ada-
mowski & Friml, 2015; Friml, 2022) is known to play an
important role in the interference of SA with root growth
(Du et al., 2013; Zhao et al., 2015). SA is also known to
affect the expression of PIN1, PIN2, PIN3, PIN4 and PIN7
(Armengot et al., 2014; Pasternak et al., 2019). In this study,
SA inhibition of rice root growth was dependent on
OsPIN3t-regulated polar auxin transport (Figure 6). The
OsPIN3t localizes to the plasma membrane of rice root epi-
dermal cells and vascular bundles (Zhang et al., 2012).
However, AtPIN3 symmetrically localizes at the plasma
membrane of columella cells (Friml et al., 2002), and cla-
thrin is known to mediate the endocytosis of both AtPIN3
(Rakusova et al., 2016) and OsPIN3t (Figures 3p-t and 8j-
n). The SA-inhibited CME of OsPIN3t (Figure 8) and the dif-
ferential PIN3 expression patterns observed in rice and
Arabidopsis suggest that SA-inhibited growth of rice roots
may occur via clathrin-associated inhibition of auxin flux in
the epidermal cells and vascular bundles.

Salicylic acid regulation of root development involves
different cellular processes including auxin distribution (Du
et al., 2013; Ke et al., 2021). In this study, transcriptome
analysis revealed a central role for OsPIN3t in the network
of gene expression (Figure 5). The function of OsPIN3t is
directly or indirectly involved in the regulation of many

physiological processes, including the development of
roots, shoots, inflorescences, panicles, tillers, grains and
leaves (Figure 7a). It is plausible that SA affects auxin
transport via the action of OsPIN3t, in order to keep a bal-
ance between root growth and different physiological
activities. Meanwhile, clathrin is involved in the endocyto-
sis pathway in plant development (Du et al., 2013). An Ara-
bidopsis clathrin defective mutant (Du et al., 2013) and a
rice clathrin mutant (Figure 7k-s) were found to be insensi-
tive to SA treatment on root gravitropic stimulation. This
suggests that the CME has a conserved role in the SA inhi-
bition of root development in dicotyledons and monocoty-
ledons. However, the root growth and endocytic trafficking
mediated by the TyrA23 were independent of the OsPIN3t
gene under SA treatment (Figure 9), and the CHC gene
negatively regulates the expression of OsPIN3t gene
(Figure S21b). It suggests that the GRN mediated by the
OsPIN3t and CHC genes regulates rice root growth through
the regulation of auxin transport under SA treatment. Fur-
ther elucidation of the network components of the pathway
mediated by the OsPIN3t and CHC genes will provide us
with an insight into the effects of SA on root development.

EXPERIMENTAL PROCEDURES
Plant material and growth conditions

The rice plants used in this study were from the transgenic lines NB-
7B-70 (in a NB-61-WT background), NahG (in a Nipponbare back-
ground; Yang et al., 2004), OsNPR1-RNAi (in a TP309 background;
Yuan et al., 2007), OsPIN3t-RNAi (in a ZH11 background; Zhang
et al., 2012) and 35S :: OsPIN3t-GFP line (in a Zhonghua 11 back-
ground; Zhang et al., 2012). The rice npr1 (in a ZH11 background)
and pin3t (in a ZH11 background) mutants were obtained from Bio-
gle (Hangzhou Biogle Co., Ltd, Hangzhou, China). The seeds of rice
varieties, including LTH, Nipponbare, ZH11 and different transgenic
lines and mutants, were grown on 1/2 Murashige and Skoog (MS,
M5519; Sigma-Aldrich Trading Co., Ltd, Shanghai, China) medium
without supplementation of hormones or sugar in vertically ori-
ented plates at 28°C in darkness for 2 days, and then grown in 12-h
light conditions for 4 days. To induce germination of rice NahG, the
seeds of NahG were grown on 1/2 MS medium at 28°C in darkness
for 3days, and then in 12-h light conditions for 4 days. To obtain
high expression levels of transgenes, 6-day-old seedlings of trans-
genic rice Nipponbare expressing pOsPIN1b :: OsPIN1b-GFP, pOs-
PIN2 :: OsPIN2-GFP and 35S :: OsPIN3t-GFP were grown in water
conditions for 8 days under 12-h light conditions.

Drug treatments and confocal microscopy observation

To observe subcellular endocytosis, root tips from 6-day-old seed-
lings were incubated for the indicated times in a sterilized water
solution supplemented with appropriate volumes of 4 um FM4-64
(ThermoFisher Scientific Inc, Waltham, United States), 100 pm SA
(Sigma-AldrichTrading Co., Ltd), 25 um BFA (Thermo Fisher Scien-
tific Inc, Waltham, MA, USA), 10um TyrA23, 50 uym CHX (Sigma-
AldrichTrading Co., Ltd) and 50 ym MG132 (Sigma-AldrichTrading
Co., Ltd) dissolved with DMSO, as described previously (Du
et al., 2013). Confocal images were obtained using a Leica spectral
confocal microscope (Leica SP5; Leica Microsystems, Wetzlar,
Germany). The relative area of the internalized proteins (BFA
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bodies) and the relative fluorescence intensity at the plasma mem-
brane were measured using Imaged 1.41 software (Kitakura
et al., 2011) as described previously (Du et al., 2013).

Growth of rice seedlings under gravity stimulation and
treatment with SA

To observe root lengths of rice seedlings treated with SA, rice
seeds were surface-sterilized with 70% ethanol for 90 sec and 2%
sodium hypochlorite for 15 min, washed with sterilized water five
times and cultured on 1/2 MS medium grown in darkness for 2
days. Rice seedlings were then transferred to 1/2 MS medium sup-
plemented with 100 pm SA and grown for 4 days under 12-h light
conditions. The gravity stimulation experiment was conducted as
described previously (Du et al., 2013) with a minor modification.
Briefly, the rice seedlings were grown for 6days on 1/2 MS
medium, then transferred to 1/2 MS medium supplemented with
100 um SA, after which the plates were turned 90° and grown
under gravity stimulation for 18 or 120h under 12-h light
conditions.

Rice root transcriptome analysis

RNA sequencing of the rice line LTH was performed using six
samples, including three samples treated with DMSO, and three
samples were treated with SA. Six-day-old rice LTH seedlings
were grown on 1/2 MS medium supplemented with 2 mm SA for 4
days, and with other seedlings treated with DMSO acting as a con-
trol. The isolation, measurement, quantification of total mRNA,
construction of the RNA library and the paired-end sequencing of
sample cDNA from the LTH roots were carried out as described in
a previous report (Han et al., 2020), and were performed by Bio-
marker Technologies (Beijing, China). The transcriptome data
from the rice roots were submitted to the Genome Sequence
Archive (GSA) public database (http://gsa.big.ac.cn; accession no.
CRA002673). Using HISAT2 software, the clean reads were aligned
to the reference Nipponbare genome (MSU Rice Genome Annota-
tion Project release 7). Subsequently, the mapped reads were
assembled to generate unigenes in the software StringTie. Expres-
sion levels of unigenes were analyzed using DEseq2 (Love
et al., 2014), and assessment of biological replication was per-
formed using Pearson’s Correlation Coefficient (Formula 1).

=]

2(Xi=X)(Yi-Y)

Ryy = 4
3 e [ vy

(Formula 1)

In the above formula, n is the number of unigenes, X;and Y;
are expression levels of unigene i in samples X and Y, X and Y
are average expression levels of unigenes in different samples.
The Pearson'’s Correlation Coefficient value R,, ranges from -1 to
1, and a value close to 1 implies that the datasets are faithful
replicates.

Construction of the GRN

A GRN was constructed using RicNetDB by combining the results
of the DEGs analysis and the regulatory relationship pairs
between them and directly regulated genes (Lee et al., 2011; Liu
et al., 2013). DEGs with MSU_IDs were loaded into RiceNetDB,
and a regulatory relationship pair was maintained when the log
likelihood score of two genes with an association was more than
1.0. The GRN was visualized in Cytoscape (version 3.7.2). To find
the potentially important nodes in the network, a plugin

Salicylic acid regulates rice root growth 17

cytoHubba was used to search the hub genes, which were defined
as genes with high degrees of connectivity (here we use a thresh-
old of more than 200) and are more likely to be essential (Chin
et al., 2014). The sub-GRN of given genes was constructed using
breadth-first search.

Microscope observation of rice root subcellular structure

The root tips of 6-day-old Nipponbare rice seedlings were treated
with 100 upm SA dissolved in DMSO or with an equivalent volume
of DMSO (acting as a control) as described previously (Du
et al., 2013). For observation of the subcellular structure of the
root tips, we used a transmission electron microscope (TEM), and
followed standard protocol for sample preparation. The meristem
region of rice primary roots was cut into small pieces (1x 1mm),
fixed with glutaric dialdehyde and osmium (VIll) oxide twice and,
after dehydration with ethyl alcohol, was embedded in a resin
containing the agents Dow epoxy resin (DER) 736, 1-
nonenylsuccinic anhydride, aliphatic epoxy resin ERL-4221 and
dimethylaminoethanol. The samples were then sectioned to a
thickness of 70 nm in a LEICA EM UC7 ultramicrotome and were
stained with uranyl acetate (Zhong Jing Ke Yi Technology Co.,
Ltd, Beijing, China) for 15 min, and alkaline lead citrate, containing
trisodium citrate dehydrates, lead nitrate and sodium hydroxide,
for 5min. The specimens were then examined using a FEl TECNAI
SPIRIT G2 TEM under a voltage of 80kV and a current of 27 A. For
observation of the BFA bodies, root meristem regions were incu-
bated in sterilized water solution supplemented with 25 um BFA for
90 min as described previously (Du et al., 2013), and were then
subjected to the above procedure for examination under the TEM.

Analysis of rice root phenotype

The software ImageJ 1.41 was used for the measurement of the
root growth angle, root length, fluorescence intensities and rela-
tive areas of BFA bodies. All images were processed in the Photo-
shop software.
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