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ABSTRACT
Cytokinin signalling plays both positive and negative roles in plant resistance to pathogens. It is not clear whether the role of 
cytokinin changes at the different stages of pathogen infection. Arabidopsis thaliana sequentially exhibits distinct root mor-
phological symptoms during Ralstonia solanacearum infection, which offers a good system to investigate function of cytokinin 
in the whole pathogen infection process. Using this system, we found increase of cytokinin signalling by Lonely Guy 2 (LOG2) 
overexpression or depletion of type-A Arabidopsis Response Regulators (ARRs), negative regulators of cytokinin signalling path-
way, promoted cell death, wilting symptom and bacterial growth, but attenuated primary root growth inhibition and lateral root 
formation. The decrease of cytokinin signalling by mutation on Isopentenyl Transferases (IPTs) inhibited root hair formation, cell 
death, wilting symptom and bacterial colonisation. Application of different concentration of exogenesis 6-benzylaminopurine 
(6-BA) showed first promoted, then decreased root hair formation. Moreover, application of 6-BA accelerated cell death but sup-
pressed lateral root formation and primary root growth inhibition. The diverse roles of cytokinin in these different root disease 
phenotypes suggested function of cytokinin during plant responses to R. solanacearum is cell type-specific, which provides new 
insights on roles of cytokinin signalling in regulation on plant–pathogen interactions.

To survive in the natural environment, plants have acquired 
a sophisticated immune system to perceive pathogens and 
fend them off. The plant immune system consists of two 
branches: pattern-triggered immunity (PTI) and effector-
triggered immunity (ETI) (Jones and Dangl 2006). The activa-
tion of PTI and ETI alters the homeostasis of phytohormones, 
directly influencing the outcome of plant immunity (Zhou 

and Zhang  2020). It is well known that the phytohormone 
salicylic acid (SA) plays a critical role in plant resistance to 
hemibiotrophic pathogens, while jasmonic acid (JA) and 
ethylene are responsible for plant resistance to necrotrophic 
pathogens and insects (Burger and Chory  2019; Nakano, 
Omae, and Tsuda  2022). Moreover, auxin and abscisic acid 
(ABA) have been demonstrated to suppress plant resistance to 
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hemibiotrophic pathogens (Burger and Chory 2019; Nakano, 
Omae, and Tsuda 2022). In contrast, the function of cytokinin 
in plant defence is still not clear.

Many bacteria (Agrobacterium tumefaciens, Rhodococcus fas-
cians, Streptomyces turgidiscabies), oomycetes (Plasmodiophora 
brassciae), fungi (Magnaporthe oryzae) and nematodes (cyst 
and root-knot nematodes) can directly synthesise cytokinins 
(Bacete et al. 2020; Chanclud et al. 2016; Joshi and Loria 2007; 
Shanks et  al.  2016; Siddique et  al.  2015; Siemens et  al.  2006; 
Spallek et  al.  2018). Abolishment of cytokinin biosynthesis in 
those pathogens suppresses their growth on plants and prevents 
disease symptom development (Bacete et  al.  2020; Chanclud 
et  al.  2016; Shanks et  al.  2016; Siddique et  al.  2015; Siemens 
et  al.  2006). However, it has also been reported that cytokinin 
enhances plant resistance to Pseudomonas syringae (bacterium), 
Verticillium longisporum, Botrytis cinerea and Plectosphaerella 
cucumerina (fungi), Hyaloperonospora arabidopsidis (oomy-
cete) and viruses (Alonso-Diaz et al. 2021; Argueso et al. 2012; 
Bacete et  al.  2020; Choi et  al.  2010; Grosskinsky et  al.  2011; 
Gupta et  al.  2020; Naseem et  al.  2012; Naseem, Wolfling, and 
Dandekar 2014; Reusche et al. 2013). Together, these data seem 
to indicate that the negative or positive regulation of cytoki-
nin on plant resistance is pathogen species-specific. However, 
HopQ1, an effector from P. syringae, activates cytokinin sig-
nalling and interferes with plant immunity (Hann et al. 2014), 
which conflicts with the positive role of cytokinin in plant im-
munity to P. syringae (Choi et al. 2010; Grosskinsky et al. 2011; 
Wang et  al.  2017). Furthermore, cytokinin is essential for the 
pathogenicity of M. oryzae in rice, but it is also required for rice 
blast-triggered defence gene expression (Chanclud et  al.  2016; 
Jiang et al. 2013). Similar conflicting roles for cytokinin in plant 
defence also exist in the interaction between R. solanacearum 
and plants. Lack of cytokinin receptors Arabidopsis Histidine 
Kinases (AHK2, AHK3 and AHK4) in Arabidopsis accelerates 
bacterial wilt symptom development (Alonso-Diaz et  al.  2021). 
Mutation of the negative regulator of cytokinin signalling ARR6 
increases Arabidopsis susceptibility to R. solanacearum (Bacete 
et al. 2020). These studies imply that the role of cytokinin in plant 
immunity is context-dependent. Investigation on roles of cytoki-
nin at different stages of pathogen infection will help to elucidate 
the context-dependent function of cytokinin in the interaction 
between plants and microbes.

Ralstonia solanacearum, a soilborne vascular pathogen, invades 
many plant species including Arabidopsis and causes bacterial 
wilt disease, resulting in tremendous loss on crop production 
(Mansfield et al. 2012). Previously, we have demonstrated that 
Arabidopsis root architecture displayed dynamic changes as in-
fection progresses and divided root infection processes into four 
stages as root hair formation (at 24 h post-inoculation [hpi]), 
cell death on root tip and inhibition of primary root growth (at 
48 hpi) and lateral root formation (at 72 hpi) (Figure  S1) (Lu 
et  al.  2018; Zhao et  al.  2019). These scenarios during R. sola-
nacearum infection provide a very good system to explore the 
context-dependent role of cytokinin in the interaction between 
plants and pathogens. Here, taking advantage of these well-
described root disease symptoms and late wilting symptoms, 
we characterised the function of cytokinin in plant responses 
to R. solanacearum at different infection stages. Our data indi-
cate that cytokinin plays differential roles in different stages of 

the pathogen infection. These findings provide new insights on 
understanding the complex and important role of cytokinin in 
plant resistance to pathogens.

To ascertain the role of cytokinin in plant defence to R. so-
lanacearum, we re-analysed global transcriptome data 
of Arabidopsis roots in response to the pathogen (Zhao 
et  al.  2019). The genes involved in cytokinin biosynthesis 
(LOGs and CYP735A2 [Cytochrome P450 enzyme 735A2]), 
degradation (CKXs [Cytokinin Oxidases]) and signalling 
(type-A ARRs and KMDs [Kiss Me Deads]) exhibited dynamic 
changes in response to R. solanacearum infection (Figure S2, 
Table  S1). KMDs, a subfamily of F-box proteins targeting 
type-B ARR proteins for degradation (Kim et al. 2013), started 
going down at 6 hpi and maintained very low expression after 
24 hpi, in comparison to its expression at 0 hpi (Figure  S2), 
suggesting type-B ARRs become stable and prepare for up-
stream cytokinin signals after 6 hpi. The expression of meta-
bolic genes (CYP735A2, LOG2, LOG6, CKX2, CKX3 and CKX5) 
and signalling genes (ARR3, ARR4, ARR5, ARR7 and ARR16) 
of cytokinin significantly went up at 12 hpi in comparison 
to their expression at 0 hpi and reached a peak at 24–48 hpi, 
suggesting cytokinin is synthesised and cytokinin signalling 
is activated at this stage. The activation of biosynthesis genes 
(LOG2 and LOG6), degradation genes (CKX3 and CKX5) and 
signalling genes (ARR3, ARR4, ARR5 and ARR7) at 24 hpi was 
further confirmed by reverse transcription-quantitative PCR 
(RT-qPCR) (Figure S2). These data indicated that the cytoki-
nin signalling pathway was activated at the root hair forma-
tion stage (24 hpi) and cell death appearance and primary root 
growth inhibition stage (48 hpi), implying cytokinin may affect 
root disease symptom development. In comparison to 48 hpi, 
the expression of some cytokinin-related genes (LOG2, ARR16, 
ARR4, ARR5, CKX2 and CYP735A2) quickly went down at 
72 hpi. Interestingly, others (LOG6, ARR3, ARR7 and CKX5) 
maintained very high expression after 48 hpi (Figure S2). This 
suggests cytokinin signalling is still activated, but changes at 
these stages. Altogether, these differential expression patterns 
of cytokinin-related genes at different infection stages might 
be related to diverse disease symptoms, which hints that cy-
tokinin signalling is fine-tuned during the whole R. sola-
nacearum infection.

The biosynthesis gene LOG2 was upregulated at 24–48 hpi 
(Figure  S2). To determine whether LOG2 expression would 
have an impact on the plant responses to R. solanacearum, 
we investigated root disease symptoms and wilting symptoms 
on log2 mutant plants (Kuroha et al. 2009, Figure S3). We found 
that the log2 mutant plants displayed similar phenotypes of 
root hair formation, cell death on root tip, lateral root forma-
tion, inhibition on primary root growth and wilting symptoms 
as wild-type plants (Figure 1a–f). Moreover, the bacterial loads 
in log2 plants were similar to that in wild-type plants at 4 days 
post-inoculation (dpi) (Figure  1g). These data indicate that 
mutation of LOG2 does not affect disease development and re-
sistance to R. solanacearum. Considering that the expression 
of LOG6 is also significantly activated after R. solanacearum 
infection (Figure S2) and seven LOGs, including LOG2, show 
overlapping expression patterns and functional redundancy in 
Arabidopsis (Kuroha et  al.  2009; Tokunaga et  al.  2012), it is 
possible that LOG6 or other LOGs functionally compensate 
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for LOG2. Hence, we generated Arabidopsis transgenic plants 
overexpressing LOG2-FLAG under the control of a CaMV 35S 
constitutive promoter (Figure S3) and investigated the disease 

development at different stages of infection. LOG2 overexpres-
sors displayed longer root hairs and earlier cell death in re-
sponse to R. solanacearum in comparison to wild-type plants 

FIGURE 1    |     Legend on next page.
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(Figure  1a,b). LOG2 overexpression also resulted in quicker 
wilting symptoms and a lower survival rate (Figure  1e,f). 
Consistent with these disease phenotypes, LOG2 overex-
pressing plants showed more bacterial colonisation than 
wild-type plants (Figure  1h), indicating that cytokinin ac-
celerates disease development (root hair formation and cell 
death) and enhances plant susceptibility to R. solanacearum. 
However, lateral root formation and primary root growth in-
hibition caused by R. solanacearum were decreased on LOG2-
overexpressing plants (Figure 1i,j), indicating the increase of 
cytokinin content in Arabidopsis inhibits R. solanacearum-
triggered lateral root formation and primary root growth inhi-
bition. These data suggest cytokinin acts in different roles in 
different R. solanacearum-triggered root disease symptoms.

To further investigate the effects of the decrease in endogenous 
cytokinin content on R. solanacearum-triggered root disease 
symptoms, we focused on IPTs, a family of proteins catalysing 
the first step of cytokinin biosynthesis (Figure S2), because mul-
tiple LOG mutants containing log2 exhibit dwarf and very short 
primary roots, precluding any meaningful analysis (Tokunaga 
et al. 2012). IPT3, IPT5 and IPT7 (IPT3/5/7), but not other IPTs, 
are highly expressed and are mainly involved in cytokinin bio-
synthesis in vegetative plants (Miyawaki, Matsumoto-Kitano, 
and Kakimoto  2004; Miyawaki et  al.  2006). The ipt3/5/7 tri-
ple mutant displays lower endogenous levels of cytokinin than 
wild-type plants and weak growth defect in vegetative growth 
(Miyawaki et  al.  2006). To ascertain the effect of low endog-
enous cytokinin on disease development, we further investi-
gated disease symptoms of ipt3/5/7 triple mutant plants after 
R. solanacearum infection. Root hair formation and cell death 
were reduced on ipt3/5/7 triple mutants (Figure  1k,l). It has 
been reported that IPT3/5/7 inhibits primary root growth and 
lateral root formation (Miyawaki et  al.  2006), but mutation 
of IPT3/5/7 had little effect on primary root growth inhibi-
tion and lateral root formation triggered by R. solanacearum 
(Figure 1m,n). It is possible that cytokinin plays a minor role in 
R. solanacearum-triggered lateral root formation and primary 
root growth inhibition. Consistent with weakened root hair 
formation and cell death on ipt3/5/7 triple mutants, mutation 

of IPT3/5/7 inhibited bacterial wilting symptom and R. sola-
nacearum colonisation (Figure  1o–q). Altogether, our data 
indicate cytokinin plays a positive role in disease symptom 
development such as root hair formation, cell death, bacterial 
wilt and plant susceptibility to R. solanacearum, but a nega-
tive role in lateral root and primary root inhibition, suggest-
ing the role of cytokinin in disease development is disease 
symptom-specific.

Type-A ARRs, hallmarks of activation of cytokinin signal-
ling, act as negative-feedback regulators of cytokinin signal-
ling via suppression on key cytokinin signalling regulators 
type-B ARRs activation (Kieber and Schaller 2018; Svolacchia 
and Sabatini  2023). Induction of type-A ARRs expression by 
R. solanacearum suggests that cytokinin signalling might be 
important for disease development (Figure  S2). Therefore, we 
investigated root disease development on type-A ARR single 
mutants arr5, arr6 and arr7 after pathogen infection. arr5, but 
not arr6 nor arr7 displayed shorter root hairs and fewer lateral 
roots after R. solanacearum inoculation (Figure 2a,b). However, 
inhibition of primary root growth, cell death, and bacterial 
growth were not different between wild-type plants and these 
individual ARR mutants (Figure  2c–e). Considering that the 
Arabidopsis genome contains 10 type-A ARRs (To et al. 2004), 
the minor effect of individual ARRs mutation on root disease 
symptom might be related to functional redundancy of this 
family of proteins. To at least partially overcome this problem, 
we analysed root disease symptoms on type-A ARR quadru-
ple mutants arr3/4/5/6, arr3/4/8/9 and arr5/6/8/9 after R. sola-
nacearum infection (To et al. 2004). Root hair and lateral root 
formation were attenuated on these three quadruple mutants 
(Figures  2f,g and S4). With the exception of arr5/6/8/9, these 
quadruple mutants exhibited weaker primary root growth in-
hibition (Figure 2h). Unexpectedly, cell death was accelerated 
in the quadruple mutants (Figure 2i). Regarding wilting disease 
development, arr3/4/8/9 and arr5/6/8/9 showed earlier wilting 
and lower survival rate than wild-type plants (Figure  2j,k). 
Consistent with bacterial wilt symptoms, the mutant plants sup-
ported more bacterial growth than wild-type plants (Figure 2l). 
All these data indicate that type-A ARRs negatively regulate 

FIGURE 1    |    Ectopic expression of cytokinin biosynthesis-related genes alters Ralstonia solanacearum disease symptom development on plants. 
(a) Overexpression of LOG2 promoted R. solanacearum-induced root hair formation. (b) Overexpression of LOG2 accelerated R. solanacearum-
induced cell death. (c, d) Lack of LOG2 did not affect lateral root formation and inhibition on primary root growth caused by R. solanacearum. (e, f) 
Overexpression of LOG2 accelerated bacterial wilt symptom development. (g) Lack of LOG2 did not change plant sensitivity to R. solanacearum. (h) 
Overexpression of LOG2 increased plant susceptibility to R. solanacearum. (i) Overexpression of LOG2 decreased R. solanacearum-caused lateral 
root formation. (j) Overexpression of LOG2 inhibited R. solanacearum-caused primary root growth inhibition. (k) Triple mutant ipt3/5/7 displayed 
shorter root hair. (l) Triple mutant ipt3/5/7 showed delayed cell death. (m, n) Loss of function of IPT3/5/7 had minor effect on lateral roots and prima-
ry root growth inhibition. (o, p) ipt3/5/7 plants displayed delayed wilting symptom. (q) Bacterial colonisation was restricted in ipt3/5/7 plants. Seven-
day-old seedlings grown in vitro were infected with R. solanacearum GMI1000. Root hairs were photographed at 24 h post-inoculation (hpi) with an 
Olympus microscope (a, k; bar = 100 μm; n = 6–7). Cell death on infected seedlings was visualised with Evans blue staining and photographed with 
an Olympus BX53 microscope at the indicated time (b, l; bar = 50 μm; n = 6). The number of lateral roots was counted at 4–5 days post-inoculation 
(dpi) (c, i and m; n = 10). Root elongation from the moment of R. solanacearum infection was measured with a ruler at 4–5 dpi (d, j and n; n = 10). 
Bacterial population in whole seedlings was measured at 4 dpi (g, h; n = 6). Roots of 5-week-old plants were cut with a razor blade and soil-drenched 
with a R. solanacearum solution (OD600 = 0.1). Wilting disease development was recorded and given a disease index score (1–4) by day (e and o; n = 16). 
For survival rate, disease index score ≤ 2 was regarded as ‘0’ while disease index score ≥ 3 was regarded as ‘1’ (f, p; n = 16). Bacterial population in 
ipt3/5/7 leaves was determined at 13 dpi (q; n = 6). Statistical analysis was done by Student's t test (c,d, g, m, n and q; ns, no significance, ****p < 0.0001), 
one-way analysis of variance Dunnett's (h–j; **p < 0.01; ****p < 0.0001) or log-rank (Mantel–Cox) test (f, p; p value is indicated in the picture). All ex-
periments were repeated at least three times with similar results. Values in figures represent mean ± SE.
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cell death, wilting symptoms and plant sensitivity to R. sola-
nacearum, but positively regulate root hair formation, lateral 
root formation and primary root growth inhibition, which 

further confirms the notion indicated by LOG2 overexpression 
that the function of cytokinin in disease development is root 
disease symptom-dependent.

FIGURE 2    |     Legend on next page.
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Interestingly, loss of function of multiple type-A ARRs and 
LOG2 overexpression showed differential root hair formation 
phenotype (Figures 1a and 2a), although both of them boost 
cytokinin signalling by removing brake of cytokinin signal-
ling or increasing supply of endogenous cytokinin (Kieber 
and Schaller  2018; Miyawaki et  al.  2006; To et  al.  2004; 
Tokunaga et  al.  2012), which might be related to amplitude 
of cytokinin signalling. To answer this question, we investi-
gated the effect of a series of concentrations of the synthetic 
cytokinin 6-benzylaminopurine (6-BA) on R. solanacearum-
triggered root hair formation and other disease symptoms. 
Low concentrations of 6-BA (≤ 200 nM) promoted root hair 
formation after infection. When the concentration increased 
to 1000 nM, root hair formation was completely blocked by 
6-BA (Figure  3a). These data indicated the differential am-
plitude of cytokinin signalling leads to distinct effects on R. 
solanacearum-triggered root hair formation, which might ex-
plain the distinct effects on root hair formation that appeared 
on multiple type-A ARR mutants and overexpressing LOG2 
plants (Figures 1a and 2a). Adding a low concentration of 6-BA 
(25 nM) significantly accelerated cell death at root tips after R. 
solanacearum infection (Figure  3b). In contrast to root hair 
formation, higher concentrations of 6-BA did not attenuate R. 
solanacearum-triggered cell death (Figure  3b). Additionally, 
with increasing concentrations of 6-BA, R. solanacearum-
induced lateral root formation and primary root growth in-
hibition were decreased (Figure 3c,d). This is consistent with 
our findings that overexpressing LOG2 or loss of function of 
type-A ARRs decreases lateral root formation and primary 
root inhibition (Figures  1i,j and 2b,c), and further confirm-
ing our prior observations showing that cytokinin negatively 
modulates R. solanacearum-mediated lateral root formation 
and primary root growth inhibition. The concentration of 
6-BA displayed three different effects on root hairs, cell death, 
lateral root formation and primary root growth inhibition; we 
wondered how the amplitude of cytokinin signalling affects 
Arabidopsis sensitivity to R. solanacearum. In  vitro bacte-
rial growth assays showed that a rise of 6-BA concentration 
first promoted, then inhibited the pathogen growth in plants 
(Figure 3e). Altogether, our data suggest the fine-tuned cyto-
kinin signalling in different infection stages determines the 
root responses to R. solanacearum infection.

Using sequential disease symptoms exhibited by plants in-
fected with R. solanacearum (Lu et al. 2018; Zhao et al. 2019), 
we demonstrated that cytokinin plays diverse roles in dif-
ferent root disease symptoms: (1) cytokinin significantly en-
hanced R. solanacearum-triggered cell death but increasing 
cytokinin concentration did not further promote cell death 
appearance compared to 25 nM cytokinin. (2) Cytokinin in-
hibited R. solanacearum-triggered lateral root formation; the 
inhibitory effect became stronger as the concentration of cyto-
kinin increased. (3) Primary root growth inhibition was also 
alleviated in the presence of cytokinin. Increasing cytokinin 
concentration strengthened the inhibitory effect of cytokinin 
on R. solanacearum-triggered primary root growth inhibition. 
Considering that LOG2 overexpression and application of 
6-BA both inhibited primary root growth regardless of infec-
tion (Figures 1j and 3d), we could not rule out that the weak-
ened primary root growth inhibition is caused by the direct 
strong inhibitory effect of cytokinin on root growth (Kieber 
and Schaller 2018). (4) Cytokinin displayed a parabolic effect 
on R. solanacearum-triggered root hair formation and bacte-
rial colonisation. Root hair formation and bacterial growth 
were enhanced at low concentrations of cytokinin but reduced 
by higher concentrations of cytokinin. Taken together, our 
data indicates the function of cytokinin in the plant–patho-
gen interaction varies as the pathogen infection progresses. 
The diverse roles of cytokinin in these root disease symptoms 
might be related to level of cytokinin content in roots during 
R. solanacearum infection. Our RNA-seq data indicated the 
expressions of genes involved in cytokinin biosynthesis and 
signalling were activated and dynamically changed as infec-
tion progressed. In addition, TCS(n)::GFP, a reporter for cy-
tokinin signalling pathway, is activated in Arabidopsis after  
R. solanacearum infection (Alonso-Diaz et  al.  2021). These 
data suggest that cytokinin content increases in infected 
roots, which is supported by the fact that endogenous cytoki-
nin contents in roots of adult plants increase over the infec-
tion time (Alonso-Diaz et  al.  2021). In future, time-resolved  
quantification of cytokinin contents in different root cell 
types of Arabidopsis seedlings during R. solanacearum  
infection will greatly help to elucidate the diverse roles of 
cytokinin in these root disease symptoms in different root 
cell types.

FIGURE 2    |    Loss of function of multiple type-A ARRs affects Ralstonia solanacearum-induced plant disease symptoms and plant susceptibility to 
R. solanacearum. (a) arr5 mutant displayed shorter root hairs. (b) arr5 mutant produced fewer lateral roots than wild-type plants. (c) The arr single 
mutants did not affect inhibition on primary root growth. (d) The arr single mutants did not affect cell death. (e) Single arr mutants exhibited similar 
plant sensitivity to R. solanacearum. (f) Simultaneous mutations of multiple type-A ARRs blocked root hair formation. (g, h) Simultaneous mutations 
of multiple type-A ARRs lowered lateral root formation and primary root growth inhibition. (i) Simultaneous mutations of multiple type-A ARRs re-
sulted in earlier cell death on root tip. (j, k) Type-A ARRs quadruple mutants displayed quicker and stronger wilting symptom than wild-type plants. 
(l) Simultaneous mutations of multiple type-A ARRs increased plant susceptibility to R. solanacearum. Seven-day-old seedlings grown in vitro were 
infected with R. solanacearum GMI1000. Root hairs were photographed at 24 h post-inoculation (hpi) with Olympus microscope (a, f; bar = 100 μm; 
n = 6–7). The number of lateral roots was counted at 4–5 days post-inoculation (dpi) (b, g; n = 10). Root elongation length from the moment of R. so-
lanacearum infection was measured with a ruler at 4–5 dpi (c, h; n = 10). Cell death on infected seedlings was observed by staining with Evans blue 
solution and photographed by an Olympus BX53 at the indicated time (d, i; bar = 50 μm; n = 6). Bacterial population in whole seedlings was measured 
at 4 dpi (e, l; n = 6). Roots of 5-week-old plants were cut with a razor blade and soil-drenched with R. solanacearum. Wilting disease development was 
recorded and given a disease index score (1–4) by day (j; n = 16). For survival rate, disease index score ≤ 2 was regarded as ‘0’ while disease index 
score ≥ 3 was regarded as ‘1’ (k; n = 16). Statistical analysis was done by one-way analysis of variance Dunnett's (b, c, e, g, h and l; ns, no significance, 
*p < 0.05, ***p < 0.001, ****p < 0.0001) or log-rank (Mantel–Cox) test (k; p value is indicated in the picture). All experiments were repeated at least three 
times with similar results. Values in figures represent mean ± SE.
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Diverse R. solanacearum-mediated root disease symptoms se-
quentially appear at different infection stages (Lu et  al.  2018; 
Zhao et  al.  2019). The negative or positive regulation of cyto-
kinin on those root disease symptoms suggests the function of 
cytokinin is infection stage (temporal)-dependent during R. sola-
nacearum infection. Moreover, root hairs are derived from root 

epidermis cells (Vissenberg et al. 2020), lateral roots originate 
from pericycle cells (Torres-Martinez, Napsucialy-Mendivil, 
and Dubrovsky  2022) and cell death happens to many differ-
ent cell types in the  root meristem zone (Lu et al. 2018; Zhao 
et  al.  2019). All of these cues indicate that the role of cytoki-
nin in plant defence to the pathogen is also spatially dependent. 

FIGURE 3    |    Influence of 6-benzylaminopurine (6-BA) on different Ralstonia solanacearum-triggered disease symptoms and plant resistance. 
(a) Effect of exogeneous 6-BA on root hair formation. (b) Application of 6-BA promoted cell death. (c, d) Application of 6-BA reduced lateral root 
formation and inhibition on primary root growth caused by R. solanacearum. (e) Effect of 6-BA on plant susceptibility is dependent on its concen-
tration. Six-day-old seedlings grown in vitro were transferred to Murashige and SkoogS-  or agar plates containing various concentrations of 6-BA 
for 24 h, then infected with R. solanacearum GMI1000. Root hairs was photographed at 24 h post-inoculation (hpi) with an Olympus microscope (a; 
bar = 100 μm; n = 6–7). Cell death on infected seedlings was observed by staining with Evans blue solution and photographed by an Olympus BX53 
microscope at the indicated time (b; bar = 50 μm; n = 6). Number of lateral roots was counted at 4–5 days post-inoculation (dpi) (c; n = 10). Root elon-
gation length from the moment of R. solanacearum infection was measured with a ruler at 4–5 dpi (d; n = 10). Bacterial population in whole seed-
lings was measured at 4 dpi (e; n = 6). Statistical analysis was done by one-way analysis of variance Turkey's test (c–e; letters on columns indicate 
statistically significant differences). All experiments were repeated at least three times with similar results. Values in figures represent mean ± SE.
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The differential roles of cytokinin in different spatially arranged 
cells have been reported in the interaction between plants and 
rhizobacteria, in which cytokinin limits rhizobacterial invasion 
of the root epidermis and promotes rhizobacterial colonisation 
of the root cortex during nodule formation (Miri et  al.  2016). 
Therefore, future investigation on molecular events in different 
cell types over pathogen infection time is necessary for explic-
itly elucidating the molecular mechanism in the interaction be-
tween plant and pathogen. Newly developed single-nuclei/cell 
transcriptome and spatial transcriptome techniques have been 
used to investigate new and rare cell types, gene expression het-
erogeneity across cells and trajectories of cell fate choices during 
plant development and provide new insights for complex mech-
anisms of plant development (Giacomello  2021; Yin, Xia, and 
Xu 2023; Yu, Liu, and Sun 2023). The time-resolved single-cell 
and spatial gene regulatory atlas of plant under pathogen attack 
will help to decipher the multifaceted function of cytokinin 
in the interaction between plants and pathogens and advance 
our understanding about cell type-specific immune responses 
during plant disease development or plant resistance, which will 
greatly help molecular breeding in the near future.

EXPERIMENTAL PROCEDURES

The details of materials, methods and primers used in this study 
were described in Methods S1 and Table S2.
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