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SUMMARY

Infections by root-feeding nematodes have profound effects on root system architecture and consequently
shoot growth of host plants. Plants harbor intraspecific variation in their growth responses to belowground
biotic stresses by nematodes, but the underlying mechanisms are not well understood. Here, we show that
the transcription factor TEOSINTE BRANCHED/CYCLOIDEA/PROLIFERATING CELL FACTOR-9 (TCP9) modu-
lates root system architectural plasticity in Arabidopsis thaliana in response to infections by the endopara-
sitic cyst nematode Heterodera schachtii. Young seedlings of tcp9 knock-out mutants display a significantly
weaker primary root growth inhibition response to cyst nematodes than wild-type Arabidopsis. In older
plants, tcp9 reduces the impact of nematode infections on the emergence and growth of secondary roots.
Importantly, the altered growth responses by tcp9 are most likely not caused by less biotic stress on the
root system, because TCP9 does not affect the number of infections, nematode development, and size of
the nematode-induced feeding structures. RNA-sequencing of nematode-infected roots of the tcp9 mutants
revealed differential regulation of enzymes involved in reactive oxygen species (ROS) homeostasis and
responses to oxidative stress. We also found that root and shoot growth of tcp9 mutants is less sensitive to
exogenous hydrogen peroxide and that ROS accumulation in nematode infection sites in these mutants is
reduced. Altogether, these observations demonstrate that TCP9 modulates the root system architectural
plasticity to nematode infections via ROS-mediated processes. Our study further points at a novel regula-
tory mechanism contributing to the tolerance of plants to root-feeding nematodes by mitigating the impact
of belowground biotic stresses.

Keywords: root system architecture, root plasticity, TCP transcription factor, cyst nematodes, biotic stress,
reactive oxygen species, damage, tolerance, Heterodera schachtii.

INTRODUCTION responses to belowground biotic stress by these cyst

Plant roots are intermittently exposed to various abiotic
stresses, such as drought, but also to biotic stresses, such
as herbivory by root-parasitic nematodes. Plants utilize
root system architectural plasticity to cope with such
changing environmental conditions in the soil (Karlova
et al., 2021; Koevoets et al., 2016). For instance, secondary
roots are formed at the water-contact side of the roots to
adapt root system architecture to the heterogeneous distri-
bution of water in the soil (Karlova et al., 2021). Likewise,
root feeding by plant parasitic nematodes results in the
formation of secondary roots in the proximity of perma-
nent nematode-induced feeding structures (Goverse et al.,
2000; Lee et al., 2011). Earlier work has shown that
plants harbor intraspecific variation in their root growth
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nematodes, which correlates with the overall level of toler-
ance to nematode infections (Miltner et al., 1991; Trudgill
& Cotes, 1983). However, the genetic and molecular mech-
anisms governing root system architectural plasticity in
response to biotic stress during nematode infections in
plants are not well understood.

The impact of root-feeding cyst nematodes on plant
development and growth leads to large global agricultural
losses. This is partly because cyst nematodes can persist
in a dormant state in the soil in the absence of host plants
for many years (Jones et al., 2013). Hatching of infective
juveniles of cyst nematodes primarily occurs in response
to root exudates of host plants. These root exudates also
provide guidance for the migration of cyst nematodes to
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the root surface, where they penetrate the root epidermis
at the differentiation or maturation zone. Host invasion by
cyst nematodes involves piercing of plant cell walls with a
needle-like oral stylet and concomitant secretion of plant
cell wall degrading enzymes (Rehman et al., 2009). Once
inside the root cortex, infective juveniles migrate intracellu-
larly towards the vascular cylinder, while causing extensive
tissue damage. After arriving at the vascular cylinder, they
deliver stylet secreted effectors into a host cell to initiate
the formation of a permanent feeding site by manipulating
plant cell differentiation and growth. Throughout the
course of several weeks, this permanent feeding site
expands further inside the vascular cylinder by local cell
wall degradation and subsequent fusion of neighboring
host cells. The permanent feeding site, hereafter named
syncytium, provides cyst nematodes access to the flow of
assimilates in the plant, which are essential for nematode
development and reproduction. Thus, biotic stress on plant
root systems during cyst nematode infections is caused by
tissue damage during host invasion and loss of assimilates
by feeding nematodes.

Members of the TEOSINTE BRANCHED1/CYCLOIDEA/
PROLIFERATING CELL FACTORT1 (TCP) transcription factor
family convert environmental signals into adaptive growth
responses in plants (Danisman, 2016). In Arabidopsis, the
TCP family consists of 24 members and is divided over
two groups, named class | and Il, based on sequence varia-
tion in a conserved TCP domain of about 60 residues (Li,
2015). Class | and Il TCPs differ in composition of the
nuclear localization signal, the length of the second helix
in the basic helix-loop-helix region, and the presence of a
positively charged arginine-rich domain (Cubas et al.,
1999). The basic region in the TCP domain is required for
binding to GC-rich motifs in cis-regulatory elements in
DNA sequences upstream of genes that are transcription-
ally regulated by TCPs (Kosugi & Ohashi, 2002). Moreover,
TCPs are able to form homo- and heterodimers, mostly
between different members of the same class, which fur-
ther contributes to functional diversity within the TCP fam-
ily (Danisman et al., 2012; Viola et al., 2011). Because both
class | and Il TCP factors can bind to partially overlapping
cis-acting regulatory elements, it is thought that members
of the two classes might act antagonistically (Danisman
et al., 2012). However, recent reports do not support a strict
functional distinction of class | and class Il TCP into tran-
scriptional activators and repressors, respectively (Kubota
et al., 2017; Lucero et al., 2017; Wang et al., 2020).

Several TCP transcription factors have been shown to
drive adaptations in root system architecture in response
to abiotic stress. For instance, in Arabidopsis, TCP20 regu-
lates preferential secondary root growth in response to
nitrates in a process called root foraging (Guan et al.,
2014). To this end, TCP20 interacts with NIN-like protein
(NLP) transcription factors NLP6 and NLP7 to support root
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meristem growth under nitrogen starvation (Guan et al.,
2014). Likewise, TCP13 regulates leaf and root growth in
Arabidopsis in response conditions simulating drought
(Urano et al., 2022). Furthermore, heterologous expression
of PeTCP10 of bamboo (Phyllostachys edulis) in transgenic
Arabidopsis induces secondary root growth under treat-
ments simulating drought conditions (Liu et al., 2020) and
salt stress (Xu et al., 2021). In a similar experimental
design, OsTCP19, a class | TCP from rice, also makes plants
more tolerant to salt stress (Mukhopadhyay & Tyagi, 2015).
A subset of TCP transcription factors involved in root
development and growth is controlled by the microRNA
miR319 (Baulies et al., 2022), which together may form a
regulatory module tuning plant responses to abiotic stres-
ses (Fang et al., 2021; Zhou et al., 2013).

As members of the TCP family in Arabidopsis regulate
root system architectural changes in response to abiotic
stresses, we reasoned that they might also be involved in
root plasticity under biotic stress. To test this hypothesis,
we first analyzed the expression of TCP family members
during early stages of infection of the beet cyst nematode
Heterodera schachtii in Arabidopsis. As TCP9 was found to
be strongly upregulated in association with nematode
infections, we further focused our study on this class | TCP
transcription factor. Hereto, we investigated the impact of
TCP9 on root plasticity during cyst nematode infections by
monitoring the primary root growth inhibition response
and secondary root formation shortly after inoculation with
infective juveniles. Next, we tested if the aberrant root phe-
notypes observed for tcp9 mutants could be caused by a
loss of susceptibility to nematode infections, and therefore
lower levels of biotic stress on the root system. To pinpoint
possible mechanisms underlying the impact of TCP9 on
root system architectural plasticity, we used RNA-
sequencing (RNA-seq) of nematode-infected roots of tcp9
mutants at early stages of infection by H. schachtii. The
TCP9-regulated gene expression patterns that we observed
herein pointed at changes in reactive oxygen species
(ROS)-mediated processes. We therefore subsequently
analyzed if ROS accumulates differently in nematode infec-
tion sites in the tcp9 mutants and if root and shoot growth
of these mutants responds differently to exogenously
applied hydrogen peroxide (H,0,) as compared with wild-
type Arabidopsis plants. Altogether, our data provide
insights into a novel mechanism underlying root architec-
ture plasticity in response to biotic stress by endoparasitic
cyst nematodes.

RESULTS

TCPs are differentially regulated during Heterodera
schachtii infection

To investigate if members of the TCP transcription factor
family are differentially regulated during early stages of
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nematode infection, we assessed their expression levels in
whole root systems of Arabidopsis infected with H. schach-
tii using RNA-seq. We inoculated 4-day-old seedlings with
infective H. schachtii juveniles and analyzed the root tran-
scriptome at 6, 12, 24, 48, 72, and 120 h post-inoculation
(hpi). We found that nine TCP family members were differ-
entially expressed in nematode-infected roots at one or
more time points post-inoculation (Figure 1). Of the class |
TCPs, TCP8, TCP9, and TCP20 were upregulated, whereas
TCP7, TCP14, and TCP21 were downregulated. Of the class
Il TCPs, only TCP13 was upregulated throughout this entire
time series, whereas both TCP2 and TCP24 were downreg-
ulated at the 120 hpi. Our data thus showed that TCP tran-
scription factors might indeed be involved in regulating
plant responses during the onset of parasitism by
H. schachtii.

TCP9 modulates root system architecture during
Heterodera schachtii infection

Both TCP9 and TCP13 were significantly upregulated
throughout all early stages of infection by H. schachtii in
Arabidopsis. As the function of TCP13 has recently been
studied in more detail (Hur et al., 2019; Urano et al., 2022),
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Figure 1. Members of TCP gene family are differentially regulated in whole
roots of nematode-infected Arabidopsis seedlings.

Relative expression level of TCPs as determined by RNA-sequencing of
whole roots of Arabidopsis seedlings either inoculated with 200 infective
juveniles of Heterodera schachtii or mock inoculated. Samples were col-
lected at 6, 12, 24, 48, 72, and 120 h post-inoculation. Heatmap shows the
Log2 fold-change of TCP gene expression of normalized read counts per
gene in nematode-inoculated seedlings versus mock-inoculated seedlings
at different time points. Green indicates upregulation and red indicates
downregulation. *Significantly different expression level in nematode- ver-
sus mock-inoculated seedlings (*P < 0.05).

we decided to focus our research on a possible role for
TCP9 in root plasticity responses to biotic stress by H.
schachtii. TCP9 can alter root growth in Arabidopsis, but if it
does so in response to abiotic and biotic stress is unknown.
We also included TCP20 in our study, because it transcrip-
tionally regulates TCP9 expression and forms a functional
dimer with TCP9 (Danisman et al., 2012; Wang et al., 2015).
First, we challenged 4-day-old seedlings of the Arabidopsis
loss-of-function single mutants tcp9, tcp20, and the double
mutant tcp9tcp20 with infective juveniles of H. schachtii to
monitor changes in primary root growth at 4 dpi. Notably,
at this young age the root system for Arabidopsis seedlings
only consists of a primary root. We found that primary root
growth of all three tcp mutants and wild-type Arabidopsis
seedlings was inhibited after inoculation with H. schachtii
(Figure 2a,b). Because we noticed differences in primary
root growth for tcp20 and tcp9tcp20 in mock-inoculated
seedlings (Figure S2), we also calculated the relative
growth of the primary root compared with mock-inoculated
plants of the same genotype (Figure 2c). This showed that
the relative growth of the primary root of both tcp9 and the
tcp9tcp20 mutants was significantly less affected (and thus
closer to 1) by cyst nematodes than of the tcp20 mutant and
wild-type Arabidopsis.

Next, we tested if TCP9 also affects growth of other
root system architecture components in response to
H. schachtii. Hereto, we inoculated 9-day-old Arabidopsis
seedlings having a more elaborate root system with
H. schachtii, and measured different root architecture com-
ponents (i.e., total root length, primary root length, num-
ber of secondary roots, total secondary root length) at
7 dpi (Figure 3a). All measurements were transformed
to relative values by normalizing the data to the median
of the corresponding measurement in mock-inoculated
plants. We found that the total relative root length of only
the tcp9 mutant was significantly less affected (and closer
to 1) by inoculation with H. schachtii compared with wild-
type Col-0 plants (Figure 3b). Remarkably, the relative
growth of the primary root of the tcp9 mutants was still
slightly but no longer significantly different from wild-type
Arabidopsis (Figure 3c). However, the number (Figure 3d)
and the total length of the secondary roots (Figure 3e)
were less affected by H. schachtii in the tcp9 mutant as
compared with wild-type Arabidopsis Col-0. We therefore
concluded that TCP9 modulates the plasticity of the root
system architecture in response to H. schachtii in Ara-
bidopsis.

TCP9 does not affect susceptibility of Arabidopsis to
Heterodera schachtii

Next, we asked if the root growth response of the tcp9
mutants upon nematode infections was different, because
of loss of susceptibility to H. schachtii. In other words,
we reasoned that a weaker response in root system
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Figure 2. Primary root growth of young tcp9 mutant seedlings is less affected by cyst nematode infections.

Four-day-old Arabidopsis seedlings (tcp9, tcp20, tcp9tcp20, and wild-type Col-0) were inoculated with 15 juveniles of Heterodera schachtii or a mock solution.
(a) Representative pictures of seedlings either nematode- or mock-inoculated at 4 days post-inoculation (dpi).

(b) Primary root length (cm) of wild-type and mutant Arabidopsis seedlings at 4 dpi. Data were analyzed with a two-way ANOVA with a post-hoc Tukey HSD test

(n = 60). ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001.

(c) Impact of nematode infection on primary root growth calculated as the primary root length of nematode-inoculated seedlings divided by the median value of
mock-inoculated seedlings of the same genotype. Data were analyzed with a multiple comparison one-way ANOVA with a post-hoc Tukey HSD test. Letters indi-
cate different levels of significance. This experiment was performed three times with similar outcomes and pooled for data analysis.

architecture of tcp9 and tcp9tcp20 mutants could be due to
a smaller number of nematodes inside the roots, and
therefore a lower level of biotic stress on the root system.
However, we observed no significant differences in the
number of nematodes per plant between any of the mutant
lines and wild-type Arabidopsis at 4 dpi (Figure 4a).

To assess further if TCP9 affects the development
of feeding nematodes, we monitored their progression
through different development stages inside plants for 28
dpi. We observed that parasitic second stage juveniles did
not molt significantly faster into third stage juveniles in
any of the mutants compared with wild-type Arabidopsis
plants (Figure 4b). Furthermore, as the supply of nutrients
to feeding cyst nematodes can affect the differentiation of
juveniles into either males or females, we also examined if
TCP9 affects the sex determination of H. schachtii. To this
end, we counted the number of males, females, and the
total number of individuals at 28 dpi. We observed no sig-
nificant difference in the number of males or females in
any of the mutant lines as compared with wild-type Ara-
bidopsis (Figure 4c-e). We therefore concluded that TCP9
does not affect normal development of H. schachtii.

Differences in plant susceptibility to parasitic nema-
todes can also appear in the size of the feeding females.
To test if TCP9 indirectly regulates female growth, we mea-
sured the maximum surface area of adult females in the
two-dimensional focal plane of a dissecting microscope

© 2022 The Authors.

(Figure 4f). The surface area of adult females in none of
the mutants was significantly different compared with
wild-type Arabidopsis plants (Figure 4g). Then, we asked if
the size of nematode-induced syncytium could be affected
by TCP9. After measuring the maximum surface area of
individual syncytia of feeding adult females, we found no
significant difference between the tcp mutants and wild-
type Arabidopsis plants either (Figure 4h). Altogether, we
concluded that TCP9 does not affect susceptibility of Ara-
bidopsis to infections by H. schachtii and that lower levels
of biotic stress are not the cause of the altered root growth
responses in nematode-infected tcp9 mutants.

TCP9 regulates the expression of genes involved in ROS-
related processes

TCP9 functions as a transcription factor and to understand
how it modulates root growth responses, we analyzed
changes in the root transcriptome upon infection with
H. schachtii in both wild-type and different mutant Ara-
bidopsis plants. To this end, we performed a time-series
experiment for which we inoculated 4-day-old Arabidopsis
seedlings of the tcp9, tcp20, and tcp9tcp20 mutants and
wild-type Arabidopsis plants with H. schachtii or a mock
solution. Whole roots were sampled at 24, 48, and 72 hpi
and subsequently subjected to RNA-seq. A principal com-
ponents analysis of the sequence data revealed that most
of the overall variance in gene expression was captured by
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Figure 3. Root system architecture of tcp9 mutants responds less to cyst nematode infections.
Nine-day-old Arabidopsis seedlings (tcp9, tcp20, tcp9tcp20, and wild-type Col-0) were inoculated with 200 or 0 (Mock) infective juveniles of Heterodera schachtii.
(a) Representative pictures of seedlings at 7 days post-inoculation (dpi). For data analysis, all values were normalized to the median of the measurements of the

corresponding mock-inoculated plants at 7 dpi.
(b) Total root length of wild-type and mutant Arabidopsis seedlings.
(c) Primary root length of wild-type and mutant Arabidopsis seedlings.

(d) Number of secondary roots of wild-type and mutant Arabidopsis seedlings.
(e) Total secondary root length of wild-type and mutant Arabidopsis seedlings. This experiment was performed two times with similar outcomes. All data were
pooled and analyzed with a pairwise Wilcoxon rank sum test (n = 15-20). ns, not significant, *P < 0.05.

infection with H. schachtii (21.9%) and by time post-
inoculation (9.5%; Figure 5a). The overall variance in gene
expression captured by plant genotype was small.
Nonetheless, to map specifically the effect of the tcp9,
tcp20, and the tcp9tcp20 mutations on gene expression,
we used a linear model, including presence of infection,
time after inoculation, and plant genotype as factors
(Tables S1 and S2). We found a relatively small number of
genes in tcp9, tep20, and tcp9tcp20 mutants with a signifi-
cantly different expression at different time points post-
inoculation (Figure 5b and Table S1). This showed that the
mutations in TCP9 (Figure S3) and TCP20 (Figure S4) most
likely have a minor impact on the root transcriptome dur-
ing H. schachtii infection. Notably, the knock-out mutation
in TCP9, in both tcp9 and tcp9tcp20, had its biggest impact
at 48 hpi. Gene Ontology (GO) term enrichment analysis of
the set of differentially expressed genes in nematode-
infected tcp9, tcp20, and tcp9tcp20 mutants revealed a sig-
nificant overrepresentation of reactive oxygen species

(ROS)-related processes associated with absence of TCP9
(Table S3). For instance, 14 Arabidopsis genes annotated
as being involved in oxidation-reduction process
(GO:0055114) were downregulated in tcp9 at 48 hpi (false
discovery rate = 7.57E-05; Figure 5d; Table S4). Likewise,
four of nine Arabidopsis genes annotated as having oxi-
doreductase activity (GO:0016491) were also downregu-
lated in tcp9 (false discovery rate = 0.0046). Based on
these observations, we concluded that the TCP9-
modulated root growth responses during nematode infec-
tions most likely involve ROS-related processes.

TCP9 alters sensitivity of Arabidopsis to exogenous H,0,

To test if the TCP9-mediated root growth responses indeed
involve ROS-mediated processes, we first transferred 6-
day-old seedlings of the tcp9, tcp20, and tcp9tcp20
mutants and wild-type Arabidopsis to liquid media con-
taining 200 pm H,0,. Eight days after the transfer, we calcu-
lated the relative total root length of the seedlings by

© 2022 The Authors.
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Figure 4. Loss of function mutation in tcp9 does not affect development and growth of Heterodera schachtii in Arabidopsis.
(a) Number of juveniles per root system on tcp mutants (tcp9, tcp20, and tcp9tcp20) and wild-type Arabidopsis plants (Col-0) at 4 day post-inoculation (dpi)

(n = 60).

(b) The number of third stage juveniles of H. schachtii at 14 dpi.
(c) The number of males of H. schachtii at 28 dpi.

(d) The number of females at 28 dpi.

(e) The total number nematodes at 28 dpi.

(f) Representative images of syncytia and adult females at 28 dpi. Scale bar represents 500 pm.

(g) The maximum two-dimensional surface area of adult H. schachtii females in a single focal plane of the dissection microscope at 28 dpi.

(h) The maximum two-dimensional surface area of syncytia at 28 dpi. This experiment was performed three times with similar outcomes. Data were pooled and
analyzed with one-way ANOVA with a post-hoc Tukey HSD test. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001 (n = 30-36).

normalizing the data to the median of the corresponding
measurement in mock-treated plants. This showed that the
relative total root length of tcp9 mutant was least affected
by H,0, in the media (and thus closer to 1; Figure 6a,b).
Notably, the relative total root length of the tcp20 and
tep9tcp20 mutants was slightly, but not significantly, less
affected by H,0, than wild-type Arabidopsis seedlings.
Root growth responses to belowground biotic stress
by cyst nematodes has been shown to correlate with the
aboveground plant growth (Miltner et al., 1991; Trudgill &
Cotes, 1983), which could also be mediated by ROS regula-
tion (Labudda et al., 2018). To assess if TCP9 regulates sen-
sitivity to ROS above ground, we sprayed 9-day-old

© 2022 The Authors.

seedlings with 200 um H,0,. Twenty-one days after spray-
ing the plants, we recorded the effect of H,0, on the size
of the green canopy area. This showed that the green
canopy area of tcp9 and tcp9tcp20 mutant plants was less
affected by H,0, than the tcp20 mutant and wild-type Col-0
(Figure 6c,d). Based on these findings, we concluded that
TCP9 modulates sensitivity to ROS in Arabidopsis both
below and above ground.

TCP9 affects ROS-related processes in nematode infection
sites

The tcp9 mutants might be less sensitive to H,0,, because of
enhanced ROS scavenging in this mutant. If this would hold
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Figure 5. TCP9 regulates gene expression in nematode-infected roots of Arabidopsis.
Four-day-old Arabidopsis seedlings were inoculated with 80 juveniles of Heterodera schachtii or a mock solution. At 24-, 48-, and 72-h post-inoculation (hpi)

whole root samples were collected and subjected to RNA-sequencing.

(a) Principal components analysis of overall variation in gene expression in wild-type Arabidopsis Col-0, and tcp9, tcp20, and tcp9tcp20 mutants at different hpi

with H. schachtii (infected) or mock inoculation (uninfected).

(b) Number of genes that were differentially expressed (DEG) in tcp9, tcp20, and tcp9tcp20 at the different hpi when compared with nematode-infected roots of

wild-type Arabidopsis Col-0 (false discovery rate, FDR, correction, g < 0.01).

(c) Subset of DEGs (from c) that are classified as being reactive oxygen species-related in Gene Ontology term enrichment analysis (false discovery rate [FDR],
g < 0.01). Colors indicate direction and size of effect of the mutations on gene expression as compared with nematode-infected wild-type Arabidopsis Col-0.

true, we expected to find less ROS accumulation in nematode
infection sites. To test this hypothesis, we inoculated tcp9,
tcp20, and tcp9tcp20 mutants and wild-type Arabidopsis
seedlings with H. schachtii and visualized ROS accumulation
in the proximity of the nematode with 3,3'-diaminobenzidine
(DAB) in roots at 72 hpi (Siddique et al., 2014). In wild-type
Arabidopsis plants and the tcp20 and tcp9tcp20 mutants, we
could observe clear DAB staining >80% of the infection sites
(Figure 7a,b). By contrast, in the tcp9 mutant, only 50% of the
nematode infection sites showed DAB staining. These obser-
vations indicate that TCP9 modulates ROS homeostasis in
response to nematode infections.

DISCUSSION

Plants utilize root system architectural plasticity to cope
with adverse environmental conditions in the soil.

However, the molecular and genetic underpinnings of
adaptive growth responses to belowground biotic stresses
are not well understood. As members of the TCP transcrip-
tion factor family in Arabidopsis are known to regulate root
growth responses to abiotic stresses, we reasoned that
they might also play a role in root system architecture
plasticity under biotic stress by root-feeding nematodes. In
this study, we show that the class | TCP9 transcription fac-
tor in Arabidopsis modulates adaptations in the root sys-
tem architecture in response to endoparasitism by the beet
cyst nematode H. schachtii. Our data further suggest that
TCP9-modulated root plasticity in response to H. schachtii
involves ROS-mediated processes, which remarkably do
not affect the susceptibility of Arabidopsis seedlings to
nematode infections. This contrasts with earlier studies
showing that NAPDH oxidase-generated ROS enhances
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Figure 6. Root and shoot growth of tcp9 mutant (a)
responds less to H,0,.

(a,b) Six-day-old Arabidopsis (tcp9, tcp20, tcp9tcp20

and wild-type Col-0) seedlings were transferred to ]
liqguid KNOP media containing 200 or 0 (mock) pm
H,0,. At 8 days post-transfer, the total root length
was measured.

(a) Representative pictures of tcp9, tcp20, tcp9tcp20,
and wild-type Col-0 roots exposed to 0 and 200 pm
H,0,.

(b) Before analysis, the total root length of every
seedling treated 200 pm H,0, was normalized to the
median of mock-inoculated seedlings of the corre-
sponding plant genotypes. This experiment was
performed three times with similar outcomes o
(n=35).

(c,d) Nine-day-old Arabidopsis seedlings (tcp9,
tcp20, tcp9tep20, and wild-type Col-0) growth in
pots with soil were sprayed with 200 or 0 (Mock) pm
H,0,. At 21 days-post treatment, pictures were
made of the green canopy area and the green color
was isolated from the pictures by using Photoshop.
(c) Representative pictures of green canopies of tcp9
plants sprayed with 200 or 0 (Mock) um H,0,.

(d) Impact of 200 pm H,0, on green canopy area
was calculated as the green canopy area (cm?) of
H,0,-sprayed plants divided by the median value of
mock-sprayed plants of the same genotype. This
experiment was performed two times with similar
outcomes (n = 14-15). For both experiments, data
were pooled and analyzed with a one-way ANOVA
with a post-hoc Tukey HSD test. Letters indicate dif-
ferent levels of significance (P < 0.05).

tcp9

200

Concentration H22(uM)

s

200

Concentration H22(uM)

syncytium growth and nematode development in Ara-
bidopsis infected with H. schachtii (Siddique et al., 2014).
Our findings therefore point at a novel tolerance mecha-
nism mitigating the impact of biotic stress rather than tar-
geting the causal agent of this biotic stress in nematode-
infected roots.

Members of the TCP family of transcription factors
have been shown to regulate primary root growth and
emergence of secondary roots in response to abiotic stress
conditions such as high salt levels, drought, and nitrate
poor substrates (Li et al., 2020; Ling et al., 2020; Liu et al.,
2020; Mukhopadhyay & Tyagi, 2015). We observed that pri-
mary root growth in young Arabidopsis seedlings is signif-
icantly less inhibited by H. schachtii infections in the tcp9
mutant than in wild-type Arabidopsis. In older plants and
later in the infection cycle, tcp9 reduces the impact of
nematode infections on the emergence of secondary roots.
It is possible that primary root growth and the emergence
of secondary roots are two different outputs of the same
stress mitigating process modulated by TCP9. However,
these two phenomena could also be independent adapta-
tions driven by different causes of stress on the root sys-
tem. Here, it should be noted that migratory infective
juveniles of H. schachtii induce stress by extensively

© 2022 The Authors.

..

TCP9 modulates root plasticity under biotic stress 1077

b
tcp20 tcp9tcp20 Col-0 (b)

¥ A= ?

3- a abab b
ey
=)
c
o2
g 2-
e
©
s
@ T
£
]
b4
O_
T T T T
Q Q Q
$ 2 %
‘\C’Q \(,Q Q\GQ QO\
&
(d)
204 a b a b

tcp20 tcp9tcp20 Col-0

N
[$)]
L

Normalized green canopy area
o -
[ o
! I

o
o
I

damaging root tissue during host invasion at the early
stages of infection, whereas later in the infection process
the loss of assimilates during feeding by sedentary life
stages on host cells might be the dominant cause of stress
(Wyss & Grundler, 1992). It has been shown that the level
and the duration of stress can determine if a condition inhi-
bits or promotes root growth (Julkowska et al., 2014;
Zhang et al., 2017). The stress levels during the brute force
host invasion by cyst nematodes are probably high but
last only a few hours and may induce rapid cessation of
primary root growth. Here, TCP9 could modulate damage-
induced stress responses during early stages of the nema-
tode infections, which would also agree with TCP9 being
upregulated early in response to mechanical wounding
(Figure S5) (Kilian et al., 2007). By contrast, stress by
nematode feeding on host cells may be milder but persist
for several weeks and could induce the formation of addi-
tional secondary roots. In the latter case, TCP9 could mod-
ulate these feeding-induced stress adaptations in root
system architecture to mitigate the impact of persistent
biotic stress on the root system upon nematode infections.

Previously, it has been reported that TCP9 in conjunc-
tion with TCP8 is involved in host defense responses to
Pseudomonas syringae pv. maculicola infections by
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Figure 7. Significant fewer nematode infections showed 3,3-
diaminobenzidine (DAB) staining in tcp9.

Four-day-old Arabidopsis seedlings (tcp9, tcp20, tcp9tcp20, and wild-type
Col-0) were inoculated with 20 or 0 (Mock) juveniles of Heterodera schachtii.
At 3 days post-inoculation, the accumulation of reactive oxygen species
was detected using DAB.

(a) Representative pictures of root segments infected with H. schachtii and
non-infected (Mock). Black arrowhead points at location of nematode head.
Red arrowhead points at oxidized DAB staining. Scale bar = 100 pm.

(b) Absolute numbers of individual infections with or without DAB staining.
This experiment was done three times with similar outcomes. Data are
pooled for statistical analysis in Fisher’s exact test. Letters indicate different
levels of significance (P < 0.05) (n = 29-33).

regulating the expression of ICS7 (Wang et al., 2015). We
found that TCP9 does not affect host susceptibility to inva-
sions by H. schachtii, which could otherwise alter the level
of biotic stress on the root system. A weaker primary root
growth inhibition could be caused by a smaller number of
nematodes in the tcp9 mutant, but we did not find fewer
infections in this mutant. We therefore have no reason to
assume that a lower level of biotic stress (i.e., less direct

damage by invading infective juveniles) is underlying
weaker primary root growth inhibition response in the tcp9
mutant. One could also argue that TCP9 indirectly affects
the root growth responses to nematode infections by mod-
ulating the re-allocation of resources from growth to
defense. However, we found evidence that TCP9 is not
involved in the activation of host defenses, as we observed
no difference in the development and growth of nema-
todes and associated feeding sites between tcp9 mutant
and wild-type Arabidopsis plants. Based on these findings,
we believe to have identified a novel mechanism that miti-
gates the impact of biotic stress independent of suscepti-
bility of Arabidopsis to cyst nematode infections.

Our study provides several lines of evidence that
TCP9-modulated root plasticity under biotic stress by root-
feeding nematodes involves ROS-mediated regulation of
plant growth. We show that TCP9 is required for transcrip-
tional activation of enzymes involved in ROS-related pro-
cesses in nematode-infected roots. We also demonstrate
that the lack of TCP9 in the tcp9 mutant makes the root
and shoot system of Arabidopsis seedlings less sensitive
to exogenous ROS (i.e., H,0,). Finally, we found that TCP9
modulates the local accumulation of ROS in response to
nematode infections without affecting plant susceptibility
(Hewezi et al., 2010; Jin et al., 2011). Several studies have
demonstrated that perturbations in local ROS homeostasis
contribute to stress-induced root growth adaptations (re-
viewed by Considine & Foyer, 2021). For instance, local
ROS homeostasis plays a key role in balancing cell differ-
entiation and elongation in root apical meristems thereby
determining the rate at which roots grow (Tsukagoshi
et al., 2010). ROS accumulation is shown to be required for
the emergence and development of secondary roots in
Arabidopsis (Huang et al., 2020; Orman-Ligeza et al., 2016).
Our finding that TCP9-modulated root plasticity involves
ROS-mediated processes also agrees with earlier observa-
tions on mechanisms underlying stress-induced adaptive
plant growth responses by other TCPs. For instance,
PeTCP10 of Phyllostachys edulis is thought to increase
drought tolerance in transgenic Arabidopsis via ROS-
regulated root growth (Liu et al., 2020; Xu et al., 2021).
McTCP1 is shown to control ROS-regulated vegetative
growth of the liverwort Marchantia polymorpha (Busch
et al., 2019). The salt stress responses mediated by
OsTCP19 in rice results in less ROS accumulation in
detached leaf explants (Mukhopadhyay & Tyagi,
2015). Nevertheless, further research is needed to link
causally the transcriptional regulation of ROS-related pro-
cesses, ROS sensitivity, and ROS accumulation to the
stress-induced growth response modulated by TCP9 in
nematode-infected roots.

Our study also shows the complex interplay between
different members of the TCP transcription factor family.
Although in earlier work, TCP20 has been shown to
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transcriptionally regulate TCP9 during leaf development
(Danisman et al., 2012), we have found no evidence that
such an interaction is underlying the different phenotypes
observed in our assays. We found that the tcp20 single
mutant does not phenocopy the tcp9 mutant, and instead it
behaved like wild-type Arabidopsis in our experiments.
TCP20 is therefore not required for the ROS-related pro-
cesses mediated by TCP9 in nematode-infected Arabidopsis
roots. Nonetheless, at the transcriptome level we identified
multiple genes being uniquely regulated in the tcp9tcp20
double mutant that were not regulated in either of the single
mutants. Moreover, the impact of tcp9 on some of the ROS-
related phenotypes seems to be partially mitigated in the
tep9tcp20 double mutant (e.g., Figure 6b), which suggests
that at least some degree of interplay occurs between the
networks activated by TCP9 and TCP20.

The TCP9-regulated plasticity of the root system archi-
tecture points at a novel mechanism underlying tolerance
to root-feeding nematodes. Infections by cyst nematodes
induce alterations in root system architecture, which corre-
late with the level of tolerance to root-feeding nematodes
(Miltner et al., 1991). However, the molecular and genetic
mechanisms underlying tolerance to cyst nematode infec-
tions based on root system architecture plasticity are not
clear. An important conceptual difficulty here is the dis-
crimination of resistance and tolerance phenotypes of
nematode-infected plants. While resistance is aimed at
reducing the cause of biotic stress (or stressor), tolerance
concerns the mitigation of the impact of biotic stress. Our
data show that TCP9 does not affect susceptibility (and
resistance) of Arabidopsis to cyst nematode infections, and
therefore does not regulate the level of stress by reducing
the parasite load in the plant. Instead, we show that TCP9
mitigates the impact of cyst nematode infections on pri-
mary root growth and formation of novel secondary roots.
This is reminiscent to earlier observations with other TCP
transcription factors contributing to tolerance to abiotic
stress by regulating compensatory adaptations in root sys-
tem architecture (Mukhopadhyay & Tyagi, 2015). In this
context, tolerance to biotic stresses such as root-feeding
nematode could be mechanistically related to tolerance to
abiotic stress. The involvement of ROS-related processes
in the TCP-mediated mitigation of both biotic and abiotic
stresses points to this as well. Further parallels could be
tested by investigating if intraspecific variation in tolerance
to root-feeding nematodes correlates with variation in tol-
erance to abiotic stresses, such as salt and drought.

To conclude, tolerance to biotic stress, such as root-
feeding by cyst nematodes, based on root system architec-
tural plasticity is an important agronomic trait of crops as
it ultimately determines damage thresholds for soil-borne
diseases. It has been shown that some resistant crop vari-
eties do not tolerate low levels of nematode infections
well, resulting in significantly lower damage thresholds. In
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contrast, more susceptible but tolerant varieties display a
higher damage threshold for cyst nematodes, leading to
lower vyield losses despite high infection rates. Our work
on the root growth responses meditated by TCP9 provides
novel insights into the genetic underpinnings of tolerance
to root feeding nematodes, which can provide an addi-
tional layer of protection for securing global food produc-
tion besides disease resistance.

EXPERIMENTAL PROCEDURE
Plant culturing

For seed sterilization, Arabidopsis seeds (Col-0, tcp9, tcp20, and
tcp9tcp20; Danisman et al., 2012) were placed in Eppendorf tubes
in a desiccator. The seeds were vapor sterilized for 3-4 h using a
mixture of hydrochloric acid (25%) and sodium hypochlorite (50 g/
L). Finally, the sterile seeds were stratified for 4 days. For in vitro
assays, seeds were sown on square petri dishes (120 x 120 mm)
or 12-well plates containing modified Knop medium (Sijmons
et al., 1991). Seedlings were grown at 21°C and 16-h light/8-hdark
conditions. For in vivo pot experiments, Arabidopsis seeds (Col-0,
tep9, tep20, tep9tep20) were placed in Eppendorf tubes and strati-
fied for 4 days and sown in 200-ml pots containing Lentse pot-
grond (Lensi B.V. Bleiswijk).

Nematode hatching and sterilization

Heterodera schachtii cysts (Woensdrecht population from IRS, the
Netherlands) were collected from sand of Brassica oleracea infected
plants as previously described (Baum et al., 2000). Heterodera
schachtii cysts were rinsed and transferred into a clean Erlenmeyer.
Water was added to a maximum volume of 100 ml containing 0.02%
sodium azide. This mixture was stirred for 20 min. Later, sodium
azide was vigorously removed by washing with tap water. Cysts
were then placed on a hatching sieve in a glass petri dish. An antibi-
otic solution was added containing 1.5 mg ml~' gentamycin,
0.05 mg ml™" nystatin and 3 mm zinc chloride. The cysts were incu-
bated in the dark for 4-7 days. Eventually, nematode juveniles were
collected in a 2-ml Eppendorf tube. The J2s were surface sterilized
with HgCl, solution (0.002% Triton X-100 w/v, 0.004% NaN3 w/v,
0.004% HgCI2 w/v) for 20 min. After incubation, the nematodes were
spun down and the supernatant was removed. Nematodes were
washed with sterile water and spun down again. This was repeated
three times. Finally, the nematodes were resuspended in 0.7% gelrite
(Duchefa Biochemie, Haarlem, the Netherlands).

Root architecture assay

Four- or nine-day-old seedlings were inoculated with either 0
(negative control; mock), 15 or 200 sterile second stage H. schach-
tii juveniles (J2) in 5 pl gelrite (Baum et al., 2000). At 4- or 7 dpi,
seedlings were scanned and analyzed using WhinRHIZO (WinR-
hizo pro2015; Regent Instruments Inc., Ville de Québec, Canada).
To compare the effect of nematode infection on the root system
component between genotypes we normalized the values of
nematode infected seedlings to the median of the corresponding
root system component of mock-treated seedlings.

Fuchsin staining

To determine how many H. schachtii juveniles entered the root at
4 dpi, Arabidopsis seedlings were transferred to a 2.5% bleach
solution for 5 min and afterwards washed and incubated in water
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for 10 min. The roots were placed in fuchsine solution (15 mI:500
ul fuchsine stock; 0.35 g acid fuchsin, 25 ml glacial acetic acid,
75 ml water). The solution was boiled for 1 min in a microwave
and cooled down to room temperature. Subsequently, the roots
were washed with water and stored in 40% glycerol. Using a
stereo microscope, the number of juveniles were counted.

Nematode infection assay

Fourteen-day-old Arabidopsis seedlings in a 12-well plate were
inoculated with approximately 250 sterile H. schachtii juveniles in
5 pl gelrite (Baum et al., 2000). At 14 and 28 dpi, the number of J3
stage nematodes, male and female nematodes were counted. The
counting and imaging were done under a light microscope (ZEISS
microscopes and cameras, ZEN 3.2 [Blue edition]). ImageJ (1.53c)
was used to measure the size of the females and the feeding sites.

RNA-seq analysis

Experimental setup and RNA isolation

To check the expression of TCPs during cyst nematode infection, 4-
day-old A. thaliana Col-0 seedlings were inoculated with 200 sterile
H. schachtii juveniles in modified Knop’s medium. To understand
how TCP9 transcriptionally regulates root growth responses during
cyst nematode infections, 4-day-old A. thaliana seedlings of Col-0,
tcp9, tcp20, and the double mutant tcp9tcp20 were inoculated with
80 sterile H. schachtii juveniles in modified Knop’s medium. Root
tissue was harvested and snap frozen in liquid nitrogen. Root tissue
was ground in liquid nitrogen and total RNA was extracted with the
Maxwell® 16 LEV plant RNA kit (Promega, Madison, WI, USA) in
the Maxwell 16 AS2000 instrument (Promega), following the manu-
facturer’s instructions. Three biological replicates of approximately
80 plants/sample per condition were generated.

RNA-seq and quantification

The RNA was sequenced at BGI using the DNBseq platform.
Approximately 50 million paired reads of 150 bp were generated
per sample. Raw reads were deposited at ArrayExpress under E-
MTAB-11649. Code used for the analysis has been reposited under
https://git.wur.nl/published_papers/willig_2022_tcp.

Reads were aligned to the TAIR10 genome of A. thaliana
(Berardini et al., 2015) using HisAT2 v2.1.0 with option —dta enabled
(Kim et al., 2015). Transcripts were predicted and quantified as
transcripts per kilobase million (TPM) using sTriNGTEE v2.2.0 based
on the TAIR10 reference gene annotations using the —-e option
(Pertea et al., 2016). To check the expression of TCPs at different
time points in Col-0 inoculated with H. schachtii, we calculated
gene expression levels with RSEM (v1.2.12) using default parame-
ters (#Add Ref https:/bmcbioinformatics.biomedcentral.com/
articles/10.1186/1471-2105-12-323) and determined differentially
expressed genes using DEseq2 (Add Ref: https://genomebiology.
biomedcentral.com/articles/10.1186/s13059-014-0550-8) ~ with a
fold-change >2.00 and adjusted P < 0.05.

Presence of TCP9 and TCP20 mutations

To visually confirm the tcp9-, tcp20- and double knockout
mutants, samples of RNA-seq reads mapped to the TAIR10 gen-
ome were visualized in the JBrowse genome browser (Buels et al.,
2016), along with the TAIR10 reference gene annotations. We used
Col-0_72_-_2 (S2) as control, tcp9_72_-_3 (Sb) for the tcp9 mutant,
tcp20_72_-1 (S38) for the tcp20 mutant, and tcp9/20_72_-_1 (S42)
for the tcp9tcp20 double mutant. Screenshots were taken at the
genomic loci of the TCP9 (AT2G45685) and TCP20 (A0A178VAT1)
genes on the TAIR10 genome.

RNA-seq analysis

Data were analyzed using “R” (v. 3.5.3 x64) in Rstudio (R Core
Team, 2019). For analysis, the dplyr and tidyr packages were used
for data organization (Wickham et al., 2018a; Wickham et al.,
2018b) and plots were generated using ggplot2 (Hadley Wickham,
2009). Before analysis, the TPM values were filtered and trans-
formed (as described in Diaz-Granados et al., 2019). First, the A.
thaliana gene-expression was filtered for reads detected in all
samples, resulting in 28 600 detected genes (of 48 359 protein
coding genes in the TAIR11 assembly). We did not notice a batch-
effect over the biological replicates. In subsequent analyses either
log-transformed or the raw TPM values were used.

Principal components analysis

To understand the sources of variance in the gene expression data
principal components analysis was used.

To ensure equal weight on the differences in expression, the
gene expression data E were transformed by:

Epng i
R — log, (m)
Etpm,i

where R is the log, ratio with the mean of gene i and sample j,
Erpw is the expression measured as TPM and Etpy is the mean
expression of gene i over all samples. This procedure was fol-
lowed for both species (for H. schachtii only on the infected sam-
ples). The expression data were analyzed using the prcomp
function. The first four axes of both species were examined.

Linear model on Arabidopsis thaliana expression

To understand the role of time, treatment, presence of the tcp9 muta-
tion, and presence of the tcp20 mutation on gene expression in
A. thaliana, we used various linear models, where differential expres-
sion of the genes was determined by comparison with the wild-type
reference genotype Col-0. For each combination of genotype (tcp9,
tep20, tcp9tep20), time point (24, 48, or 72 h), and treatment (mock or
inoculated with H. schachtii) the following model was fitted

Etpmiogz = G+ €

where Etpwm,iog2 is the logz-normalized expression and G is geno-
type (Col-0 versus the selected mutant genotype). This led to 18
comparisons. To determine the amount of differentially expressed
genes per comparison, we first selected for effect-size (ief-
fecti > 1.5) and set the threshold for the P < 0.01, to determine the
false-positive rate, we used the p.adjust function with the fdr
method (Benjamini & Hochberg, 1995). We found that this selec-
tion had a median FDR = 0.066 (see Table S1). This led to the
identification of 21-244 differentially expressed genes per compar-
ison (see Tables S1 and S2).

Enrichment analysis

Gene enrichment analyses were conducted using the TAIR10 GO
annotations. Groups were selected on minimal three genes repre-
senting one group and with minimal two genes in overlap (FDR
<0.01) (see Table S3).

DAB staining

Sterile H. schachtii juveniles were inoculated onto 4-day-old Ara-
bidopsis seedlings that were grown in square petri dishes. Three
days after inoculation, Arabidopsis roots were stained with DAB
staining solution in the dark for 3 h (Siddique et al., 2014). Later
the DAB staining solution was replaced by a bleaching solution
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(ethanol/acetic acid/glycerol = 3:1:1). Finally, the DAB staining on
the roots was visualized with a Zeiss, Axio Imager.A2 microscope
via 10x and 20x objectives. Significance of the differences
between proportions was calculated by a in Fisher's exact test.

Root architecture assay of H,0,-treated seedlings

We first tested which concentration of H,0, is the most informa-
tive. To this end, 6-day-old wild-type Col-0 seedlings that were
grown in a square petri dish were transferred to a 24-well plate
containing sterile liquid Knop media, which contained 0, 100, 200,
or 300 pm H,0,. Eight days after growth, the roots of seedlings
were scanned and analyzed using WhinRHIZO. Statistical signifi-
cance of the pairwise differences between mock and nematode
infection groups were tested using a two-way ANOVA with Tukey
correction (Figure S1). Seedlings treated with 200 um H,0, gave
the most informative result. Therefore, we decided to continue
with only the treatments 0 (mock) and 200 pm H,0,. To determine
if there are differences between tcp9, tcp20, tcp9tcp20, and wild-
type Col-0 seedlings we followed the same procedure. To com-
pare if genotypes were less affected by H,O, treatment, we nor-
malized the values of H,0,-treated plants to the median of mock-
treated plants.

Shoot growth assay of H,0,-treated plants

Nine-day-old Arabidopsis seedlings that were grown in Lentse
potgrond were exposed to 200 um H,O, that was applied by
spraying (Sewelam et al., 2013). Mock-treated plants were both
sprayed with water. At 21 dpi, the green canopy area was
imaged using a Sony «33 camera equipped with a 28 mm lens.
By using the “Color Threshold” and “Analyze Particles” tools in
ImageJ, we calculated the green canopy area. To compare the
effect of spraying H,0, on the shoot system, we normalized the
values of H,0,-treated plants to the median of the mock-sprayed
plants.

Statistical analysis

Statistical analyses were performed using the R software version
3.6.3 (Windows, x64). The R packages used are Tipyverse (https://
CRAN.R-project.org/package=tidyverse), ArtooL (https://CRAN.R-
project.org/package=ARTool) and wmuLtcompview (https:/CRAN.R-
project.org/package=multcompView). For normally distributed
data, significance of the differences among means was calculated
by a one-way or two-way ANOVA followed by Tukey’s HSD test
for multiple comparisons. A non-parametric pairwise Wilcoxon
test followed by false discovery rate correction for multiple com-
parisons was used for non-normally distributed data with one
grouping factor.

ACKNOWLEDGEMENTS

We thank Richard Immink for sharing the tcp9, tcp20 and
tep9tcp20 Arabidopsis mutants. We thank Stefan van de Ruiten-
beek for helping with depositing the RNA-seq data. This work was
supported by the Graduate School Experimental Plant Sciences
(EPS). JJW is funded by Dutch Top Sector Horticulture & Starting
Materials (TU18152). MGS was supported by NWO domain
Applied and Engineering Sciences VENI grant (17282). JLLT was
supported by NWO domain Applied and Engineering Sciences
VENI (14250) and VIDI (18389) grants.

AUTHOR CONTRIBUTIONS

GS, JJW, and JB conceived the project. JUJW, JILT, WJ,
and JC designed the experiments and performed data

© 2022 The Authors.

TCP9 modulates root plasticity under biotic stress 1081

collection. Data were analyzed and interpreted by JJW and
MGS. JJW and GS wrote the article with inputs from all
co-authors.

CONFLICT OF INTERESTS

The authors declare that they have no competing interests.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1. Effect of increasing concentrations of H,0, on the root
growth of Col-0. Six-day-old Arabidopsis (tcp9, tcp20, tcp9tcp20,
and wild-type Col-0) seedlings were transferred to liquid KNOP
media containing 0-300 pm H,0,. At 8 days post-transfer the total
root length was measured. (a) Representative pictures of wild-
type Col-0 roots exposed to 0-300 pm H,0,. (b) The root architec-
ture of wild-type Col-0 seedlings was quantified by total root
length (cm). Data were analyzed with a one-way ANOVA with a
post-hoc Tukey HSD test. ns, not significant, *P < 0.05,
*¥*P < 0.01, ***P < 0.001 (n = 35). Letters indicate different levels
of significance (P < 0.05).

Figure S2. Primary roots of tcp20 and tcp9tcp20 are significantly
longer compared with wild-type Col-0. Primary root length (cm) of
wild-type and mutant Arabidopsis seedlings at 8 days post-germi-
nation. Data were analyzed with a one-way ANOVA with a post-
hoc Tukey HSD test (n=60). ns, not significant, *P < 0.05,
**P < 0.01, ***P < 0.001. This experiment was performed three
times with similar outcomes and pooled for data analysis.

Figure S3. TCP9 mutation in tcp9 single and tcp9tcp20 double
mutants. RNA-seq reads were mapped to the TAIR10 Arabidopsis
genome. Normal length of TCP9 transcript indicated in yellow.
Figure S4. TCP20 mutation in tcp20 single and tcp9tcp20 double
mutants. RNA-seq reads were mapped to the TAIR10 Arabidopsis
genome. Normal length of TCP20 transcript indicated in yellow
and blue.

Figure S5. TCP9 is upregulated in response to wounding, oxidate
stress, drought, and genotoxic stress. Figure and data were
retrieved from http://bar.utoronto.ca/eplant/ and Kilian et al. (2007)
respectively. Image was generated by Waese et al. (2017).

Table S1. Number of genes that are differentially regulated in
tep9, tep20, and tep9tep20 compared with Col-0.

Table S2. Differentially expressed genes.

Table S3. Enrichment analysis of differentially expressed genes.

Table S4. Reactive oxygen species-related genes that are differen-
tially expressed.
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