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The development of a plastic root system is essential for stable
crop production under variable environments. Rice plants have
two types of lateral roots (LRs): S-type (short and thin) and L-type
(long, thick, and capable of further branching). LR types are deter-
mined at the primordium stage, with a larger primordium size in
L-types than S-types. Despite the importance of LR types for rice
adaptability to variable water conditions, molecular mechanisms
underlying the primordium size control of LRs are unknown. Here,
we show that two WUSCHEL-related homeobox (WOX) genes
have opposing roles in controlling LR primordium (LRP) size in rice.
Root tip excision on seminal roots induced L-type LR formation
with wider primordia formed from an early developmental stage.
QHB/OsWOX5 was isolated as a causative gene of a mutant that is
defective in S-type LR formation but produces more L-type LRs
than wild-type (WT) plants following root tip excision. A transcrip-
tome analysis revealed that OsWOX10 is highly up-regulated in
L-type LRPs. OsWOX10 overexpression in LRPs increased the LR
diameter in an expression-dependent manner. Conversely, the
mutation in OsWOX10 decreased the L-type LR diameter under
mild drought conditions. The ghb mutants had higher OsWO0X170
expression than WT after root tip excision. A yeast one-hybrid
assay revealed that the transcriptional repressive activity of QHB
was lost in ghb mutants. An electrophoresis mobility shift assay
revealed that OsWOX10 is a potential target of QHB. These data
suggest that QHB represses LR diameter increase, repressing
OsWOX10. Our findings could help improve root system plasticity
under variable environments.
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Root system development is highly plastic to spatiotemporal
changes in soil resources. Soil water is distributed hetero-
geneously, and its availability and distribution change during
crop cultivation period because of successive evaporation and
precipitation (1). Climate change accelerates plant vulnerability
to the adverse environments, with water deficiency becoming a
more severe problem for sustainable crop production (2). In
this context, improving root phenotypic plasticity, which is
genetically regulated and heritable, is the key to better crop
production with more efficient water acquisition (3).

Lateral roots (LRs) are produced postembryonically from
main roots, including the seminal root (SR) and crown roots
(CRs) in the case of rice, and play a major role in water and
nutrient uptake. Recently, regulatory mechanisms underlying
plastic LR formation have been studied in Arabidopsis and
cereal plants (4). In plant roots, the auxin-regulated LR forma-
tion pathway is modulated in response to soil water distribu-
tion, determining whether—and in which direction—LRs form
(5, 6). In rice, the plastic development of different types of LRs
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plays an important role in the adaptation to variable water
stress conditions (7, 8). In rice and other cereals, LRs are clas-
sified as S-types or L-types according to distinct morphological
and anatomical characteristics (9-12); S-type LRs are short and
thin and do not produce higher-order LRs, whereas L-type
LRs are long and thick and often produce higher-order LRs.
L-type LR formation is promoted by water deficit and osmotic
stress, contributing to root system expansion due to its higher
branching ability (13-15). Rice genotypes with higher pheno-
typic plasticity of L-type LRs increase total root length in
response to drought stress, thus maintaining dry matter produc-
tion under mild drought conditions (13, 15).

LR type is determined at the primordium stage when an api-
cal meristem with a distinct size is formed between L-types and
S-types (9, 16). L-type LRs are more anatomically similar to
main roots than S-types in terms of developed vascular struc-
ture and the presence of sclerenchyma and multiple cortex
layers (10, 17, 18). The ability of LRs to produce higher-order
LRs is related to their diameter, which is associated with inter-
nal structures such as the thickness of the cortical cell layers
and stele (17, 18). The diameter of root apex is regarded as an
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indicator of sink strength (19), and LR diameter is positively
correlated with LR length (18). Recently, we isolated a rice
mutant with promoted L-type LR formation, and the analysis
of the mutant suggested the involvement of auxin in L-type LR
formation (20). However, the molecular mechanisms underly-
ing primordium size control of LRs are unclear.

The WUSCHEL-related homeobox (WOX) genes encode
plant-specific homeodomain transcription factors. WOX tran-
scription factors have important roles in determining cell fate
and plant tissue development. In rice, 13 WOX genes were
found in its genome (21). QHB/OsWOXS5 is the first character-
ized rice WOX gene involved in the specification and mainte-
nance of stem cells in the root apical meristem (RAM) (22).
OsWOX11 positively regulates CR emergence and growth by
the modulating of plant hormone signaling (23, 24). Other rice
WOX genes are involved in maintaining shoot apical meristem
and leaf and tiller development (25-27).

In a previous study, we established a method of root tip exci-
sion in SR, which promotes L-type LR formation in the
remaining proximal portions of wild-type (WT) rice (“Taichung
65”) (18). In this study, the mechanism of LR primordium
(LRP) size control is studied through both forward and reverse
genetics approaches with the root tip excision method. Root tip
excision was used to screen mutants, and QHB/OsWOX5 was
detected as a causative gene of the mutant producing more
L-type LRs in response to root tip excision. In addition, a tran-
scriptome analysis between S- and L-type LRPs revealed that
OsWOXI0 is highly up-regulated in L-type LRPs. Further anal-
ysis suggested that these two WOX genes play opposing roles in
controlling LRP size in rice.

Results

Identification of a Mutant with a Defect in S-Type but Promoted
L-Type LR Formation Following Root Tip Excision. A method of root
tip excision in SR, which promotes L-type LR formation in the
remaining proximal portions of WT rice (“Taichung 65”) (Fig. 1
A-C and ref. 18), was applied to an N-methyl-N-nitrosourea
(MNU)-mutagenized population to screen mutants with altered
LR formation. A recessive mutant, T3-7-1, was isolated; this
mutant developed fewer LRs, but new LRs emerged following
root tip excision (Fig. 1 D-G). Interestingly, this recovery was
observed in L-type LRs (>150 pm in diameter) but not S-type
LRs (<100 pm) or the intermediate type (Fig. 1 H=J). Notably,
the mutant produced more L-type LRs than the WT following
root tip excision, with increases in regions distant from the cut
site (Fig. 1 J and K). This suggests that the causative gene of the
T3-7-1 mutant represses the increase in LR diameter in regions
distant from the cut site. Second-order LRs did not emerge from
L-type LRs induced by root tip excision in the mutant; however,
this defect in second-order branching was rescued by root tip
excision in L-type LRs (SI Appendix, Fig. S1 A-C). Additionally,
the mutant produced fewer CRs than the WT (SI Appendix, Fig.
S1 D and E). Neither the length nor the gravitropic response in
SRs changed in the T3-7-1 mutant (SI Appendix, Fig. S1 F-I).
Thus, a causative gene of the T3-7-1 mutant was assumed to play
a major role in developing CRs and S-type LRs, including
second-order LRs, and repressing LR meristem enlargement in
response to root tip excision (Fig. 1L).

We hypothesized that enhanced production of L-type LRs
after root tip excision in the mutant was due to fewer CRs or
LRs. Therefore, SRs were subjected to root tip excision in cr/]
and Osiaal3 mutants, which produce fewer CRs and LRs,
respectively (SI Appendix, Fig. S2 A and B and refs. 28 and 29).
Consequently, both mutants produced similar numbers of
L-type LRs compared with the WT after root tip excision (S/
Appendix, Fig. S2 C and D). However, elongation of emerging
LRs was enhanced in the mutants, including the T3-7-1 mutant
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(SI Appendix, Fig. S2E). Thus, the presence of fewer LRs and
CRs may not be responsible for the increased number of
L-type LRs in the T3-7-1 mutant.

Isolation of the Causative Gene of the T3-7-1 Mutant. We per-
formed a linkage analysis of simple-sequence repeat markers to
identify the causative gene of the T3-7-1 mutant using the
1,370 F, plants derived from a cross between the mutant and
“Kasalath.” The root phenotype of the mutant segregated in a
3:1 WT:mutant ratio. Map-based cloning revealed that the
locus was located on chromosome 1 between RM11876 and
RM3783 (~426 kb; Fig. 24). This region contains about 40
genes including QHB/OsWOX5 (Quiescent center specific
homeobox; 0s01g0854500; herein QHB). Comparing the WT
and mutant sequences revealed a single-nucleotide substitution,
from G to A, at the end of the intron in QHB (Fig. 2B). As the
mutated site was likely to be important for splicing, the messen-
ger RNA (mRNA) sequence was compared by synthesizing
complementary DNA from the WT and mutant. The first nucle-
otide in the second exon was deleted in the mutant mRNA,
resulting in a stop codon at the beginning of this exon (Fig.
2C). The introduction of a 4.7-kb genomic DNA fragment con-
taining the entire QHB gene into the mutant complemented
the mutant phenotype (SI Appendix, Fig. S34). Thus, we con-
cluded that the mutation in the QHB gene causes the mutant
phenotype. Herein, the mutant is referred to as the ghb mutant.
QHB is the first isolated Wus-type homeobox gene specifically
expressed in the RAM of rice (22). AtWOX5, an orthologous
gene in Arabidopsis, contains a WUS-box and an EAR motif in
the C-terminal region, which confer repressive transcription
factor activity (30). Both the WUS-box (TLE/QLFP) and EAR
motif (P/LLE/DLRL) are well conserved among QHB ortholo-
gous genes from various plant species (SI Appendix, Fig. S3B).
In the ghb mutant, a stop codon is present in front of the
WUS-box and EAR motif (S Appendix, Fig. S3B), suggesting
that ghb may be a loss-of-function mutant.

Analysis of S- and L-Type LR Development in the WT and qhb
Mutant. We analyzed the development of S-type LRs without
root tip excision to determine the cause of reduction in S-type
LRs in the ghb mutant. In the WT, the first anticlinal cell division
was observed in pericycle cells ~5 mm from the SR tip (Fig. 2D).
The LRP then underwent anticlinal and periclinal divisions, and
the meristem was formed 24 h after initiation (Fig. 2E and S/
Appendix, Fig. S4 B-F). Thereafter, S-type LRs continued to
grow, emerging from the SRs within 36 h of initiation (Fig. 2E
and SI Appendix, Fig. S4 G and H). No meristem formation was
observed in the ghb mutant; smaller and deformed LRPs were
observed 24 h after initiation (SI Appendix, Fig. S4Q). Among
the LRPs observed 7 d after initiation in the ghb mutant, 20%
stopped cell division after one round of anticlinal and periclinal
divisions with irregular-shaped cells (Fig. 2 F, Left), and the
remaining 80% had additional cell divisions with disturbed cellu-
lar organization (Fig. 2 F, Right) (n = 20 LRPs from five inde-
pendent SRs). Furthermore, the LRs emerging from SRs were
often short with a disorganized apical meristem (SI Appendix,
Fig. S4R). Similar to S-type LR development, deformed CR
primordia (CRPs) were found in mutant stems (SI Appendix,
Fig. S5 A-C), consistent with QHB expression in CRPs (22).
Next, we analyzed L-type LR development in the WT and
ghb mutant. The SR was cut 5 mm behind the root tip where
the first anticlinal division was observed in the pericycle cell
(Fig. 2D). A total of 6 h after root tip excision, LRP underwent
an additional anticlinal division followed by periclinal division
in pericycle cells and grew wider than the S-type with expanded
cells (Fig. 2G). The expanded cells underwent anticlinal divi-
sions in the L-type LRP 12 h after root tip excision (Fig. 2G),
while pericycle cells in S-type underwent additional periclinal
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Analysis of LR formation on SRs in the WT and T3-7-1 mutant. (A-F) Formation of LRs without (- cut) (A and D) or with (+ cut) root tip excision

(B, C, E, and F) in WT (A-C) and T3-7-1 mutant (D-F) plants. Enlarged views of the boxed areas in C and F are shown in B and E, respectively. Asterisks
indicate L-type LRs (B and E). Arrow indicates the L-type LR farthest from the cut site in each SR (C and F). (Scale bars, 5 mm.) (G-J), LR number in a region
0 to 25 mm from the cut site. Total number (G) and numbers in different diameter classes (H-J) are shown. (K) Number of L-type LRs in 5-mm sections
0 to 25 mm from the cut site. D., LR diameter. Bar plots show mean values + SD (n = 5 independent biological replicates). Different lowercase letters indicate

significant differences among groups (P < 0.05, multiple-comparison Tukey's test). (L) Schematic models of root phenotype in WT and T3-7-1 mutant.

divisions (Fig. 2E). Then, LRP underwent rounds of anticlinal
and periclinal divisions, and the meristem formed 30 h after
root tip excision (Fig. 2G and SI Appendix, Fig. S4 L-N), which
was 6 h later than in S-type (Fig. 2F). The meristem was larger
in L-type LRP with more cell layers in the ground tissue and
stele than S-type (Fig. 2 E and G). In the ghb mutant, L-type
LRPs with expanded cells were observed 12 h after root tip
excision (Fig. 2H). L-type LR meristems with organized cell
layers were established 30 h after root tip excision, similar to
that in the WT (Fig. 2H). The sum of deformed LRPs and
emerged LRs in the mutant was comparable with the number
of LRs in the WT both without and with root tip excision (Fig.
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2L). This suggests that QHB functions in meristem develop-
ment but not in the initiation, and root tip excision recovers
meristem formation of the initiated LRs of ghb mutants. Fur-
thermore, the sum of CRPs and emerged CRs in the mutant
was comparable to that in the WT (SI Appendix, Fig. S5D), sug-
gesting that the function of QHB in meristem formation is con-
served between S-type LRs and CRs.

We next analyzed QHB expression during S- and L-type LR
development. QHB expression was first detected in pericycle
cells at the initiation stage (Fig. 2I and SI Appendix, Fig. S6A4).
Thereafter, QHB expression was detected in whole LRP in
both S- and L-types, with broader expression in the pericycle
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the linkage map. (B) Structure of the QHB/OsWOX5 gene (Os01g0854500). Black and gray boxes indicate exons and untranslated regions, respectively.
The arrowhead represents a single-nucleotide mutation in the intron at position 488 bp in the open reading frame. (C) The mutation site at the intron
and resulting changes in splicing junction and amino acid sequence in the mutant. (Left) Sanger sequencing analysis around the splicing junction of QHB
complementary DNA in the WT and ghb mutant. (Right) mRNA structures and amino acid sequences in WT and ghb mutant. (D-H) LR development in SR
without (- cut) (E and F) or with (+ cut) root tip excision (G and H) in the WT (D, E, and G) and ghb mutant (F and H) plants. The first anticlinal division in
pericycle cells was observed 5 mm behind the SR tip before root tip excision in the WT (D). Time after root tip excision is shown. (Scale bars, 50 pm.)
Detailed development of WT plants is shown in S/ Appendix, Fig. S4. (I-K), Expression of the QHB gene without (- cut) (J) or with (+ cut) root tip excision
(K) during LR development observed in a cross-section of SR of pQHB-GUS in a WT background. Expression in the region 5 mm behind the root tip before
root tip excision (/). (Scale bars, 50 pm.) (L) Comparison of the numbers of LRs and LR primordia in a region 0 to 25 mm from the cut site 7 d after root tip
excision in the WT and ghb mutant. Values represent mean + SD (n = 5 independent biological replicates). Different lowercase letters indicate significant
differences among groups (P < 0.05, multiple-comparison Tukey’s test).

cells of SRs with root tip excision (Fig. 2 J and K and SI  L-type LRs induced by root tip excision (SI Appendix, Fig. S6
Appendix, Fig. S6 B, C, E, and F). In S-type LRP, OHB expres- H-K). In L-type LRP, QHB was expressed in late metaxylem
sion was restricted to the quiescent center (QC) as meristem  (LMX) precursor cells and the QC after meristem formation
formation progressed (Fig. 2/ and SI Appendix, Fig. S6D). (Fig. 2K and SI Appendix, Fig. S6G), similar to that in SRs (S7
Expression was similar in second-order LR formation on  Appendix, Fig. S6L and ref. 31).
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Identification of the Genes Differentially Expressed in S- and  [-type LRP. Because L-type LRs are induced by auxin treat-
L-Type LRP. We next performed an RNA sequencing (RNA-seq)  ment (20), we explored the response of 259 up-regulated genes
analysis of L-type LRPs isolated from SRs after 12 h of root tip  in response to auxin (32). A total of 73 of the 259 up-regulated
excision and S-type LRPs of a similar developmental stage iso-  genes in L-type LRP were auxin inducible in roots (P < 0.05,
lated from intact SRs in the WT, respectively. In total, 531  Fold change > 2, at least one time point after indole-3-acetic
genes were up-regulated (259 genes) or down-regulated (272  acid treatment compared with no treatment in the “root gene
genes) by more than twofold (adjusted P < 0.05) in L-type  expression profile in response to auxin” microarray dataset
LRP than S-type (Fig. 3 4 and B and Datasets S1 and S2). [identification: RXP-1008], Dataset S1), which was significantly
Gene ontology (GO) analysis revealed the enrichment of genes  enriched among all genes (P = 1.9E-15, ? test). The expression
with common and different functions between up-regulated of OsI4A49 and 20, which are highly auxin-inducible AUX/IAA
and down-regulated genes (Fig. 3C, SI Appendix, Figs. S7T and  genes (33), were up-regulated in L-type LRP, which was con-
S8, and Datasets S3 and S4). In both groups, genes with  firmed by qRT-PCR (SI Appendix, Fig. S9). The most plausible
“transcription regulator activity” were enriched (Fig. 3C). hypothesis is that auxin accumulates in the proximal portions
Enriched GO terms of “molecular function” were greater in  after root tip excision, causing L-type LR formation. To test this
up-regulated than down-regulated genes and included several  hypothesis, an SR after root tip excision was treated with a polar
terms related to oxidative stress (Fig. 3C), suggesting that the  auxin transport inhibitor, N-1-naphthylphthalamic acid (NPA), in
root tip excision triggers the wounding stress response in  the WT. The NPA treatment resulted in a decrease in LR number
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Fig. 3. Transcriptome analysis in S- and L-type LRPs. S- and L-type LRPs were isolated from SRs without and 12 h after root tip excision in the WT, respec-
tively. (A and B) Logarithm fold changes in 259 up-regulated (A) and 272 down-regulated genes (B) presenting more than twofold changes in L-type LRP
than S-type in the WT. (C) Enriched GO terms of “molecular function” in up-regulated and down-regulated genes in L-type LRP compared with S-type.
(D) Phylogenetic tree constructed using the full-length amino acid sequences of WOX family proteins in rice and Arabidopsis using MEGA7. Numbers on
branches are the 500 bootstrap values. Accession numbers of proteins are shown in S/ Appendix, Table S4. (E) Relative expression levels of QHB/OsWOX5
and OsWOXT10 in S- and L-type LRPs. Expression levels were quantified in S- and L-type LRPs isolated from SRs without and with 12 h of root tip excision,
respectively. Values represent mean + SD (n = 3 technical replicates, repeated with two biological replicates with similar results). Asterisks indicate signifi-
cant differences between treatments (**P < 0.01, two-tailed Student’s t test). (F) Promoter activity of OsWOX10 visualized in T, transgenic plants contain-
ing pOsWOX10-NLS-3xVENUS. Expression in S- and L-type LRP developed in crown roots without (- cut) or with (+ cut) root tip excision, respectively.
Green dots and blue color indicate OsWOX10 expression and autofluorescence of cell walls, respectively. (Scale bars, 50 um.)
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in intact SRs in a dose-dependent manner; however, after both
root tip excision and the treatment, a decrease in L-type LRs was
not observed (SI Appendix, Fig. S10 A and B). In Arabidopsis, de
novo auxin biosynthesis and auxin transport cooperatively
increase LR number after root cutting (34). The application of an
auxin biosynthesis inhibitor 5-(4-chlorophenyl)-4H-1, 2, 4-tria-
zole-3-thio (Yucasin; ref 35) did not affect the L-type LR increase
by root tip excision (SI Appendix, Fig. S10D), but the cotreatment
of NPA and Yucasin suppressed L-type LR formation (S7
Appendix, Fig. S10F), suggesting the synergistic regulation of
L-type LR formation after root tip excision by auxin biosynthesis
and transport.

Among 73 auxin-inducible genes up-regulated in L-type
LRP, OsWOX10 (Os08g0242400), a WOX domain transcription
factor, was up-regulated to the greatest extent in L-type LRP
(Fig. 34). Notably, OsWOX11 (Os07g0684900) and OsWOX6
(0s03g0325600), homologous genes of OsWOXI0 clustered in
the same clade among 13 rice WOX family proteins (Fig. 3D),
were also up-regulated in L-type LRP (Fig. 34). qRT-PCR
detected slight up-regulation of QHB/OsWOX5 in L-type LRP;
however, the inclement was much higher in OsWOXI10 (Fig.
3E). Expression analysis with pOsWOXI10-NLS-3xVENUS
revealed that OsWOXI0 is expressed in the basal part of LRP
from the early developmental stage in L-types and in the epider-
mal cell layer after meristem formation in both S- and L-types

pQHB OsWOX10/ WT

(Fig. 3F). Furthermore, several auxin-inducible genes encoding
transcription factors that function as regulators of root develop-
ment such as the LATERAL ORGAN BOUNDARIES DOMAIN
(LBD) genes were also up-regulated in L-type LRP (SI
Appendix, Fig. S9). Among them, OsLBD2-1 (also named as
OsLOBI16; ref. 36) is the closest rice orthologous gene to
AtLBDI6, which is directly regulated by AtWOX11 and ARF7/19
and functions in LR formation (37, 38). Thus, OsWOX1I0 and its
homologous genes might play a major role in L-type LRP
development.

OsWO0X10 Positively Affects LR Diameter Increase. To analyze the
functions of OsWOXI10 in LRP development, OsWOX10 was
overexpressed under the control of the QHB promoter to
express it in the LRPs of intact SRs. QHB was expressed in
S-type LRPs in intact SRs as well as L-types emerged after root
tip excision (Fig. 2 J and K), while OsWOX10 was not expressed
in S-types at an early developmental stage (Fig. 3F). In a WT
background, the number of L-type LRs in intact roots
increased, while S-types and total LRs decreased under high
OsWOX1I0 expression (Fig. 4 A-D and SI Appendix, Fig. S11 A
and B). Interestingly, the diameter of LRs increased in trans-
genic plants with increasing OsWOXI10 expression (Fig. 4E and
SI Appendix, Fig. S11C). Notably, pOHB-OsWOX10 did not res-
cue the reduced number of LRs in the intact roots of the ghb
mutant (SI Appendix, Fig. S11 D-F). To verify the role of
OsWOX10 in the control of LRP size, OswoxI0-mutant
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Taichung 65 plants were generated using CRIPSR/Cas9 (SI
Appendix, Fig. S11G). Under mild drought conditions, the WT
produced LRs with higher-order branching, distinct from
S-types in diameter and length (Fig. 4F). Oswox10 mutants also
produced LRs with higher-order branching; however, these
LRs were significantly thinner than the WT (Fig. 4 G and H),
verifying that OsWOX10 positively affects LR diameter.

As the ghb mutant produced more L-type LRs after root tip
excision than WT (Fig. 1 J and K), we examined whether
OsWOX10 is differently regulated in WT and the mutant. qRT-
PCR revealed that the increased OsWOXI0 expression, caused
by root tip excision, gradually weakened with distance from the
cut site in the WT (Fig. 54), similar to the change in L-type
LR number (Fig. 1K). ghb mutants had higher OsWOXI0
expression than the WT near the cut site, which was maintained
at higher levels even in distant regions (Fig. 54 and S/
Appendix, Fig. S11H), consistent with the formation of L-type
LRs in distant regions in the mutant (Fig. 1K). QHB expression
increased following root tip excision in the WT and mutant
(Fig. 5B and SI Appendix, Fig. S11I); however, the mutant-type
QHB might not be functional, resulting in a greater increase in
OsWOXI0 expression in the mutant. As orthologous genes of
both OsWOXI10 and QHB are up-regulated after wounding in
leaf explants in Arabidopsis (39), it was assumed that the higher
expression of OsWOX10 in the ghb mutant was due to higher

sensitivity to wounding stress in the mutant. The expression
patterns of wounding stress marker genes, up-regulated in
L-type LRP, were analyzed to test this hypothesis. As a result,
no major differences between the WT and ghb mutant were
detected in the tested genes (SI Appendix, Fig. S12), suggesting
that wounding signaling level does not differ between the WT
and ghb mutant.

Next, we tested the hypothesis that QHB negatively regulates
OsWOX10 expression, and thus, OsWOX1I0 expression is higher
in the ghb mutant than the WT after root tip excision. We first
analyzed the transcriptional repressive activity of QHB, as the
WUS-box and EAR motif, which confers repressive activity, are
well conserved in QHB (SI Appendix, Fig. S3B). In the yeast
one-hybrid assay, QHB suppressed the transcriptional activity
of VP16 (Fig. 5C), suggesting the transcriptional repression of
downstream genes. The mutant-type QHB protein, which lacks
the WUS-box and EAR motif, did not suppress the activity of
VP16 (Fig. 5C), suggesting that mutant-type QHB does not
function as a transcriptional repressor. Next, we examined
whether QHB directly binds to OsWOX10 promoter regions. In
the 1-kb upstream region of OsWOXI10, we found two WOX-
binding sequences (TTAATGG/C; refs. 22, 23, and 36) and
nine core sequences (TAAT or its tandem repeat; refs. 30, 40,
and 41). Among the nine core sequences, three were located
near each other (from -320 to —283 base pair [bp] from the
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case letters indicate significant differences among groups (P < 0.05, multiple-comparison Tukey'’s test).
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QHB translation start site); thus, it is more likely that QHB
binds to this region. To test the binding of QHB to these candi-
date sequences, we performed an electrophoresis mobility shift
assay (EMSA) with recombinant QHB proteins and Cy5-
labeled DNA probes (P1-3, SI Appendix, Fig. S134). The QHB
bound to P2, containing three “TAAT” core sequences, but not
to other probes (SI Appendix, Fig. S13B). As the shifted band
in P2 was positioned higher than that in the positive control
(intron of Arabidopsis AGAMOUS gene including “TTAA
TGG”; ref. 22), it was assumed that QHB could target several
“TAAT” core sequences in the P2 region. To verify which core
sequences QHB binds to, we conducted EMSA with additional
probes containing mutation(s) in the core sequences (Fig. 5D).
As a result, shifted bands were not observed when Core 1 or 3
was mutated (Fig. 5D); thus, QHB binds to Core 1 and 3.
These results suggest that OsWOXI0 is a potential target of
QHB and negatively regulated by QHB.

To examine the regulation of LR diameter by QHB and
OsWOX10 under soil conditions, the WT and ghb mutant
seedlings were grown in soils with different water conditions,
waterlogged and mild drought. Under mild drought, L-type LR
number increased compared with waterlogged condition in the
WT, with increased OsWOX10 expression (Fig. 5 F-H). In the ghb
mutant, OsWOXI10 expression and L-type LR number were
higher than in WT under mild drought (Fig. 5 F-H). These obser-
vations suggest that QHB and OsWOX10 also control plastic LR
development induced by mild drought in soil conditions.

Discussion

Based on this study’s results, we provide models for primor-
dium size control of LRs (Fig. SE) and regulatory mechanisms
for developing different LR types (SI Appendix, Fig. S14) in
which QHB/OsWOX5 and OsWOX10 play different roles.

Mutant screening combined with the root tip excision
method identified QHB/OsWOX5 as a key regulator of root
development in rice (Figs. 1 and 2 A-C). The ghb mutant was
defective in developing S-type LRs, including second-order
LRs, and CRs (Fig. 1 and SI Appendix, Fig. S1). In Arabidopsis,
a mutation in AtWOXS, the orthologous gene of QHB,
decreases LR density (42), but the detailed LRP phenotype of
the Atwox5 mutant has not been reported. During LR forma-
tion in Arabidopsis, AtWOX5 expression is first detected in
QC cells at the same time as QC is specified in the outer
layer—derived cells (43), which is later than that in rice QHB
detected just after LR initiation (Fig. 2 I-K). Therefore, QHB
and AtWOX5 might be involved in different steps of LR forma-
tion. The ghb mutant produced similar numbers of LRPs and
CRPs to WT; however, cellular organization was disturbed in
the primordia, decreasing the number of emerged S-type LRs
and CRs (Fig. 2 F and L and SI Appendix, Fig. S5). In Arabi-
dopsis, adventitious roots regenerated from leaf explants
decreased in the Atwox5 Atwox7 double mutant (AtWOX7 is the
homologous gene of AtWOXS5) with root primordia formed but
defective in cellular organization (39). Expressions of AtWOX5
and AtWOX7 were detected in the primordia after the transi-
tion of root founder cells to primordia in leaf explants of Arabi-
dopsis (39). In rice CRs, QHB expression is first detected in the
outer cell layer at the two-layer stage (22), which is as early as
AtWOX5 and AtWOX7 expressions during adventitious rooting
from leaf explants in Arabidopsis (39) and LR formation in rice
(Fig. 2 I-K). These observations suggest that QHB and
AtWOXS5 function in the cellular organization of root primordia
in the root types in which they are expressed from the early
developmental stage.

L-type LR development was recovered by root tip excision
in the ghb mutant (Fig. 1), although OHB was expressed in
both S- and L-type LRPs after initiation (Fig. 2 I-K). These
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data suggest that unknown factors might redundantly function
in meristem formation of L-type LRs induced by root tip exci-
sion, but not S-type LRs. Notably, OsWOXI0 expression in
LRP driven by the QHB promoter did not recover the defect in
meristem formation in the ghb mutant (SI Appendix, Fig. S11
D-F); thus, other mechanisms might contribute to meristem
formation of L-type LRs after root tip excision in the mutant
(SI Appendix, Fig. S14). After meristem formation, QHB was
expressed in the precursor cells of LMX and QC in L-type
LRP (Fig. 2K). In SRs, decreased expression of QHB in LMX
cells by the overexpression or exogenous treatment of FON2-
LIKE CLE PROTEIN2 (FCP2p) impairs LMX development
(31). OHB expression in LMX precursor cells of L-type LRPs
may confer a more developed vascular structure of L-type LRs
accompanied by an LMX and a larger number of proto xylems
than S-types (10).

We revealed the opposing roles of two WOX transcription
factors, QHB/OsWOX5 and OsWOX10, in the control of LRP
size in rice (Fig. 5E). OsWOXI10 expression was positively corre-
lated with LR diameter. In the WT, OsWOX10 up-regulation by
root tip excision gradually decreased with distance from the cut
site (Fig. 5A) accompanied by a smaller L-type LR number in
distant regions (Fig. 1K). Conversely, OsWOXI0 up-regulation
was maintained in regions farthest from the cut site in ghb
mutants (Fig. 54), possibly increasing L-type LRs after root tip
excision (Fig. 1 J and K). EMSA revealed that OsWOXI0 is a
potential target of QHB (Fig. 5D), and thus, QHB may directly
repress OsWOX10 expression and the increase of LRP diame-
ter. Notably, OsWOXI0 expression was not up-regulated in the
ghb mutant than WT in intact SRs (SI Appendix, Fig. S11H).
Since OsWOXI10 was not expressed in S-type LRPs before
the meristem formation in the WT (Fig. 3F), it seems that
up-regulation by a transcriptional activator is needed for OsWOX10
expression in LRPs. As OsWOX10 is an auxin-inducible gene and
the auxin signaling is up-regulated in L-type LRPs than S-types
(81 Appendix, Fig. S9), it is assumed that activation of auxin sig-
naling and thus ARF transcription activity triggers OsWOX10
expression in L-type LRPs. Both QHB and OsWOXI0 were
induced in the SR sections after root tip excision (Fig. 5 4 and
B); however, the up-regulation of OsWOX10 was much stronger
than that of QHB in L-type LRPs (Fig. 3E). Therefore, OHB
up-regulation after root tip excision may not be strong enough
to completely repress OsWOXI0 expression near the cut site,
resulting in OsWOX10 up-regulation in L-type LRPs. It is note-
worthy that S-type LRPs at early developmental stages can
increase their LRP size and become L-types before the meri-
stem is established (16, 18). The root cutting at different root
positions revealed that early stage LRPs, which grow as S-type
LRs, increase their diameter after root cutting and become
L-type LR (16, 18). Further analyses are needed to clarify the
function of QHB and OsWOXI10 in this flexible regulation of
LRP size.

The identified regulation of LR diameter by QHB and
OsWOX10 would be involved in plastic LR development in soil
conditions. OsWOX10 expression increased with mild drought
and possibly confers the increased L-type LRs under the condi-
tion in the WT (Fig. 5 F-H). In the ghb mutant, OsWOXI10
expression, hence L-type LR number, was higher than the WT
under mild drought (Fig. 5 F-H). It is possible that the uniden-
tified factor for meristem formation (discussed in the third par-
agraph) is absent in waterlogged conditions; thus, L-type LR
number did not increase despite the higher OsWOXI10 expres-
sion in the ghb mutant than the WT under the condition. The
mutation in OsWOX10 decreased L-type LR diameter (LRs with
second-order LRs) grown under mild drought conditions (Fig. 4
F-H). Interestingly, LRs in OswoxI0 plants grown under mild
drought conditions produced higher-order branching despite the
LR diameter decreasing (Fig. 4 F-H). This indicates that the
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thickness and higher branching ability of LRs, the characteristics
used to determine LR types, are regulated by independent mech-
anisms. In Arabidopsis, the Atwox11 Atwox12 double mutant pro-
duces LRs with fewer higher-order branches in soil than the WT
(37), suggesting that WOX11/12 proteins differentially regulate
the plastic LR development between rice and Arabidopsis.

In conclusion, our study reveals genetic mechanisms underly-
ing primordium size control of LRs in rice. As the LR type
determined by its primordium size is an important phenotypic
trait for the growth maintenance of rice plants under variable
water environments, our study provides important insights for
improving plant resilience to environmental stresses through
plastic root development.
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