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Endoreplication mediates cell size control via
mechanochemical signaling from cell wall

Yuan Ma’, Kristoffer Jonsson?, Bibek Aryal’, Lieven De Veylder3*, Olivier Hamant?®,

Rishikesh P. Bhalerao*

Endoreplication is an evolutionarily conserved mechanism for increasing nuclear DNA content (ploidy). Ploidy
frequently scales with final cell and organ size, suggesting a key role for endoreplication in these processes.
However, exceptions exist, and, consequently, the endoreplication-size nexus remains enigmatic. Here, we
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show that prolonged tissue folding at the apical hook in Arabidopsis requires endoreplication asymmetry
under the control of an auxin gradient. We identify a molecular pathway linking endoreplication levels to cell
size through cell wall remodeling and stiffness modulation. We find that endoreplication is not only permissive
for growth: Endoreplication reduction enhances wall stiffening, actively reducing cell size. The cell wall integrity
kinase THESEUS plays a key role in this feedback loop. Our data thus explain the nonlinearity between ploidy
levels and size while also providing a molecular mechanism linking mechanochemical signaling with endore-

plication-mediated dynamic control of cell growth.

INTRODUCTION

In multicellular organisms, spatiotemporal control of growth is crit-
ical for shaping and patterning organs and regulating final organ
size. Although cell division and elongation both contribute to
organ size, several organs in plants and animals undergo substantial
increases in size without appreciable cell division (1). Instead, cells
in these organs undergo endoreplication to replicate their nuclear
DNA several times without mitosis, increasing ploidy and causing
their nuclei to enlarge. Endoreplication is thought to allow cells to
scale their DNA content to their size (2). However, high endorepli-
cation does not always correlate linearly with faster growth and
larger cells (3). For example, during sepal development, polyploid
cells grow at the same rate as diploid cells (4). In addition, endor-
eplication has been associated with the rate of cellular growth but
not with growth anisotropy or direction. Hence, the contribution
of endoreplication to the control of cell and organ size is a matter
of debate, and the mechanism underpinning this contribution thus
remains unclear.

Here, we use the nondividing but rapidly elongating hypocotyl
cells during apical hook formation as a simple experimental system
to investigate the mechanical and biochemical bases for cell size reg-
ulation by endoreplication. Under natural conditions, the apical
hook forms by bending of the hypocotyl as the seedling emerges
from the soil after seed germination. The hypocotyl is an attractive
model system for studying the relationship between cell behavior
and multicellular morphogenesis because its shape and growth
depend primarily on cell elongation rather than cell division (5).
This contrasts with the more complex process of gravitropic
bending of roots presumably mediated via both cell expansion
and cell division. Tissue bending during apical hook formation is
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governed primarily by rapid cell elongation on the outer side of
the hook, with cells on outer side becoming up to threefold or
larger than those on the inner side (6). The differential growth
that induces hypocotyl bending must be maintained for some
time to prevent premature hook opening, necessitating robust spa-
tiotemporal control of growth on opposite sides of the hypocotyl.
Previous studies have shown that the differences in growth respon-
sible for apical hook bending depend on asymmetries in the distri-
butions of the phytohormone auxin and cell wall mechanical
properties: The inner cells have high auxin concentrations and
stiffer walls, suppressing their elongation, while the rapidly
growing outer cells have low auxin levels and softer walls (6, 7).

Here, we show that rapid cell growth on the outer side of hook is
severely attenuated upon reduction in endoreplication, causing a
failure to maintain differential growth between the outer and
inner sides and leading to defects in hook development. However,
this is not the simple result of differences in ploidy. Rather, we dem-
onstrate the existence of a feedback loop between auxin gradient—
dependent spatial control of endoreplication, cell wall mechanics,
and wall integrity sensing to regulate cell size via endoreplication.
On the basis of this loop, we propose a mechanistic framework
where endoreplication acquires an integrated role in dynamic mul-
ticellular shape changes.

RESULTS

Endoreplication is required for apical hook maintenance

To investigate the role of endoreplication in cell size regulation, we
analyzed differential cell elongation during apical hook develop-
ment in the Arabidopsis cell cycle switch protein 52 a2 (ccs52a2)
mutant, which exhibits strongly reduced endoreplication (8) due
to inactivation of CCS52A2, a rate-limiting activator of the ana-
phase-promoting complex/cyclosome E3 ubiquitin ligase (APC/
C) (9). Hook development proceeds through three phases: forma-
tion, maintenance, and opening (fig. S1) (10). Kinematic analyses of
hook development revealed significant hook development defects in
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ccs52a2: Tts maintenance phase is almost 32 hours shorter than that
of the wild type (WT) (Fig. 1, A to C).

The proposed correlation between endoreplication and cell size
prompted us to investigate whether growth differences between the
fast-growing outer side of the apical hook and the slow-growing
inner side in the WT are associated with endoreplication asymme-
tries and whether these asymmetries are disrupted in ccs52a2. En-
doreplication quantification based on 4',6-diamidino-2-
phenylindole (DAPI) staining of nuclear DNA (I11) in epidermal
cells showed that nuclear DNA staining on the hook’s outer side

(Fig. 1D and fig. S2), consistent with higher levels of endoreplica-
tion in the large and rapidly elongating outer cells. We also validated
endoreplication asymmetry using two additional methods. Both
DRAQS5 staining of nuclear DNA (12) (fig. S3, A and B) and
nuclear volume measurements (13) of epidermal cells on the
outer and inner sides of the hook in the WT indicated endoreplica-
tion asymmetry (fig. S3, C and D), confirming DAPI-based mea-
surements. Conversely, the DAPI signal on the outer side of the
ccs52a2 hook was significantly weaker (by ca. 37%) than that on
the outer side of the WT hook, and there was no significant endor-

was around 50% more intense than that on the inner side eplication asymmetry between the outer and inner sides of the hook

A B C
210, 84+ S L R
e —o—WT
1804 —o—ccs52a2 B 721 I
e >
5 150 O 60+
5 =3
2 1201 o 48
B 2
O 90 S 36 ]
°
@ 601 2 241
(=] s
£ 30 i, S 124 ;
o 0 . :
0 24 48 72 96 120 144 168 192 WT ccs52a2
Time after germination (hours)
D E F
3 b Outer 2.51 Outer
> e faner pCCS52A2::CCS52A2-GFP > g
‘@ @204 e
8 5 S
£ 27 £
5 o 1.5 A
< e
a © 1.0
s 1 2
k] 5 0.54
& ~ ¢
i it
WT ccs52a2 pCCS52A2::CCS52A2-GFP
G H * %%k
37 —*
> Outer
= Inner
& *
o ® —
€ 2 ns
o o 3
g o
S|4 |
4 R
B — .
o e
0 — T
[ Auxin <= Auxin transport WT pin3 pind pin7

Fig. 1. Spatial differences in endoreplication regulate hook development in response to auxin. (A) Representative images of the apical hook of dark-grown WT and
ccs52a2 seedlings at 60 hours after germination. Scale bars, 200 um. (B) Kinematic analysis of hook development in WT (n = 25) and ccs52a2 mutant (n = 15). Graphs
represent means + SEM. (C) The maintenance periods of apical hook in WT and ccs52a2 mutant derived from Fig. 1B. (D) 4',6-Diamidino-2-phenylindole (DAPI) intensity of
epidermal cells on the inner and outer sides overlapping the bent region of the apical hook in WT (n = 6; outer, 90 nuclei; inner, 89 nuclei) and ccs52a2 (n = 6; outer, 86
nuclei; inner, 74 nuclei). (E) Representative confocal images of the outer and inner sides of the pCCS52A2::CCS52A2-GFP seedling. Cyan signal represents CCS52A2-GFP.
Propidium iodide (PI) staining was performed to visualize the cell wall (yellow). Scale bars, 20 um. (F) Quantitative analysis of the CCS52A2 accumulation in the outer and
inner sides of pCCS52A2::CCS52A2-GFP in the WT background (outer, n = 53; inner, n = 31). (G) A schematic apical hook in WT showing auxin response maximum (in red)
generated by the PIN-dependent polar auxin transport (denoted by black arrows) directed toward the inner side of the hook. This auxin response maximum is disrupted
in pin3 pin4 pin7 mutant. (H) DAPI intensity of epidermal cells on the outer and inner sides overlapping the bent region of the apical hook in WT (n = 6; outer, 92 nuclei;
inner, 70 nuclei) and pin3 pin4 pin7 (n = 6; outer, 103 nuclei; inner, 98 nuclei). Thick lines in the boxes indicate medians. Statistical significance was calculated using
Student's t test (unpaired, two-tailed) and is indicated as follows: ns (not statistically significant), *P < 0.05, **P < 0.01, and ***P < 0.001.
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in ccs52a2 (Fig. 1D and fig. S2). Our results show that green fluo-
rescent protein (GFP)-tagged CCS52A2 (CCS52A2-GFP) driven by
the native promoter (14) is asymmetrically expressed in the hook.
CCS52A2 expression is higher on the outer side (relative to the
inner side) of the hook, correlating with high endoreplication on
the outer side of the hook (Fig. 1, E and F). Thus, our data show
that CCS52A2-dependent endoreplication asymmetry leading to el-
evated endoreplication on the outer side of the hypocotyl is crucial
for maintaining the differential growth established during the for-
mation phase of apical hook development.

Auxin asymmetry mediates differential endoreplication
during hook development

Apical hook development requires a strong auxin response on the
inner side (inhibiting elongation) combined with low auxin levels
on the outer side (facilitating elongation) (Fig. 1G) (I5). This
auxin response asymmetry correlates spatially with the hook's en-
doreplication asymmetry (Fig. 1, D and G). We therefore investigat-
ed the possibility that the asymmetric auxin response could mediate
spatial differences in endoreplication on the hook's outer and inner
sides. The asymmetric auxin response is established by the activity
of PIN-FORMED 3 (PIN3)-, 4-, and 7-dependent polar auxin trans-
port (16, 17). We therefore assayed endoreplication in the pin3 pind
pin7 mutant, which exhibits severe hook defects due to a lack of
auxin asymmetry (16, 17). The DAPI intensity on the outer side
of the hook in pin3 pin4 pin7 seedlings was significantly lower
(by ca. 38%) than that in WT controls (Fig. 1H). Consequently,
whereas the WT exhibits significant asymmetry in endoreplication
(P = 0.04), the same is not true for pin3 pind pin7 (P = 0.11)
(Fig. 1H). Last, treatment of WT with polar auxin transport inhib-
itor N-1-naphthylphthalamic acid (NPA; mimicking pin-triple
mutant) disrupted CCS52A2-GFP expression asymmetry (fig. S4).
These results show that transport-dependent auxin asymmetry and
CCS52A2 expression are crucial mediators of endoreplication
asymmetry during hook development. It is worth noting that, in ad-
dition to its effect on CCS52A2 expression, polar auxin transport
(via PINs) could also affect apical hook via additional pathways.

Growth and mechanical asymmetries in the hook are
disrupted in the ccs52a2 mutant

High endoreplication spatially correlates with fast cell elongation on
the outer side of the hook. We therefore investigated whether en-
doreplication attenuation in the ccs52a2 mutant affects cell elonga-
tion, leading to hook defects. The cell elongation rate on the outer
side of the hook in ccs52a2 (3.84 + 0.21%/hour) was significantly
lower than that in the WT (5.58 + 0.18%/hour), while there was
no significant difference between WT (2.88 + 0.17%/hour) and
ccs52a2 (2.90 + 0.24%/hour) on the inner side (Fig. 2A and fig.
S5). Consequently, cell elongation asymmetry between the outer
and inner sides was also notablely attenuated in ccs52a2
(P < 0.01) when compared to the WT (P < 0.001) (Fig. 2A). The
attenuation of growth asymmetry in ccs52a2 is thus consistent
with its hook maintenance defects.

Differential growth on the inner and outer sides of the apical
hook relies on mechanical asymmetry: The cell walls are stiffer on
the inner side and softer on the outer side (6, 18). The hook devel-
opmental and elongation defects of ccs52a2 therefore prompted us
to investigate the mechanical properties of its cell walls by measur-
ing cell deformation in response to changes in osmotic pressure, as
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previously described for the shoot meristem and apical hook (6, 18,
19). In accordance with previous findings, cells on the outer and
inner sides of the hook in the WT deformed by 16.7 + 0.9% and
6.3 £ 1.7%, respectively, indicating that the outer side cells were
2.7 times softer than those on the inner side. In ccs52a2, the outer
side cells were significantly (1.8-fold) less deformed (9.5 + 0.5%)
than in the WT. Thus, the outer side cell walls of the ccs52a2
mutant were stiffer than those of the WT, whereas the wall stiffness
on the inner side did not differ significantly between WT and
ces52a2 (Fig. 2, B to D). The ccs52a2 mutant thus exhibits weaker
mechanical and elongation asymmetry than the WT because the cell
walls on the outer side of the apical hook are stiffer, causing slower
cell growth (Fig. 2A).

Endoreplication affects pectin methylesterification levels
during hook development

Endoreplication has been associated with the regulation of cell wall
properties (11, 20). Therefore, we investigated changes in cell wall
composition that could explain the increased cell wall stiffness on
the outer side of the apical hook in ccs52a2. In the WT, the softness
of the outer epidermal cell walls is due to their low content of meth-
ylesterified homogalacturonan (HG) pectin, which facilitates rapid
cell elongation (Fig. 3A) (6). Moreover, overexpression of PECTIN
METHYLESTERASE INHIBITOR 5 (PMEI5) or treatment with ex-
ogenous epigallocatechin gallate (EGCG), which inhibits HG deme-
thylesterification, leads to increased wall stiffness and slower
elongation of the outer cells, resulting in hook defects (6). To inves-
tigate the relationship between endoreplication, HG methylesterifi-
cation, and hook development, we first analyzed hook development
in the WT and ccs52a2 in the presence of EGCG (21). The ccs52a2
mutant was hypersensitive to EGCG: Treatment with 250 uM
EGCG had no effect on hook development in the WT but exacer-
bated the hook maintenance defect of ccs52a2, causing the hook to
open more rapidly than in mock-treated controls (Fig. 3B).

We next quantified the levels of HG methylesterification in the
outer longitudinal cell wall of the epidermal cells of the apical hook
in css52a2 and the WT. In agreement with previously published
results (6), the level of HG methylesterification (as indicated by
LM20/LM19 ratio) was asymmetric, high on the stiffer inner side
relative to the softer outer side of the hook (Fig. 3C and fig. S6).
In contrast, the level of HG methylesterification in ccs52a2 was
higher, almost twice that of the WT, on both the outer and inner
sides of the hypocotyl (the LM20/LM19 ratios for the outer and
inner sides in the WT were 0.63 + 0.10 and 1.12 + 0.21, respectively,
compared to 1.20 + 0.17 and 2.14 + 0.34 for ccs52a2) (Fig. 3C and
fig. S6). Our results thus show that HG methylesterification is en-
hanced in ccs52a2, leading to cell wall stiffening, slower cell elonga-
tion on the outer side, and hook defects (Fig. 2).

A genetic approach was used to confirm the connection between
reduced endoreplication, enhanced HG methylesterification, and
hook defects in ccs52a2. Phenotypes resulting from enhanced HG
methylesterification can be suppressed by a loss-of-function muta-
tion in RECEPTOR-LIKE PROTEIN 44 (RLP44), a plasma mem-
brane receptor that responds to pectin modification (22). We
therefore generated rlp44°*“? ccs52a2—double mutant and analyzed
its hook development. The loss of RLP44 completely suppressed the
ccs52a2 mutant's early hook opening defect because the mainte-
nance phase of rlp44“? ccs52a2 (48.3 + 2.6 hours) was significantly
longer than that of ccs52a2 (17.3 £ 2.6 hours) and very similar to
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Fig. 2. Endoreplication mediates in control of differential cell elongation and mechanical properties during hook development. (A) Cell elongation rate of epi-
dermal cells (%/hour) at 0 to 400 um from the shoot apex in the WT (n = 5; outer, 80 cells; inner, 88 cells) and ccs52a2 (n = 6; outer, 69 cells; inner, 84 cells). (B) Quantifi-
cation of the deformation of the epidermal cells in the WT (n = 6; outer, 240 cells; inner, 250 cells) and ccs52a2 (n = 6; outer, 197 cells; inner, 213 cells). Thick lines in the
boxes indicate medians. (C and D) Heatmaps of cell deformation following osmotic treatment for the WT (C) and ccs52a2 (D). Statistical significance was calculated using
Student’s t test (unpaired, two-tailed) and is indicated as follows: ns, *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars, 100 pm.

that of the WT (50.7 + 1.7 hours) (Fig. 3D and fig. S7A). The endor-
eplication asymmetry was not affected in the rlp44°*“? mutant (fig.
S7B). Together, these results confirm that hook defects in ccs52a2
are linked to enhanced HG methylesterification. This provides a
scenario in which differential cell elongation during apical hook
formation relies on asymmetric cell wall mechanochemical proper-
ties downstream of endoreplication control.

ERF115 is a downstream target of CCS52A2 in hook
development

To clarify the molecular mechanism underlying the connection
between reduced endoreplication, HG methylesterification, and
hook defects in ccs52a2, we investigated the transcription factor
ETHYLENE RESPONSE FACTOR 115 (ERF115), a downstream
target of APC/CSC$5242 (23). Expression analysis showed that
ERFI15 and its closely related homologs ERFI08 (RAP2.6),
ERF113 (RAP2.6L), and ERF114 (24) were substantially up-regulat-
ed in the ccs52a2 mutant relative to the WT (Fig. 4, A to D).
Notably, the ERF115-overexpressing mutant ERF1159% (23) dis-
plays hook defects similar to those of ccs52a2, with a maintenance
phase that is almost 11 hours (ca. 25%) shorter than that of the WT
(Fig. 4E and fig. S8A). To determine whether the hook defects of
ccs52a2 can be attributed to ERF115 misexpression, we introduced

Ma et al., Sci. Adv. 8, eabq2047 (2022) 9 December 2022

ERF1159% and erfl15 loss-of-function mutations into the ccs52a2
mutant background and analyzed their effects on hook develop-
ment. ERFI15 overexpression exacerbated the hook defects of
ccs52a2: The maintenance phase in ERFI1159% ccs52a2 was almost
9 hours shorter (ca. 45%) than that in the ccs52a2-single mutant
(Fig. 4E and fig. S8A). Conversely, the erfl15 mutant partially but
significantly rescued the ccs52a2 phenotype: The maintenance
phase of the erfl15 ccs52a2—-double mutant was almost 16 hours
(ca. 65%) longer than that of the ccs52a2-single mutant (Fig. 4F
and fig. S8A). These results indicate that increase in ERF115 activity
could contribute to the hook defect of the ccs52a2 mutant.
However, the suppression of ccs52a2 phenotype by loss of
ERF115 is only partial. This may result from redundancy in
ERF115 that has three additional members: ERFI108, ERF113, and
ERF114. Consistently, the expression of ERF108, ERF113, and
ERFI114 is enhanced in the ccs52a2 mutant (Fig. 4, A to D). To
test the hypothesis of a partial compensation by other ERFI115
clade members, we introduced a dominant-negative ERF1155RPX
fusion (to overcome redundancy and phenocopy erf113, 114, and
115-triple mutants) (25) into the ccs52a2 background. Note that
the expression of ERF1155*PX does not affect endoreplication and
that ERF1155*PX displays WT-like endoreplication asymmetry in
the hook (fig. S8B). Notably, ERF115%*PX almost completely
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Fig. 3. Enhanced HG methylesterification due to reduced endoreplication results in defective apical hook development. (A) A schematic apical hook in the WT
showing high ratio of methylesterified HG (detected by LM20 antibody) to demethylesterified HG (detected by LM19 antibody) on the inner side (with stiffer walls) and
the opposite on the fast-growing outer side (with softer walls). (B) Maintenance period of apical hook in WT (mock, n = 15; EGCG, n = 15) and ccs52a2 (mock, n = 15; EGCG,
n = 16) after EGCG treatment. (C) LM20/LM19 immunolabeling ratios of longitudinal walls of epidermal cells in the WT (n = 8; outer, 90 cells; inner, 103 cells) and ccs52a2
(n = 6; outer, 95 cells; inner, 87 cells) at 0 to 400 um from the shoot apical meristem (SAM) (n > 7). (D) Maintenance period of apical hook in WT (n = 15), ccs52a2 (n = 15),
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tailed) and is indicated as follows: ns, **P < 0.01, and ***P < 0.001.

suppressed the hook defect of the ccs52a2 mutant: The maintenance
phase of ERF1155RPX ¢cs52a2 (39.2 + 4.7 hours) was significantly
longer than that of ccs52a2 (15.8 + 1.8 hours) and did not differ sig-
nificantly from the WT maintenance period (49.1 + 2.5 hours;
P = 0.07) (Fig. 4G and fig. S8A). Moreover, the growth rate on
the outer side in ERF1155RPX ¢¢cs52a2 was similar to that in the
WT and significantly faster than that of the ccs52a2 mutant (fig.
S8C). Thus, ERF1155RPX restored growth rate asymmetry between
the outer and inner sides when introduced in ccs52a2 mutant back-
ground. Immunolabeling studies showed that ERF1155*PX sup-
pressed the enhancement of HG methylesterification in ccs52a2:
The LM20/LM19 ratio for ERFI1155RPX ¢cs52a2 on the outer side
of the apical hook (0.65 + 0.09) was ca. 46% lower than that for
ccs52a2 (1.20 + 0.17), whereas on the inner side, the LM20/LM19
ratios were 1.20 + 0.31 for ERF1155%PX ¢cs52a2 and 2.14 + 0.34 in
ccs52a2, a reduction of ca. 44% (Fig. 4H). These results reveal that
ERF115 family transcription factors are redundant negative regula-
tors of apical hook development and suggest that asymmetries in
cell wall properties (HG methylesterification) during apical hook
development are established and maintained via ERF115, down-
stream of CCS52A2-mediated endoreplication.

Ma et al., Sci. Adv. 8, eabq2047 (2022) 9 December 2022

Cell wall changes in response to reduced endoreplication

are monitored via the cell wall integrity kinase THESEUS1

So far, our results provide a molecular pathway relating ploidy to
cell elongation through auxin gradient, endoreplication pathway,
and cell wall modification. However, mechanical feedbacks can
also contribute to hook development (6). Therefore, we next inves-
tigated potential mediators of endoreplication responsive mechano-
chemical feedback in the regulation of cell elongation during hook
development. THESEUSI (THE1), a receptor-like kinase that mon-
itors cell wall integrity, was targeted because it mediates changes in
HG methylesterification (26). The loss-of-function mutant allele
thel-1 does not cause discernible hook defects (Fig. 5A and fig.
S9A), presumably due to redundancy with related receptor-like
protein kinases (RLKs) such as HERCULES1 (HERK1), as shown
for other responses (26). Consistently, endoreplication asymmetry
was not affected by loss of function thel-1 (fig. S9B). However, in-
troducing the thel-1 mutation into the ccs52a2 background largely
suppressed the maintenance phase defect of ccs52a2: The mainte-
nance phase in thel-1 ccs52a2 was 41 hours long, ca. 103% longer
than that of ccs52a2 and similar to that of the WT (Fig. 5A and fig.
S9A). The growth rate of outer side in thel-1 ccs52a2 was similar to
that in WT and significantly faster than that in ccs5242 mutant and
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Fig. 4. ERF115 transcription factor mediates endoreplication defects to modulate hook development. (A to D) Reverse transcription quantitative polymerase chain
reaction (RT-Q-PCR) analysis of the expression of ERF115 subfamily members, ERF108 (A), ERF113 (B), ERF114 (C), and ERF115 (D), in WT and ccs52a2. Expression data were
normalized against ubiquitin 10 and the WT value. Graphs represent means + SEM. (E) Maintenance period of the apical hook in WT (n = 15), ccs52a2 (n = 15), ERF1159%
(n=13),and ERF115%% ccs52a2 (n = 20). (F) Maintenance period of apical hook in WT (n = 15), ccs52a2 (n = 15), erf115 (n = 15), and erf115 ccs52a2 (n = 16). (G) Maintenance
period of apical hook in WT (n = 15), ccs52a2 (n = 17), ERF115°fPX (n = 12), and ERF115°"PX ccs52a2 (n = 15). (H) LM20/LM19 immunolabeling ratio of longitudinal walls of
epidermal cells in the WT (n = 8; outer, 90 cells; inner, 103 cells), ccs52a2 (n = 6; outer, 95 cells; inner, 87 cells), and ERF115°f"PX ccs52a2 (n = 8; outer, 109 cells; inner, 117
cells) lines at 0 to 400 um from SAM. The data of WT and ccs52a2 are identical to that of Fig. 3C. Lines in the boxes indicate medians. Statistical significance was calculated
using Student's t test (unpaired, two-tailed) and is indicated as follows: ns, *P < 0.05, **P < 0.01, and ***P < 0.001.

resulted in restoration of growth asymmetry between the outer and
inner sides in thel-1 ccs52a2 (fig. S9C).

Because ERF115 misexpression induces mechanical and hook
defects similar to those of ccs52a2, we also introduced the thel-1
allele into the ERF115°% to investigate the role of THEI in the
CCS52A2-ERF115 pathway. Introducing the thel-1 allele
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significantly extended the maintenance phase to 39.7 + 1.4 hours,
compared to 28.8 + 1.4 hours for ERF115°% (Fig. 5B). This suggests
that the perception of increased wall stiffness resulting from elevat-
ed HG methylesterification in ccs52a2 occurs via a signaling
pathway involving wall receptor kinases such as THEIL. Thus,
CCS52A2/ERF115-dependent pectin modifications and the
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Fig. 5. THE1 monitors cell wall changes in response to defective endoreplication during apical hook development. (A) Maintenance period of apical hook in WT
(n = 15), ccs52a2 (n = 18), thel-1 (n = 15), and thel-1 ccs52a2 (n = 17). (B) Maintenance period of apical hook in WT (n = 18), ccs52a2 (n = 20), ERF115°% (n = 20), and
ERF115%%thel-1 (n=14).Lines in the boxes indicate medians. Statistical significance was calculated using Student's t test (unpaired, two-tailed) and is indicated as follows:

ns and ***P < 0.001.

monitoring of cell wall status by THE1 appear to be crucial for en-
doreplication-dependent control of rapid cell elongation and differ-
ential growth crucial for hook maintenance.

DISCUSSION

Our results summarized in the model (Fig. 6) provides a mechanis-
tic link between endoreplication and cell and organ size regulation.
Although endoreplication correlates positively with cell size, ploidy
levels do not scale linearly with cell volume (3). Consequently, the
mechanisms through which endoreplication regulates cell size and
shape have remained unclear. Two groups (20, 27) recently suggest-
ed that the correlation mainly results from a feedback mechanism:
Rather than triggering cell enlargement, endoreplication was sug-
gested to occur in response to the demands imposed on cells as

Low auxin High auxin

\ J

Endoreplication

il
ERF115

{

Pectin methylesterification

' !

Wall stiffness THE1

Y

Cell elongation

Fig. 6. A model for endoreplication-mediated mechanochemical control of
cell elongation. PIN protein—dependent polar auxin transport establishes auxin
response asymmetry that controls spatial differences in endoreplication. Endore-
plication negatively regulates ERF115 family transcription factors. ERF115 (and
related members) regulates cell wall properties via modulation of HG methylester-
ification levels. Cell elongation is then controlled by mechanical properties of the
cell wall (stiffness) and signaling via cell wall integrity kinase THE1, a proposed me-
diator of HG methylesterification levels, thus linking endoreplication with control
of cell size via a mechanochemical feedback.
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their sizes and growth rates increase. For example, an increased
DNA content resulting from high endoreplication could enable
the high transcriptional, metabolic, and translational output
needed to sustain rapid growth and large cells (28). This is consis-
tent with the need to safeguard the mechanical integrity of rapidly
growing cells: High endoreplication may be required to deposit
enough cell wall material to compensate for the cell wall's thinning
as it stretches during expansion (11). Our data are consistent with
that scenario while also providing molecular players involved. Thus,
the absence of endoreplication (ccs52a2 mutant) may lead to en-
hanced mechanical stress or wall damage. In turn, wall integrity
sensors such as THE1 would then trigger growth reduction.
When endoreplication is reduced but wall integrity sensing is im-
paired, growth would be restored, explaining the suppression of
ccs52a2 phenotype by loss of THEI kinase. However, the nature
of the wall cue that is sensed (e.g., mechanical stress, wall damage,
or secondary signals) remains to be investigated.

Another important unresolved question is: If ploidy does not
always scale linearly with cell volume, then why are cells always
smaller in endoreplication-defective mutants? Endoreplication is
classically thought to have a permissive role in cell growth. Thus,
endoreplication-associated cell enlargement should not be executed
unless the cell wall mechanics is also permissive as suggested by our
results while also revealing the components involved. However, our
data also unravel a previously unrecognized element: We find that
reduced endoreplication causes cell wall remodeling, resulting in
wall stiffening. This reveals a feedback mechanism that would
limit the cell size following endoreplication attenuation. Our data
suggest a scenario where the monitoring of mechanochemical
status of the cell wall by the THEI1 receptor-like kinase could feed
back onto growth, linking reduced endoreplication to slower growth
and smaller cells. In other words, when the metabolic rates (or other
factors) needed for cell expansion cannot be sustained because en-
doreplication is attenuated, growth is actively reduced through wall
sensing. Although inhibition of endoreplication does not always
lead to smaller size as shown by overexpression of KIP-RELATED
PROTEIN 1 (KRP1) in tomato (29), endoreplication mutants are
frequently smaller in stature. Our findings provide a plausible expla-
nation for the typically small stature of such endoreplication
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mutants because cell growth would be inhibited in such lines
through a mechanism as shown here.

We propose that endoreplication not only facilitates or promotes
growth but also acts as a brake on growth: High growth rate is
enabled by the provisioning of cell wall material via endoreplication,
while, conversely, low endoreplication mediates wall stiffening and
slower growth. Previously, a correlation between ploidy and tran-
scription of cell wall-related genes linking these two factors (endor-
eplication and cell wall) has been noted in yeast (30) and in plants
(11), which further supports our findings here. While a role for cell
wall modulation was identified here as a component linking endor-
eplication with growth, additional pathways that link endoreplica-
tion with growth regulation may also exist. For example, ERF115 has
also been linked with hormonal control of cell elongation, and
ERF115 could also mediate turgor effects on growth, being respon-
sive to turgor itself (31, 32).

Our findings thus put forward wall properties and wall sensing at
the nexus between endoreplication and size control and reveal a
plausible role for endoreplication in the dynamic control of cell
size, integrating both biochemical and mechanical cues. Our
results suggest a molecular framework in which hormonally pat-
terned spatial differences in endoreplication can modulate growth
through and in response to mechanochemical modulation of cell
wall properties. Given the consistently reduced stature in endorepli-
cation defective mutants, our findings now open the possibility of
investigating the wider applicability of this mechanism in other
tissues in the future. This previously unrecognized mechanism for
growth regulation by endoreplication implies that cells do not use
endoreplication as a simple ploidy-dependent growth amplifier; en-
doreplication instead appears as an integrator of hormonal and me-
chanical cues in regulation of cell size and organ shape changes.

MATERIALS AND METHODS

Plant material and growth conditions

The Columbia-0 (Col-0) ecotype of Arabidopsis thaliana and the
following transferred DNA insertion and transgenic lines were
used in this study: ccs52a2-1 (SALK_001978) (8), ERF1159% (23),
ERF1155RPX (23), erf115 (23), pin3 pind pin7 (17), rlp44°#2 (22),
thel-1 (33), pCCS52A2::CCS52A2-GFP (14), H2B-YFP (34), and
LTI6A-GFP (35). The higher-order mutants used in this study
were generated by crossing the lines listed above.

Seeds were stratified at 4°C in the dark for 2 to 4 days on !/, Mur-
ashige and Skoog (MS) agar medium (Duchefa) (pH 5.8) supple-
mented with 0.5% (w/v) sucrose and 2.5 mM 2-
morpholinoethanesulfonic acid (Sigma-Aldrich). Seeds were then
given 6 hours of light and subsequently grown vertically under
constant-dark conditions for time-lapse growth kinematics
imaging or grown vertically in constant darkness for 48 hours fol-
lowed by confocal microscopy or reverse transcription quantitative
polymerase chain reaction (RT-Q-PCR) analysis. For pharmacolog-
ical treatments, 250 uM EGCG or 0.1 uM NPA was added to the
medium; the same volumes of solvent [dimethyl sulfoxide
(DMSO)] were used in the corresponding mock treatments.

Quantification of CCS52A2-GFP

pCCS52A2::CCS52A2-GFP seedlings were grown on !/, MS
medium vertically under constant-dark conditions for 2 days. The
seedlings were then harvested and stained with propidium iodide
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(PL 1 mg/ml) in phosphate-buffered saline (PBS) (pH 7.4) for 20
min. The seedlings were then washed twice with PBS buffer for 5
min each and mounted for confocal imaging using a Carl Zeiss
LSM880 with a 20x lens (Zeiss Plan-Apochromat 20x/0.8 M27) (ex-
citation: 488 nm for GFP and 561 nm for PI; emission range: 490 to
553 nm for GFP and 600 to 700 nm for PI). Images were stacked,
and the GFP fluorescence intensity at bending region was quantified
using the Fiji software package [National Center for Biotechnology
Information (NCBI)]. The bending region was defined as the region
where the longitudinal angle of the neighboring cells was less than
170°. Data were normalized with the value of the outer side of the
WT. Data were plotted by PlotsOfData (36).

Immunohistochemistry

Immunolabeling was performed to study cell wall changes as previ-
ously described (6). Briefly, seedlings were embedded in LR White
Medium grade (TAAB, UK) and sectioned at a thickness of 2.5 um
using a Reichert Ultracut S Wild M3Z microtome (Leica) with a
Histo Diamond Knife (8.0 mm, 45° angle) (DiIATOME). The sec-
tions were immunolabeled with the primary antibodies a-Rat-
LM19 (RRID: AB_2734788) and a-Rat-LM20 (diluted 1:50; RRID:
AB_2734789, PlantProbes, UK) for 2 hours at room temperature
followed by 2 hours of incubation at room temperature with a sec-
ondary antibody, a-Rat Cy5 (diluted 1:200; RRID: AB_2340672,
Jackson ImmunoResearch, UK). Cy5 fluorescence signals from
apical hook cells were imaged using a Carl Zeiss LSM880 micro-
scope with a 32x lens (Zeiss C-Achroplan 32x/0.85-W Corr M27)
(excitation, 633 nm; emission range, 638 to 700 nm). Sequential Z-
stack images were taken at 1-um intervals. Images were stacked, and
fluorescence intensity was measured using the Fiji software package
(NCBI). The LM19 and LM20 immunolabeling signal of the outer
epidermal cell walls of cells (0 to 400 um from Shoot Apical Meri-
stem) was measured individually, and LM20/LM19 ratio of each cell
was calculated and plotted for both the outer and inner sides of the
hook by PlotsOfData (36).

Gene expression analyses by RT-Q-PCR

Seedlings were grown on '/, MS medium vertically under constant-
dark conditions for 2 days. The apical hooks were harvested and
frozen in liquid nitrogen and stored at —80°C. Total RNA was pu-
rified using the RNeasy Plant Mini kit (QIAGEN) or the GenElute
Total RNA Purification Kit (Sigma-Aldrich) in accordance with the
manufacturer’'s recommendations. Genomic DNA was removed
using RNase-free Turbo DNase (Invitrogen), and single-stranded
cDNA was synthesized using the iScript cDNA Synthesis Kit
(Bio-Rad) with 1 pg of RNA. Q-PCR was performed with the
Light Cycler 480 SYBR Green I Master (Roche) in the 96-well
CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Expres-
sion data were normalized against ubiquitin 10 using the 2744¢T
method (37). Three biological replicates were performed for each
line, and two to three technical replicates were performed for
each biological replicate. Primers used in this study are listed in
table SI.

Endoploidy analysis

Endoploidy analysis was performed as described earlier (11). Two-
day-old seedlings were harvested and fixed in fixation solution (50%
methanol and 10% acetic acid) at 4°C for at least 12 hours and stored
in the fixative for up to 1 month in darkness (38). The seedlings
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were incubated in 80% ethanol at 80°C for 5 min and then trans-
ferred back to the fixation solution and incubated for 1 hour. The
tissue was rehydrated in PBS buffer for 2 hours and stained with
DAPI (1 pg/ml) or DRAQS5 (25 uM) for 15 min in PBS buffer
(pH 7.4). The tissue was then rinsed extensively and imaged
using a Carl Zeiss LSM880 with a 32x lens (Zeiss C-Achroplan
32x/0.85-W Corr M27; excitation, 405 nm; emission range, 410 to
585 nm). Fluorescence signals other than the nuclei of the outer and
inner sides at the bending region were removed using MorphoG-
raphX (39) to facilitate nuclei recognition and measuring. The
bending region was defined as the region where the longitudinal
angle of the neighboring cells was less than 170°. Images were
then stacked, around 10 nuclei within two to four cell files were
identified, and fluorescence intensity was measured by Fiji with
3D Objects Counter plugin (40). Data were normalized with the
value of the outer side of the WT. Data were plotted for both the
outer and inner sides of the hook by PlotsOfData (36). For
nuclear size analysis, 2-day-old histone 2B (H2B)-yellow fluores-
cent protein (YFP) seedlings were harvested and live imaged
using a Carl Zeiss LSM880 with a 25x lens (Zeiss LCI Plan-Neofluar
25%/0.8 Imm Korr DIC M27; excitation, 514 and 488 nm; emission
range, 526 to 88 nm and 490 to 508 nm, for YFP and GFP respec-
tively). The nuclear size was analyzed by Fiji software (NCBI) with
the 3D Objects Counter plugin (40). Data were normalized by the
value of the outer side of WT and were plotted by PlotsOfData (36).

Time-lapse imaging of cell elongation

Time-lapse imaging of cell elongation was performed as previously
described with minor modifications (6). Col-0 and ccs52a2-1 seed-
lings were grown for 36 hours on vertical agar plates before treat-
ment. The seedlings were stained with PI (10 mg/ml in liquid '/,
MS medium) for 1 hour and imaged on vertical agar plates using
a Nikon AZ-C2 vertical macro-confocal equipped with a AZ-Plan
Apochromat 0.5x (NA 0.05/W.D. 54 mm) macro-objective at 3-
hour intervals in a dark chamber. The cell lengths in the two
time-lapse images were measured using the segmented line tool
in Fiji (NCBI), and the hourly cell elongation rate (%/hour) was
calculated.

Growth kinematics analysis of apical hook development
The growth kinematics analysis was performed with a fully auto-
mated infrared camera imaging system as previously described
(6). Briefly, seeds were illuminated with white light for 4 to 6
hours to promote germination. The plates were then imaged with
an infrared camera imaging system in a dark room at 4-hour inter-
vals. The hook curvature angle between the hypocotyl axis vector
and cotyledons was measured using Fiji (NCBI). For each line, 12
to 25 seedlings were measured. Data were plotted by PlotsOfData
(36). The maintenance period was defined as the period from the
hook angle of the seedling reached 95% of its maximum value
until the angle decreased by greater than 5% of its maximum
value, as previously described (41). For pharmacological treatments,
seedlings were germinated and grown on '/, MS medium supple-
mented with 250 pM EGCG. Mock treatments were performed
with an equivalent amount of solvent (DMSO).

Analysis of cell deformation
Two-day-old seedlings were immersed in hypo-osmotic medium
(H,O) for 30 min to inflate their cells and then incubated in PI
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solution (1 mg/ml) for another 30 min to stain the cell wall.
Samples were imaged using a Carl Zeiss LSM880 with a 32x lens
(Zeiss C-Achroplan 32x/0.85-W Corr M27) (excitation, 514 nm;
emission range, 566 to 718 nm). Three Z stacks of images were
taken for each sample to cover the whole hook region. Subsequently,
the samples were incubated in hyperosmotic medium (0.35 M
NacCl) for 30 min to deflate cells followed by confocal imaging as
above. Z stacks of each seedling were stitched together. The differ-
ence in the epidermal cell surface area between hypoosmotic and
hyperosmotic conditions (cell deformation) was calculated using
MorphoGraphX (39). Cell deformation heatmaps were created by
averaging the cell surface changes of each cell with those of its
neighbor cells to identify tissue-level patterns (6, 19, 39). Data
were plotted for both the outer and inner sides of the hook by Plot-
sOfData (36).

Statistical analysis

All statistical analyses were based on the two-tailed ¢ test, which was
performed using the t.test function in Microsoft Excel. In all figures,
statistical significance is indicated as follows: ns (not statistically sig-
nificant), *P < 0.05, **P < 0.01, and ***P < 0.001.

Accession numbers

Gene information and sequence data can be found in the Arabidop-
sis Genome Initiative under the following accession numbers:
CCS52A2 (AT4G11920), THEI (AT5G54380), ERFI108
(AT1G43160), ERF113 (AT5G13330), ERF114 (AT5G61890),
ERF115 (AT5G07310), and RLP44 (AT3G49750).

Supplementary Materials
This PDF file includes:

Figs. S1 to S9

Table S1

View/request a protocol for this paper from Bio-protocol.
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