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Plant nuclear shape is independently determined

by the SUN-WIP-WIT2-myosin Xl-i complex
and CRWN1
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Abbreviations: CDS, coding sequence; CRWN1, CROWDED NUCLEI 1; KASH, Klarsicht/ANC-1/Syne-1 Homology;

LING, linker of the nucleoskeleton to the cytoskeleton; NE, nuclear envelope; NLI, nuclear envelope localization index;
SUN, Sad1/UNC-84; suni-KO sun2-KD, sunl-knockout sun2-knockdown; WIP, WPP domain-interacting protein;
WIT, WPP domain-interacting tail-anchored protein; XI-iC642, myosin XI-i C-terminal 642 amino acids.

Nuclei undergo dynamic shape changes during plant development, but the mechanism is unclear. In Arabidopsis,
Sad1/UNC-84 (SUN) proteins, WPP domain-interacting proteins (WIPs), WPP domain-interacting tail-anchored proteins
(WITs), myosin XlI-i, and CROWDED NUCLEI 1 (CRWN1) have been shown to be essential for nuclear elongation in
various epidermal cell types. It has been proposed that WITs serve as adaptors linking myosin XI-i to the SUN-WIP
complex at the nuclear envelope (NE). Recently, an interaction between Arabidopsis SUNT and SUN2 proteins and
CRWNT1, a plant analog of lamins, has been reported. Therefore, the CRWN1-SUN-WIP-WIT-myosin XlI-i interaction may
form a linker of the nucleoskeleton to the cytoskeleton complex. In this study, we investigate this proposed mechanism
in detail for nuclei of Arabidopsis root hairs and trichomes. We show that WIT2, but not WITT, plays an essential role in
nuclear shape determination by recruiting myosin XI-i to the SUN-WIP NE bridges. Compared with SUN2, SUN1 plays a
predominant role in nuclear shape. The NE localization of SUN1, SUN2, WIP1, and a truncated WIT2 does not depend on
CRWN1. While crwn1 mutant nuclei are smooth, the nuclei of sun or wit mutants are invaginated, similar to the reported
myosin XI-i mutant phenotype. Together, this indicates that the roles of the respective WIT and SUN paralogs have
diverged in trichomes and root hairs, and that the SUN-WIP-WIT2-myosin XI-i complex and CRWNT1 independently
determine elongated nuclear shape. This supports a model of nuclei being shaped both by cytoplasmic forces

transferred to the NE and by nucleoplasmic filaments formed under the NE.

Introduction

Nuclear morphology changes are associated with cell polariza-
tion and migration, which are critical for cell proliferation and
tissue development in eukaryotes." LINC complexes are essen-
tial players in nuclear shape determination and cell migration.
Formed by the outer nuclear membrane Klarsicht/ANC-1/Syne-
1 Homology (KASH) proteins and the inner nuclear membrane
Sad1/UNC-84 (SUN) proteins at the nuclear envelope (NE),
LINC complexes connect lamins, the chief component of the
nucleoskeleton, to the cytoskeleton. Mutations in these proteins
lead to nuclear shape abnormalities and human diseases.””

Nuclear shape undergoes changes during plant develop-
ment,*” but the mechanism is not fully understood. In Arabidop-
sis root hairs, the nuclei can reach ~40 wm in length, which is
more dramatic than in other cell types.'® Elongated nuclei have
also been observed in Arabidopsis leaf epidermal cells and tri-
chomes.'”""  Recently, constituent proteins of the LINC
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complexes have been reported to be essential for the elongated
nuclear shape in Ambz’dopsz&.lo‘lz Arabidopsis WPP domain-inter-
acting protein 1 (WIP1), WIP2, and WIP3 are plant-specific
KASH proteins that interact with SUN1 and SUN2 at the NE.!°
The wip1-1 wip2-1 wip3-1 triple null mutant and SUN mutants
including the sunl-knockoutr sun2-knockdown (sunl-KO sun2-
KD) mutant harbor round nuclei in root hairs, epidermal cells,
and trichomes."®'* A similar phenotype has been observed in the
witl-1 wit2-1 double null mutant and in myosin XI-i mutants.'!
WITI and WIT2 encode WPP domain-interacting tail-anchored
proteins.'> WIT1 is a NE protein that interacts with WIPI,
WIP2, and myosin XI-i. "' It is proposed that the force from
myosin XI-i is transferred to the SUN-WIP complex through
WITs, which leads to nuclear elongation.”

At the nucleoplasmic side, lamins are critical for nuclear shape
in mammals.'* However, no lamin homologs have been found in
plant proteomes."” Instead, Nuclear Matrix Constituent Proteins
(NMCP)''® and their Arabidopsis homologs, CROWDED
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NUCLEI (CRWN, also known as LITTLE NUCLEI) proteins,
were identified as putative analogs of mammalian lamins in
plants."> NMCP/CRWN proteins are coiled-coil proteins iso-
lated from plant nuclear fractions and are proposed to share
structural similarity to lamins.">'®'? The Arabidopsis genome
encodes 4 CRWN genes, but only CRWN1 and CRWN4 are
localized to the nuclear periphery.'”*® CRWNI and CRWN4 sin-
gle mutants have small, round nuclei but show no developmental
phenotypes.'”?" A recent study provided evidence for an interac-
tion of CRWN1 with SUN1 and SUN2 at the NE, and there-
fore, CRWN1 may be part of a plant LINC complex.*

In this study, using Arabidopsis root hair and trichome nuclei,
we investigated the nuclear shape determined by the putative
SUN-WIP-WIT-myosin XI-i complex and CRWN1. We discov-
ered that WIT2, but not WITT1, is essential for recruiting myosin
XI-i to the plant NE and for maintaining the elongated nuclear
shape. The nuclei of the wir2-1 null mutant were invaginated
and round, similar to the nuclei of sun1-KO sun2-KD and myosin
XI-i mutants. A truncated WIT2 protein (designated as WIT2*)
was able to partially rescue the phenotype, and was shown to
interact with WIP1, WIP2, WIP3, and the C-terminus of myo-
sin XI-i. In sunl-KO sun2-KD and wit2-1, the NE localization of
the C-terminus of myosin XI-i is also impaired, supporting the
existence of LINC complexes comprised of SUN, WIP, WIT2
and myosin XI-i. SUN1, SUN2, WIP1, and WIT2* are still
propetly localized at the NE in the ¢rwni-1 null mutant, and the
round nuclei of ¢rwnl-1 are smooth without invaginations.
These data suggest that plant nuclear shape is determined inde-
pendently by the LINC complexes and CRWNI1.

Results

WIT2, but not WIT1, mediates the elongated nuclear shape
in Arabidopsis root hairs and trichomes

Arabidopsis root hair and trichome nuclei, unlike the nuclei of
other cell types, are nearly uniformly elongated, which ensures
accurate assessments of nuclear shape. Therefore, to identify the
key factor that affects the elongated nuclear shape in Arabidopsis,
we used root hair and trichome nuclei as models. As shown in
Figure 1A, in contrast to the elongated nuclear shape in wild
type (Columbia ecotype, unless otherwise indicated; please see
Materials and Methods for details), the nuclear shape of wiz2-1
in both cell types is round and is similar to wirl-1 wir2-1.
Because the wild-type root hair nuclei are very elongated with
additional hyper-elongated, irregularly shaped “tails," the length
of the root hair nuclei was used as an index.'® For trichome
nuclei, which exhibit regular spindle-like or round shape, the
ratio of the width and length of the maximal cross section of a
nucleus was used as a circularity index.'® As shown in Figure 1 B
and C, the circularity indices of wiz2-1 in both cell types are sig-
nificantly different from wild type (P < 0.01, 2-tailed t-test) and
are similar to those of witl-1 wit2-1 (P > 0.05, 2-tailed t-test).
The length of witl-1 root hair nuclei is slightly reduced com-
pared to wild type (0.05 > P > 0.01, 2-tailed t-test), and the
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index of witl-1 trichome nuclei is indistinguishable from that of
wild type (Fig. 1, P > 0.05, 2-tailed t-test).

To confirm that the nuclear shape phenotype of wit2-1 was
caused by a mutation in the W/72 gene, a truncated WI/72
cDNA was cloned. W72 was constantly truncated in Escherichia
coli during cloning (at least 3 independent cloning trials), result-
ing in a sequence encoding the WIT2 protein model
At1G68910.3 (total protein length: 582aa) with the G62-1188
fragment deleted. WIT2 is a long coiled-coil protein in which
the G62-L188 encodes a small part of the coiled-coil domain at
the N-terminus. The resulting gene was designated as W/72*
GFP-WIT2* driven by the WIT2 promoter (WIT2pro::GFP-
WIT2*% was transformed to wit2-1 and witl-1 wit2-1. Three
wit2-1 transgenic lines and one witl-1 wit2-1 transgenic line
were analyzed. As shown in Figure 1 A-C, GFP-WIT2* was
located at the NE and was able to partially complement the
nuclear shape phenotype (compared to wit2-1 and witl-1 wit2-
1, P < 0.01, 2-tailed t-test). We then performed similar comple-
mentation experiments using witl-1 wit2-1 transformed with
GFP-WIT1 driven by the WITI promoter (WITIpro::GFP-
WITI). Two independent transgenic lines, lines 1 and 3 were
examined. As shown in Figure S1 A and B, WIT1pro::GFP-
WITI failed to rescue the nuclear shape phenotype of witl-1
wit2-1. However, a previously reported pollen vegetative nuclear
migration phenotype was rescued in these lines, showing that
WIT1pro::GFP-WITT is functional.”®> These data suggest that
WIT2, but not WIT1, is critical for the elongated nuclear shape
in Arabidopsis root hairs and trichomes.

SUNI1 plays a predominant role in maintenance of elongated
root hair and trichome nuclear shape

Since SUN and WIP are necessary for WIT NE localization
and maintaining elongated nuclear shape in root hairs and tri-
we examined whether each W/P and SUN gene con-
tributes equally to the nuclear shape phenotype observed in wit
mutants. As shown in Figure S2, wip1-1 wip2-1, wip2-1 wip3-1,
and wipl-1 wip3-1 double null mutants exhibited a similar
increase in circularity index in trichome nuclei, suggesting that

10,12
chomes,

each WIP gene contributes equally to nuclear elongation. Tri-
chome nuclei in the suni-1, sunl-KO, and suni-KO sun2-KD
mutant lines have a similar circularity index and are statistically
significantly different from wild type (Fig. 2, P < 0.01, 2-tailed
t-test). Similarly, in root hairs, both suni-1 and sunl-KO display
less elongated root hair nuclei than wild type (P < 0.01, 2-tailed
t-test), though not as severe as sun1-KO sun2-KD (Fig. 2). sun2-1
is in the Wassilewskija (Ws-4) background, which also has elon-
gated root and trichome nuclei, and the su72-1 mutation does
not reduce the elongated nuclear shape in both cell types (Fig. 2).
These data suggest that SUNI plays a predominant role in
nuclear shape determination.

‘WIT?2 bridges myosin XI-i to WIPs

Since WITT1 interacts with WIP1 and WIP2, the ability of
WIT2* to bind WIPs was examined. GFP-WIT2* was tran-
siently co-expressed with Myc-WIP1, Myc-WIP2, and Myc-
WIP3, respectively, in Nicotiana benthamiana leaves. GFP-NLS-
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NLS-GFP-NES (Fig. 3B). These data
suggest that WIT2* is able to link myo-
sin  XI-i the SUN-WIP LINC
complex.

To further investigate whether WIT2
and SUN proteins are necessary for
recruiting myosin XI-i to the NE, GFP-
XI-iC642 was expressed under the cauli-
flower mosaic virus 35S promoter in
wild type, sunl-KO sun2-KD, witl-1,
and wit2-1, respectively. As shown in

Figure 3C, GFP-XI-iC642 was properly

WITZ2pro::GFP-WIT2*
in wit2-1 line 1
to

localized at the NE in wild type and
witl-1 root hairs, but a decrease in NE
enrichment was observed in sunl-KO

sun2-KD and wit2-1. NE enrichment
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was quantified using the nuclear locali-
zation index (NLI).'® In short, a line
was drawn across a cell and through the
NE, and the ratio of the sum of the two
maximum NE intensities and the sum
of the two maximum cytoplasmic inten-
sities was calculated. The NLI of GFP-
XI-iC642 in wit2-1 and sunl-KO sun2-
KD (Fig. 3D) is significantly decreased
when compared to wild type (P < 0.01,

2-tailed t-test). The NLI of sunl-KO

WIT2pro::GFP-WIT2*

sun2-KD is slightly larger than wiz2-1,

Figure 1. WIT2 is essential for the elongated nuclear shape in root hairs and trichomes. (A) Root hair
and trichome nuclear morphology of wild type, wit1-1 wit2-1, wit1-1, wit2-1, and WIT2pro:GFP-WIT2*-
transformed wit2-1. Nuclei of WIT2pro:GFP-WIT2*-transformed wit2-1 were viewed using confocal
microscopy. For all others, fluorescence microscopy was used to image Hoechst 33342-stained nuclei,
and the trichome nuclei were imaged directly using bright field microscopy. Scale bar equals 10 pum.
Images are at the same magnification scale. (B) Root hair nuclear shape quantified by the length of
the nuclei. Single asterisk, 0.05 > P > 0.01 when compared to wild type. Double asterisks, P < 0.01
when compared to wild type. Double dots, P < 0.01 when compared to wit1-1 wit2-1. Two-tailed t-
test was used and n = 80. Error bars represent SE. (C) Nuclear circularity index of trichome nuclei. The
ratio of width and length of the maximum nuclear cross section was used as the index. Double aster-
isks, P < 0.01, and “O,” P > 0.05, when compared to wild type. Two-tailed t-test was used and n =50.
Double dots, P < 0.01 when compared to wit1-1 wit2-1. Error bars represent SE.

which can be explained by the residual
SUN2 protein in this mutant. In con-
trast, witl-1, which has relatively nor-
mal nuclear shape, has a NLI similar to
wild type (P > 0.05, 2-tailed t-test).
These data suggest that WIT2 bridges
myosin XI-i to the SUN-WIP complex
and that a LINC complex is formed that
involves SUN, WIP, WIT2, and myosin
XI-i.

GFP-NES was co-expressed with Myc-WIP3 to serve as a GFP-
fusion protein control. As shown in Fig. 3A, GFP-WIT2* co-
immunoprecipitated Myc-tagged WIP1, 2 and 3, while GFP-
NLS-GFP-NES did not co-immunoprecipitate Myc-WIP3.
Myosin XI-i is involved in maintaining elongated nuclear
shape in Arabidopsis."" Tts C-terminal 642 amino acid region
(XI-iC642, containing the coiled coil domain and the dilute
domain, but lacking the motor domain) interacts with WIT1
and is localized at the plant NE. 1124 Therefore, we examined
the interaction between myosin XI-iC642 and WIT2*. GFP-XI-
iC642 was co-expressed with Myc-WIT1 and with Myc-WIT2*
GFP-NLS-GFP-NES was also co-
expressed with Myc-WIT2* to serve as a negative control. As pre-
viously reported, Myc-WIT1 was co-immunoprecipitated by
GFP-XI1-iC642 (Fig. 3B). More importantly, Myc-WIT2* was
co-immunoprecipitated by GFP-XI-iC642 but not by GFP-

in N. benthamiana leaves.
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The NE localization of SUN1,

SUN2, WIP1, and WIT2* does not depend on CRWN1
Mutations in CRWNI or CRWN4 lead to small, round nuclet,
and CRWNI plays a more predominant role in this phenotype
than CRWN4.*' In addition, a recent study provided evidence
suggesting the interaction between CRWN1 and SUN proteins
at the NE.** Therefore, CRWN1 may be essential for the NE
localization of the SUN-WIP-WIT2-myosin XI-i complex. To
address this question, the NE localization of SUN1, SUN2,
WIP1, and WIT2* was examined in root hairs of crwnl-1. The
NE localization of these proteins was quantified using the NLI
illustrated in Figure 3D. As shown in Figure 4, SUNI and
SUN2 were properly localized at the NE in crwnl-1 when com-
pared with wild type (P > 0.05). The NE localization of WIP1
was slighted decreased (p=10.035), but the NE localization
of WIT2* was not affected (P > 0.05). Since CRWNI1 is

co-localized with DNA during mitosis,'” and plays a role in
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complex and CRWN1 (Fig. 6). We pro-
pose that the SUN-WIP-WIT2-myosin
XI-i complex transfers the cytoplasmic
motor forces to the NE, while CRWN1
regulates nuclear shape by forming lam-

ina-like structures at the nucleoplasmic
side.

Discussion

Functional divergence of protein
homologs

w
J
O

1.0

WIT1 and WIT2 have a high per-

centage of amino acid sequence identity

o
o

N oW
o o

o o o
A o o

—
o
=
o

Root hair nuclear length (um

0 4

i S N\
O N R
& T T &
0 SN
¥ &
N

(34%) and similarity (56%), and similar
expression patterns.'” A recent study has
shown that both WIT1 and WIT?2 are
involved in male fertility.”® Here, we
reported that only WIT?2 is required for
the elongated nuclear shape in root hairs
and trichomes (Fig. 1 and Fig. S1). Sim-
ilarly, SUN1 and SUN2 are closely
related (their protein sequences are 62%
identical and 72% similar),?® but SUN1
is predominant in nuclear shape deter-
mination. This functional divergence
among protein homologs is also found
in the newly identified KASH proteins

SINE1 and SINE2. SINE1 is associated

Figure 2. SUN1 plays a predominant role in nuclear shape determination. (A) Root hair and trichome
nuclear morphology of sun-1-1, sun1-KO, sun2-1, and sun1-KO sun2-KD. Fluorescence microscopy was
used to image Hoechst 33342-stained nuclei, and the trichome nuclei were imaged using bright field
microscopy. Scale bar equals 10 wm. Images are at the same magnification scale. (B) Root hair nuclear
shape quantified by the length of the nuclei. Double asterisks, P < 0.01, when compared to wild type.
Double dots, P < 0.01 when compared to sun1-KO sun2-KD. The P value of the t-test between sun2-1
and Ws-4 is indicated in the figure. Two-tailed t-test was used and n = 80. Error bars represent SE. (C)
Nuclear circularity index of trichome nuclei. The ratio of width and length of the maximum nucleus
cross section was used as the index. Double asterisks, P < 0.01, when compared to wild type. “0,” P >
0.05 when compared to sun1-KO sun2-KD. The P value of the t-test between sun2-1 and Ws-4 is indi-
cated in the figure. Two-tailed t-test was used and n = 50. Error bars represent SE.

with F-actin and plays a role in guard
cell central nuclear anchorage, while
SINE2 contributes to innate immunity
against an oomycete pathogen.”® This
suggests that closely related paralogs of
plant nuclear envelope-associated pro-
teins have adapted to specific functions,
which should be considered when
addressing their biological roles.

chromatin organization during interphase,”’ we examined the
expression level of SUNI, SUN2, WIPI, and WIT2 in crwnl-1.
As shown in Fig. S3, no significant difference in the expression
level was observed when compared with wild type. These data
suggest that loss of CRWNI does not impact the SUN-WIP-
WIT2 complex at the NE. We further noticed that the NE mor-
phology of crwni-1 is smooth, which is different from the invagi-
nated nuclei of sunl-KO sun2-KD and wit2-1 (Fig. 5A). This
observation was confirmed by quantification (Fig. 5B). It has
been reported that the NE of myosin XI-i mutants is also invagi-
nated,"" supporting the hypothesis that myosin XI-i acts in the
same pathway as SUN proteins and WIT?2.

In summary, our data suggest a model of nuclear shape deter-

mined independenty by the SUN-WIP-WIT2-myosin XI-i

www.tandfonline.com

Model for nuclear shape determination

In this study, we provide evidence that myosin XI-i is
anchored to the SUN-WIP complex at the NE through WIT2.
As has been proposed, the myosin XI-i motor force can thus be
transferred to the NE and cause an elongated nuclear shape.]l
Disrupting the SUN-WIP-WIT2-myosin XI-i complex leads to
invaginated, round nuclei, which is different from the smooth,
round nuclei of crwnil-I. Our data also show that loss of
CRWNI1 does not affect localization of the SUN-WIP-WIT2
complex, suggesting that CRWNI1 acts independently. Other
NE proteins that play a role in nuclear shape include KAKU4,
CRWN4, and NUP136. KAKU4 is a newly identified inner
nuclear membrane-associated protein that interacts with
CRWNI1.*” KAKU4 mutants have spherical epidermal nuclei. *”
Overexpressing KAKU4 caused nuclear membrane deformation,
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wild type suni1-KO sun2-KD

NLI of GFP-XI-iC642

Figure 3. WIT2 connects myosin XI-i to the SUN-WIP NE bridges.(A) WIT2* interacts with WIP1, WIP2,
and WIP3. GFP-tagged proteins were immunoprecipitated and detected with anti-GFP antibody. Myc-
tagged proteins were detected with an anti-Myc antibody. Input/IP ratio was 1:9. Numbers on the left
indicate molecular mass in kilodaltons. Red arrow heads indicate possible truncated GFP-fusion pro-
teins. (B) WITT and WIT2* interacts with XI-iC642. GFP-tagged proteins were immunoprecipitated and
detected with anti-GFP antibody. Myc-tagged proteins were detected with an anti-Myc antibody.
Input/IP ratio was 1:18. Numbers on the left indicate molecular mass in kilodaltons. Red arrow heads
indicate possible truncated GFP-fusion proteins. Vertical back lines represent intervening lanes
removed for display purposes. (C) Localization of GFP-XI-iC642 in wild type, sun1-KO sun2-KD, wit1-1,
and wit2-1. Scale bar equals 10 wm. All images are single optical sections at the same magnification.
(D) NLI of GFP-XI-iC642 in wild type, sun1-KO sun2-KD, wit1-1, and wit2-1. The sum of the 2 maximum
NE intensities divided by the sum of the 2 maximum cytoplasmic intensities was used as an NLI (illus-
trated in the top panel). Double asterisks, P < 0.01, and “O,” P > 0.05, when compared to wild type.
Two-tailed t-test was used. For each genotype, 3 transgenic lines and 10 nuclei from each line were
analyzed (total n = 30). Error bars represent SE.
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and co-overexpressing KAKU4 with
CRWNI1 enhanced this deformation.?”
Therefore, KAKU4 has been proposed
to be a putative component of plant
lamina-like structures.”” CRWN4 is a
homolog of CRWNI that is also local-
ized at the NE. ' CRWN4 mutants
have similar nuclear shape change to
CRWNI mutants, except that CRWN4
mutants still have tail-like projections

19-21
921 Overex-

on their spherical nuclei.
pressing CRWN4 in leaf epidermal cells
caused abnormally elongated nuclei,'” a
phenotype that is similar to NUP136-
overexpressing  plants.”®  Nucleoporin
NUPI36 is considered a functional
homolog of animal NUP153, and its
mutants also have spherical nuclei.?®
Since NUP153 physically interacts with
lamins at the nucleoplasmic side, it has
been proposed that plant NUP136 also
interacts with plant lamin-like pro-
teins.'>*”*” These pieces of evidence
indicate that the plant nuclear shape is
orchestrated by the cytoplasmic motor
forces transferred through the LINC
complexes and by nucleoplasmic lam-
ina-like structures formed by CRWNI1,
CRWN4, KAKU4, and NUP136.

The relationship between CRWN1
and LINC complexes

In mammalian cells, the NE localiza-
tion of SUN2 and the KASH protein,
Nesprin-2, depends on lamin A/C.**?* In
Drosophila, the NE localization of the
SUN protein Klaroid, and the KASH pro-
tein Klarsicht, depends on the lamin
encoded by Dm0.3*>* In Arabidopsis, our
data show that the NE localization of
SUN1, SUN2, or WIT2* does not
depend on CRWNI, and the NE localiza-
tion of WIP1 is only slightly affected by
the loss of CRWNI1 (Fig. 4). It is possible
that CRWN4 might serve as a redundant
NE anchor of SUN proteins. It is also pos-
sible that the NE localization of CRWN1
depends on SUN proteins, because a
recent study has shown that 1) expressing
SUN proteins affects the NE localization
and the mobility of CRWNI, and 2)
CRWNI1 and SUN protein interact with
each other as determined by fluorescence
resonance energy transfer.”>

Volume 6 Issue 2



crwni-1

wild type

WITZ2pro::GFP-WIT2* WIP1pro::GFP-WIP1 SUNZ2pro::SUN2-RFP  35Spro::SUN1-GFP

Figure 4. CRWNT1 is not required for the NE-association of the SUN-WIP-WIT2 complex. The localiza-
tion of SUN1-GFP, SUN2-RFP, GFP-WIP1, and GFP-WIT2* in wild type (left column) and crwn1-1 (middle
column) are shown. Scale bar equals 10 wm, and all images are at the same magnification. The NLI are
shown in the right column. Asterisk, p=0.035, and “O,” P > 0.05, when compared to wild type. For
each genotype, 3 transgenic lines and 30 nuclei from each line were measured (total n =90). Error

bars represent SE.

Potential functions of an elongated nuclear shape

Although the epidermal nuclear shape is changed in sunl-KO
sun2-KD, wit2-1, CRWNI mutants, and myosin XI-i mutants,
these mutations do not appear to affect plant development and
physiology. One phenotype associated with the nuclear shape
change is altered nuclear movement. Impaired root nuclear move-
ment has been observed in witl-1 wir2-1 and myosin Xl-i

www.tandfonline.com

NLI mutants.'’ Dark-induced nuclear move-
ment in leaf mesophyll cells is also
impaired in wirl-1 wir2-1 and myosin
XI-i mutants, but light-induced nuclear
movement is not disrupted.11 Light-
induced nuclear movement defects have
not been observed in either CRWNI or
CRWN4 mutants.”” Lack of plant

growth phenotypes under standard labo-

ratory conditions in these mutants cur-
rently leaves the biological role of the
elongated nuclear shape a puzze. One
possible function of elongated nuclear

shape in root hairs and epidermal cells is
to reduce physical resistance during
nuclear migration. Nuclear migration has
also been shown to be associated with
interactions.”>*® Upon
microbe invasion or symbiotic interac-

plant-microbe

tion, quick nuclear migration to the
microbe contacting site is one of the early
plant responses. Since a single root hair

cell can reach a length visible to the
naked eye, an elongated nuclear shape
might be suitable for agile nuclear migra-
tion over a long distance. Studying genes
that determine nuclear shape could thus
help to uncover the function of the
nucleus in plant-microbial interactions.

Materials and Methods

Plant materials

Arabidopsis thaliana were grown at
25°C in soil under 16-h light and 8-h
dark or on Murashige and Skoog (Cais-
son laboratories, MSP01-50LT)
medium with 1% sucrose under con-
stant light. wipl-1, wip2-1, wip3-1,
witl-1, and wit2-1 have been reported
previously.'*?” sunl-KO and sunl-KO
sun2-KD were gifts from Dr. Susan
Armstrong and K. Osman (University
of Birmingham, UK) and have been
reported previously.'® sunl-1 (WiscD-
sLox330H03) has been reported previ-
ously'” and was obtained from the
Arabidopsis Biological Resource Center.
sun2-1 (FLAG_625B02) is in Ws-4 background with a T-DNA
inserted in the second exon (confirmed by sequencing) and was
obtained from the Versailles Arabidopsis Stock Center. For geno-
typing sun2-1, the following primers were used. LP: 5'-
CCGTCACGACGACCAAACATGGGTT-3/, RP: 5-TGAGT-
TAAATGCTAAAAGACGGGTTCATAGCAAAGCGGTT-3;
and RB4: 5'-TCACGGGTTGGGGTTTCTACAGGAC-3'. As
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WIT1pro::GFP-WITT in

GGCCCGGCGCGCCACTGAT-
GAATCATTCACCAAGAGTGGT-
3" and 5-CTCGCCCTTGCTCAC-

crwni-1 sun1-KO sun2-KD

CATTGACTCCACAAAAAAATC-

TATC-3/, and cloned into the PmlI-
digested pHOAG *° by In-fusion
(Clontech, 639684) recombination.
After confirmation by sequencing, the
pHWIT2proAG vector was obtained.
WIT2 CDS was cloned from Arabi-
dopsis whole seedling cDNA using 5'-
GGGGACAAGTTTGTACAAAAAA
GCAGGCTTTATGGAGGAAAT-

CATTAGGGAGGAC-3’ and 5'-
GGGGACCACTTTGTACAAGAA

wit1-1 wit2-1
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Figure 5. Root hair nuclear morphology of crwni-1 is different from sun1-KO sun2-KD and wit1-1 wit2-1.
(A) NE morphology illustrated by GFP-WIT1.The nuclei of crwn1-1 are smooth, while the nuclei of suni-
KO sun2-KD and wit1-1 wit2-1 are predominantly invaginated. Scale bar equals 10 wm. All images are at
the same magnification. (B) Quantification of smooth nuclei and invaginated nuclei in crwni-1, sun1-KO
sun2-KD, and wit1-1 wit2-1. Double asterisks, P < 0.01, when compared with crwni-1, 2-tailed Fisher’s

exact test. The n of each category is indicated in the figure.

shown in Fig. 83, sun2-1 is a null mutant with no full SUN2
length transcripts made. crwni-1 (SALK_025347) has been
reported previously”® and was obtained from the Arabidopsis Bio-
logical Resource Center. All wip, wit, sunl, and crwnl mutants
used in this study are in Columbia background, and the Colum-
bia ecotype was used as “wild type.” For sun2-1, Ws-4 was used
as “wild type.” N. benthamiana plants were grown at 28°C in soil
under constant light.

Constructs

The WIT2 promoter (~2.2kb upstream the start codon of
WIT2) was amplified by PCR from Arabidopsis DNA using 5'-
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AGCTGGGTATTAATAAGTCA-
CACCAAAGAATGAA-3, and
cloned into pDONR221 (Life Tech-
nologies, 12536-017) by a BP reac-
tion (Life Technologies, 11789-020).
After sequencing, we found that the
T182-C562 fragment of the WI72
CDS was constantly (3 independent
cloning trials) lost in E. coli, resulting
in a sequence encoding the WI/72
gene model At1G68910.3 with the
protein sequence G62-L188 deleted.
This truncated W/72 was named
WIT2* WIT2* CDS was then moved
from pDONR221 to pHWIT2-
proAG by an LR reaction (Life Tech-
nologies, 11791-020) to obtain the
WIT2pro::GFP-WIT2* construct.
WIT2* CDS in pPDONR221 was also
cloned into pH7WGF2 ** and
pGWB21 *? by an LR reaction to
obtain 35S  promoter-driven GFP-
WIT2* and Myc-WIT2*, respectively.
WiP1, WIP2, WIP3, and WIT1 CDS
cloned in pENTR/D-TOPO were
reported previously,””'? and were
moved to pGWB21 by LR reactions
to obtain 355  promoter-driven
Myc-WIP1, Myc-WIP2, and Myc-
WIP3, respectively.

pH7RWG27® was digested with Xbal and Spel and the frag-
ment containing the Gateway cassette was ligated to Xbal-
digested pPZP-Hyg-RCS2 vector®® to obtain the pHAR vector.
SUN2 CDS without the stop codon was amplified by PCR using
5"-ATTCTGTAGTTCAAAATTGAAGATCATGTCGGCGT-
CAACGGTGTCAATCA-3" and 5-AGCATGAGCAACAGA-
GACTGAGTCTAG-3'. SUN2 promoter (~2kb upstream of
the ATG) was amplified by PCR using 5-CACCTATC-
GAGTTTGCCCGAGGAGATGCCAATTC-3' and 5'-
GGTGATTGACACCG TTGACGCCGACATGATCTT-
CAATTTTGAACTACAGA-3'. The DNA fragment containing
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CRWN1

Figure 6. Model of nuclear shape determination. Myosin XI-i is anchored
to the SUN-WIP NE bridges by WIT2. This SUN-WIP-WIT2-myosin XI-i
complex transfers cytoplasmic forces to the NE. In the nucleoplasm,
CRWNT1 acts independently on nuclear shape determination by forming
lamina-like structures. Other nucleoplasmic proteins that affect nuclear
shape—CRWN4, KAKU4, and NUP136—and the CRWN1-SUN interaction
of unknown function are not drawn.

SUN2 promoter and CDS was then amplified by overlapping
PCR using the above 2 PCR products as templates and the fol-
lowing primers: 5'-CACCTATCGAGTTTGCCCGAGGA-
GATGCCAATTC-3 and 5'-
AGCATGAGCAACAGAGACTGAGTCTAG-3'. The SUN2
promoter-CDS fragment was then cloned into pENTR/D-
TOPO, confirmed by sequencing, and then moved to pHAR by
LR reactions to obtain the SUN2pro:SUN2-RFP construct.
SUN1 CDS was amplified by PCR using 5-CACCATGTCGG-
CATCAACGGTGTCG-3' and 5-TTCACTTTCAGGTGAA-
GAGTCCTG-3'. The PCR product was cloned into pENTR/
D-TOPO, confirmed by sequencing. The CDS was then moved
to pB7FWG2 *® to obtain the 355pr0:SUNI-GFP construct.

Agrobacterium transformation

Agrobacterium tumefaciens strain ABI was transformed with
the corresponding constructs by triparental mating.*® In brief,
the E. coli carrying the constructs of interest were co-incubated
overnight at 30°C on lysogeny broth agar (1.5%) plates with
Agrobacterium ABI and the E. coli helper strain containing the
vector pRK2013. Then, the bacterial mixture was streaked on
lysogeny broth agar (1.5%) plates with proper antibiotics to
select transformed Agrobacterium which was confirmed by PCR.

N. benthamiana transient transformation

Agrobacterium cultures containing plasmids expressing the
proteins of interest were co-infiltrated transiently into N. ben-
thamiana leaves as described previously.** In brief, Agrobacterium
cultures were collected by centrifuging and resuspended to
ODgoo = 1.0 in the infiltration buffer containing 10 mM
MgCl,, 10 mM MES, pH 5.4, and 100 uM acetosyringone
(Sigma-Aldrich, D134406-1G). The Agrobacterium suspension
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was pressure infiltrated into N. benthamiana leaves with a plastic
syringe. Plants were grown for 2-3 d before being collected for
the subsequent experiments.

Arabidopsis stable transformation

Transgenic Arabidopsis plants were obtained by Agrobacte-
rium-mediated floral dip.*" Agrobacterium strains carrying the
constructs of interest were inoculated in lysogeny broth liquid
medium and grown overnight at 30°C. The bacteria were col-
lected by centrifuging and resuspended in transformation solu-
tion containing 5% sucrose and 300 wl/L silwet L-77 (Lehle
Seeds, VIS-01) to ODgoo = 0.8. The inflorescence of Arabidopsis
was dipped in the bacterial suspension. After being kept moist in
the dark overnight at room temperature, the plants were moved
to a growth chamber and allowed to set seeds. The transgenic
plants were selected on Murashige and Skoog agar (0.8%) plates
containing proper antibiotics.

Co-immunoprecipitation experiments

N. benthamiana leaves were collected, ground in liquid nitro-
gen into powders, and Co-IP experiments were performed at
4°C. One ml NP-40 buffer (50 mM Tris-HCl, pH 7.5,
150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 3 mM DTT,
I mM PMSF, and 1% protease inhibitor cocktail [Sigma-
Aldrich, P9599-5ML]) was used to extract 500 pl plant tissue.
One-tenth of each protein extract was used as an input sample,
and the rest was used for IP using protein A-sepharose beads (GE
Healthcare) pre-coated with an anti-GFP antibody (Abcam
Cambridge, ab290). After three washes using NP-40 buffer, the
immunoprecipitates and the input samples were separated by 8%
SDS-PAGE, transferred to PVDF membranes (Bio-Rad, 162-
0177), and detected with an anti-GFP (1:2000, Clontech,
632569,) or anti-Myc (1:1000, Sigma-Aldrich, M5546)
antibody.

Confocal microscopy

Six- to 8-day old Arabidopsis seedlings were imaged using a
Nikon Eclipse C90i confocal microscope with small or medium
pinhole and gain setting range of 7.0 to 7.5. The 488nm laser
was set at 30-50% power for imaging 35Spro:GFP-XI-i1C642
transgenic plants whose transgene expression was low in all lines,
while the other transgenic lines and N. benthamiana leaves were
imaged using 10%-30% laser power. All images were taken at
room temperature using Murashige and Skoog medium as
medium with Nikon Plan Apo VC 60x H lens (numerical aper-
ture 1.4). The transmitted light detector was turned on to collect
transmitted light signal simultaneously. Images were exported to
PNG format by Nikon NIS-Elements software and organized in
Adobe Photoshop and Illustrator. Intensity readings were per-
formed in Nikon NIS-Elements software.

Hoechst 33342 staining

Six- to 8-d old Arabidopsis seedlings grown on Murashige and
Skoog plates were used. Samples were stained for 20 min in a
phosphate buffered saline (pH 7.4) solution containing 4 uM
Hoechst 33342 (Thermo Scientific, 28491-52-3) and 4%
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paraformaldehyde (Sigma-Aldrich, 76240). Root hair nuclei
images were taken by a Nikon DS-QilMc digital camera. The

length of the nuclei was measured using the Nikon NIS-Elements

software.

RT-PCR analysis
Leaves of 20-day-old Arabidopsis plants were ground in liquid
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nitrogen and total RNA was extracted using the RNeasy Plant
Mini Kit (Qiagen, 74903). First strand cDNA was synthesized
using the SuperScript® III First-Strand Synthesis System (Life

Technologies, 18080-051) and oligo dT as primer. Primers used

for
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PCR were listed in Table S1.
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