


























LINC Complexes Function in Medicago Nodulation
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Figure 7. SUNDN expression leads to more circular and mobile Medicago hairy root hair nuclei. A, Localization of SUNDN and
free GFP in Medicago hairy roots. Representative images from $ 6 independently transformed hairy roots. B, Circularity of root
hair nuclei from SUNDN- and free GFP-expressing Medicago hairy roots. (Left) Scatter plot showing each nucleus as a single
point. (Right) Box plot. (Top line) Maximum. (Box) Quartiles. (Solid middle line) Median. (Dotted middle line) Mean. (Bottom line)
Bottom fence. ***ANOVA, P value < <0.00001. C, Kymographs of nuclear movement in GFP- and SUNDN-expressing root
hairs. The x axis represents space, and the y axis represents time. Scale bars = 20 um. D, Distance traveled by root hair nuclei of
SUNDN- and free GFP-expressing Medicago hairy roots. Total displacement (sum of all frame-to-frame displacements over 50
frames, 1.2 min apart) is shown. (Left) Scatter plot showing each nucleus as a single point. (Right) Box plot. (Top line) Maximum.
(Box) Quatrtiles. (Solid middle line) Median. (Dotted middle line) Mean. (Bottom line) Bottom fence.*ANOVA, Pvalue < 0.02. E,
Maximum frame-to-frame displacement of root hair nuclei of SUNDN- and free GFP-expressing Medicago hairy roots. (Left)
Scatter plot showing each nucleus’ maximum frame-to-frame displacement as a single point. (Right) Box plot. (Top line) Top
fence. (Box) Quartiles. (Solid middle line) Median. (Dotted middle line) Mean. (Bottom line) Minimum. ***ANOVA, P < 0.0005.
F, Maximum frame-to-frame displacement as a function of the circularity of hairy root hair nuclei in SUNDN- and free GFP-
expressing roots. (Blue points) Free GFP. (Orange points) SUNDN.

circular nuclei have higher maximum frame-to-frame
displacements, and the two variables are statistically
correlated (Fig. 7F, Pearson’s R, P < 0.0005). By con-
trast, root hair nuclear circularity has no statistically
significant correlation to maximum frame-to-frame
displacement in GFP-expressing roots (Fig. 7F, Pear-
son’s R, P = 0.15). RFP-SUNDN expression had sim-
ilar cellular effects to expression of GFP-tagged
SUNDN, including increases in both nuclear circu-
larity and maximum frame-to-frame nuclear dis-
placement (Supplemental Fig. S6). Taken together,
these data suggest that both nuclear morphology and
nuclear movement have been altered in SUNDN-
expressing root hairs, and that more circular nuclei
are more likely to be rapidly displaced from their
location.
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SUNDN Expression Leads To Decreased IT and Nodule
Formation in Medicago Hairy Roots

To determine whether the subcellular effects on nu-
clear movement and shape have an impact on rhizobial
symbiosis, Medicago roots expressing GFP or SUNDN
were inoculated with Sinorhizobium meliloti strain 2011
constitutively expressing dsRed (Sm2011-dsRed). Four
weeks after inoculation, SUNDN-expressing roots had
significantly fewer nodules relative to GFP-expressing
roots (Fig. 8A, Student’s t-test P value < 0.001). How-
ever, the nodules formed were fully developed and
infected (Fig. 8C). To assess the infection process,
the number of IT and infection pockets were quanti-
fied 10 d after inoculation with Sm2011 expressing
B-galactosidase. Consistent with the reduction in nodule
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Figure 8. SUNDN-expressing roots develop fewer nodules and ITs than
GFP-expressing roots. A, Quantification of nodule frequencies in free
GFP- and SUNDN-expressing Medicago hairy roots. Mean values and
ses shown from three biological replicates. Number of plants analyzed
indicated on graph. B, Quantification of IT frequencies in GFP- and
SUNDN-expressing Medicago hairy roots. Mean values and ses shown
from one biological replicate. Number of plants analyzed indicated
below graph. C, Representative nodules from experiment in (A). D,
Representative ITs from the experiment in (B) are shown (visualized by
blue 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside staining of the
bacteria). ***Student’s t test, P < 0.001.

number, significantly fewer ITs and infection pockets
were seen on SUNDN-expressing roots (Fig. 8B, Student’s
t-test P value < 0.001; Supplemental Figure S7, Student’s
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t-test P value < 0.01). However, the ITs that formed were
wild-type-like, that is, the IT progressed normally
through the epidermal cell layer to reach the cortex, and
no deformation of the IT structure was observed (Fig. 8D,
ITs shown in blue). These data suggest that SUNDN
negatively impacts IT initiation, which in turn leads to a
decrease in nodule number.

DISCUSSION
KASH Proteins Outside of the Brassicaceae

In this study, we identified Medicago homologs of plant
KASH proteins previously discovered in Arabidopsis,
and also described several previously unknown, but
widely conserved, plant KASH proteins that are excluded
from the Brassicaceae. This may indicate that the plant NE
proteome is more diverse than previously thought, and
that mining additional proteomes, especially those out-
side the Rosid clade, for KASH proteins will likely yield
further candidates. Additionally, several Arabidopsis
gene families with two or three members (WIP1/2/3,
WIT1/2, SUN1/2, SINE1/2) exist as a single copy in the
Medicago genome, making this model legume a powerful
new system to address LINC complex function in cell and
developmental biology as well as symbiosis.

MtWIPla and MtWIP1b interact with both MtSUN and
MtWIT1, suggesting that the SUN-WIP-WIT complex is
conserved in Medicago, and that both MtWIPla and
MtWIP1b can participate in this complex. Similar to Ara-
bidopsis AtSINE1, MtSINE1 and MtSINE1ASIT decorate
actin filaments, with MtSINE1 and MItSINEIASIT also
appearing to alter ER morphology when overexpressed
(Fig. 5). These data are consistent with the assumption that
MLSINEL is associated with both F-actin and the ER and NE
membranes. This is reminiscent of the Arabidopsis Soluble
N-ethylmaleimide-sensitive-factor Attachment Protein Re-
ceptor protein SYP73, which directly connects the ER
membrane to the actin cytoskeleton (Cao et al., 2016). SYP73
overexpression in tobacco (N. tabacum) leaf epidermal cells
leads to reorganization of the ER from a reticulate pattern
to an actin-like pattern, similar to MtSINEIASIT over-
expression. Further, this effect was expression-dependent,
with low-expressing cells showing a combined reticulate
and fibrous ER structure, similar to the pattern seen when
MISINE]1, which is also less abundant at the cortical ER than
MISINEIASIT, is overexpressed. We thus propose that
in vivo, NE-retained MtSINE1 acts to connect the NE and
F-actin at the nuclear periphery. By contrast, recombinant
MISINEIASIT is released from SUN interaction and is thus
more broadly associated with the cortical ER, where addi-
tional ER-actin connections may cause the observed ER
reorganization and closer ER-actin association.

SUNDN Expression Affects Nuclear Elongation and
Controlled Nuclear Movement in Medicago Root Hairs

Two effects on root hair nuclei were observed after
expressing SUNDN in Medicago roots. First, nuclei were
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on average less elongated, consistent with prior studies
finding that Arabidopsis loss-of-function mutations in
WIP1, WIP2, and WIP3; WIT1 and WIT2; or SUNI and
SUN?2 all cause a loss of root hair nuclear elongation (Oda
and Fukuda, 2011; Tamura etal., 2013; Zhou et al., 2015a).
Second, root hair nuclear mobility was affected, such
that although wild-type root hair nuclei showed little
overall mobility during the 60-min imaging periods,
SUNDN nuclei underwent sporadic, higher-velocity
“spurts,” interrupted by periods of low mobility
(Fig. 7; Supplemental Movies S1 and S2).

In Arabidopsis, it has been reported that a LINC com-
plex consisting of SUN, WIP, WIT, and the motor protein
MYOSIN XI-I contributes to nuclear movement in mature
root hairs and mutants in either MYOSIN XI-I or WIT1
and WIT2 lead to reduced nuclear mobility (Oda and
Fukuda, 2011; Zhou et al., 2012a; Tamura et al., 2013).
In Arabidopsis, no difference in root hair nuclear mobility
was found in a sunl sun2 double mutant, although nuclei
exhibited a more circular morphology (Oda and Fukuda,
2011). However, the double mutant tested consisted of a
null T-DNA insertion in AtSUNT1 (sunl-1) and a micro
RNA against AfSUN2 (sun2-KD), and it is thus possible
that a residual amount of SUN2 anchors sufficient WIP/
WIT/MyoXI-I complex to the NE to allow for wild-type
levels of movement to occur. In addition, nuclear move-
ment in this study was assessed in developing root hairs,
not in mature root hairs as in Tamura et al. (2013) and
our study.

Here, we used the dominant-negative strategy that
had been successfully applied to Arabidopsis SUN2, as
well as animal SUN proteins (Crisp et al., 2006). In
Arabidopsis, SUNDN was expressed under a pollen-
specific promoter and this expression faithfully phe-
nocopied the effect of wip and wit loss-of-function
mutants on nuclear movement in pollen tubes, and was
shown to deplete WIP1 and WIT1 protein from the NE
of the vegetative nucleus in pollen grains (Zhou et al.,
2015b). Here, we found that expression of the same
SUNDN protein leads to a reduction of elongation in
Medicago root hair nuclei (Fig. 7B). This is the same
phenotype observed for loss-of-function mutants of
wip, wit, myosin xi-i, and sun in Arabidopsis (Oda and
Fukuda, 2011; Tamura et al., 2013; Zhou et al., 2015a),
thus strongly suggesting that the SUNDN construct
used here indeed affects the function of one or more
LINC complexes in Medicago root hairs.

In addition, we show that root hair nuclei in SUNDN-
expressing Medicago roots can move more rapidly, and
that their increased circularity correlates with increased
mobility (Fig. 7, E and F). Importantly, our assay differs
from previous studies in that SUNDN could potentially
deplete a number of functionally distinct LINC com-
plexes from the NE, not only SUN-WIP-WIT-MyoXI-i
(Tamura et al., 2013). Therefore, the most plausible ex-
planation for the observed release from wild-type po-
sitioning seen here is that, in Medicago, certain LINC
complexes are involved in restraining root hair nuclei
against rapid movement, and that such connections are
disrupted by SUNDN expression.
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Nuclei are thought to be both moved by and re-
strained against cytoplasmic streaming in Drosophila
(Baker et al., 1993; von Dassow and Schubiger, 1994;
Bernard et al., 2018). In this system, it has been shown
that passive, cytoplasmic streaming-dependent nuclear
migrations are roughly three times faster than active,
MT-dependent nuclear migration, with cytoplasmic
streaming movements averaging 23.2 um/min and
MT-dependent nuclear migration averaging 7.68 um/
min (Baker et al., 1993). Cytoplasmic streaming in the
shank of Medicago root hairs has been shown to reach
speeds between 8 and 14 um/s (Sieberer and Emons,
2000). In this cell type, SUNDN-expressing nuclei ex-
hibit a maximum velocity of 13.89 um/min (16.67 um/
1.2 min), and free GFP-expressing nuclei exhibit a maxi-
mum velocity of 445 um/min (5.35 um/1.2 min; Fig. 7).
These data mirror those from Drosophila, with SUNDN-
expressing nuclei exhibiting a maximum velocity roughly
three times that of free GFP-expressing nuclei. This may
indicate that the relatively rapid nuclear movements in
SUNDN-expressing root hairs are cytoplasmic streaming-
dependent, as compared to the slower, LINC complex-
dependent movements in free GFP-expressing root
hairs. Taken together, these data suggest that LINC
complexes may function in plants to both move nuclei
and restrain them against cytoplasmic streaming, as a
dual nuclear movement/retention system.

SUNDN as a Tool to Study LINC Complexes across
Plant Species

Previously, SUNDN had been used to delocalize
AtWIP1 and its ONM-interacting partner AtWIT1 in
the context of a SUN knockdown mutant (sun1-KO/
sun2-KD) in Arabidopsis pollen (Zhou et al., 2015b).
Here, we show that SUNDN expression decreases both
AtWIP1 and Medicago KASH protein enrichment at the
NE in both N. benthamiana and Medicago. All tested
Medicago KASH proteins were depleted from the NE,
suggesting that SUNDN has the potential to interfere
with the entire KASH proteome of a plant. The fact that
nuclear shape and movement are changed in a Medicago
wild-type context suggests that LINC complex function
can be broadly inhibited without mutating endogenous
SUN-encoding genes. Previously, a broad disruption of
LINC complexes has been prevented by the meiotic
lethality of SUN null mutants (Varas et al., 2015). Al-
though SUN knockdown mutants exist in plants, they
are not strong enough to phenocopy KASH null mu-
tants in all cases (Oda and Fukuda, 2011; Varas et al.,
2015; Zhou et al., 2015b).

Although it would be difficult to quantify the degree
of LINC complex disruption in SUNDN-expressing
cells, we appear to have efficiently outcompeted na-
tive SUN proteins for SIT domain binding based on the
similarity of the nuclear shape phenotype we observed
here to previously published data in KASH mutants
(Fig. 7; Tamura et al.,, 2013; Zhou et al., 2015a). How-
ever, some SUNDN and KASH protein remains at the
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NE (Fig. 7), and it is therefore possible that KASH
protein functions requiring minimal NE localization
may be retained in SUNDN-expressing cells.

SUNDN only minimally alters SUN localization,
suggesting that it acts by outcompeting native SUN
proteins for SIT domains, rather than targeting native
SUNSs to the ER in SUN-SUNDN complexes. This in turn
suggests that the inner nuclear membrane proteome re-
mains unperturbed, thus likely focusing the disruption
on the interactions of LINC complexes with cytoplasmic
partners or other ONM proteins. Together, this makes
SUNDN a valuable tool for exploring LINC complex
function in plant species amenable to transformation, but
without robust directed mutagenesis tools.

SUNDN Expression Affects IT and Nodule Formation

Given the reported correlations between nuclear posi-
tioning and IT formation, factors involved in root hair
nuclear mobility and morphology are candidates for new
players in the nodulation pathway. We find that SUNDN
expression indeed leads to defects in nuclear morphology/
mobility and a reduction in both IT and nodule forma-
tion (Figs. 7 and 8). A working hypothesis to be tested in
the future is that SUNDN uncouples the root hair nucleus
from nodulation-factor signaling, which leads to nuclear
repositioning, either by a change in nuclear position or by a
currently unknown mechanism. Further experiments di-
rectly characterizing how nuclei move during IT progres-
sion and how nuclear signaling events are affected in
SUNDN-expressing roots will be necessary to test this
hypothesis. In addition, this study now provides the tools
to address which of the Medicago KASH protein(s) are
most important for both nuclear retention and symbiosis
initiation, and to test if and how these two events are
functionally connected.

CONCLUSION

Our study reveals the diverse LINC complexes encoded
by the Medicago genome and explores their roles in nuclear
dynamics and symbiosis. The characterization of Medicago
LINC complex components indicates that LINC com-
plexes are conserved across plant species, and that
SUN-KASH interactions can occur both within and between
species. Expression of SUNDN in Medicago transgenic hairy
roots reveals that LINC complex functionality is also con-
served across species. Further, we provide the first evi-
dence that LINC complexes, and possibly their role in
nuclear shaping and movement, are involved in the earliest
stages of symbiosis between Medicago and rhizobia.

MATERIALS AND METHODS
Candidate Gene Identification

Tobegin the insilico analyses, a BLAST search to identify homologs of known
Arabidopsis (Arabidopsis thaliana) KASH and KASH-interacting proteins was
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performed. BLASTp was used to search the nr/nt database, with a cutoff of 1e-
05. Using these means, two homologs of AtWIP1 (MtWIPla/Mt8g070940,
MtWIP1b/Mt3g009740), two AtWIT1 homologs (MtWIT1/Mt7g017690,
MtWIT2/Mt3g086660), a homolog of AtSINE1 (MtSINE1/Mt6g032885), and a
homolog of AtSUN1 (Mt8g043510) were identified.

The DORY algorithm has previously been shown to identify novel KASH
proteins originating from species across eukaryotes (Zhou et al., 2014), including
Medicago truncatula SINE5 (Mt2g033900; Zhou et al., 2014). Due to the presence
of a putative paralog of this gene, SINE5 was renamed MtSINES5a, and its
paralog Mt5g054260 SINE5b. For the DORY analysis in this study, the Medicago
proteome 4.0 vl was downloaded from the Medicago genome database (http:/ /
www.medicagogenome.org/downloads) and subjected to the DORY algo-
rithm. DORY was set to a TMD frame length of 20, hydrophobic threshold of 40,
maximum KASH tail length of 40, minimum tail length of 4, and protein length
range of 100-100,000 amino acids. The KASH tail was defined as [DTVAMPLIF
Y][VAIPLIPT. This led to the identification of MtKASH1/Mt3g099060,
MtKASH4/Mt4g036225, MtKASH5/Mt6g016290, and MtKASH6/Mt1g052620.
All putative KASH proteins that were originally identified using BLAST (MtWIP1a,
MtWIP1b, and MtSINE1), as well as the paralogs SINE5a and SINE5b, were again
identified during this DORY search.

Cloning and Plasmid Construction

Medicago seedling cDNA was prepared by extracting RNA from 7-d-old
Medicago seedlings (RNeasy Kit, Qiagen 74104) and subjected to reverse
transcription-PCR using random hexamer primers (Superscript III Kit, Invi-
trogen 18080093). The ORFs of Medicago LINC complex components were PCR-
amplified with a high-fidelity polymerase (Phusion, NEB M0530S) from either
the cDNA or commercially synthesized pUC57 clones (Genscript). PCR primers
were designed to amplify the ORFs as annotated in version 4.0 of the Medicago
genome database (http://www.medicagogenome.org/). For cloning primers,
see Supplemental Table S3. In addition to the cDNA-specific sequences, com-
plementarity sequences designed for Gateway cloning into pDONR221 or
TOPO reaction into pENTR/D-TOPO (Invitrogen; Supplemental Table S1)
were also added to the primers. Sequences amplified with Gateway primers
were cloned into the pPDONR221 vector using BP clonase (Thermo Fisher Sci-
entific 11789020). Genes amplified with TOPO primers were cloned into
PENTR/D-TOPO using the TOPO Cloning Kit (Invitrogen 45-0218). Plasmids
were isolated from the resulting colonies and the vector sequences were
confirmed.

In a second round of PCR cloning, shortened fragments with the terminal 12
nucleotides before the stop codon deleted were cloned to generate ASIT versions
of the KASH proteins. New reverse primers were designed to anneal 5’ of these
12 nucleotides, and to replace the gene’s endogenous stop codon sequence.
Using these and TOPO-compatible forward primers, ASIT clones were PCR-
amplified and cloned into pENTR/D-TOPO as above, and the sequence was
confirmed.

For localization studies in Nicotiana benthamiana and M. truncatula, cDNA
sequences were moved from pENTR/D-TOPO to pK7WGF2 (Karimi et al.,
2002) by LR reaction (Thermo Fisher 11791100) to obtain GFP-tagged ver-
sions of the proteins (for example, GFP-MtWIP1a). For Co-IP, MtSUN and
MtWIT1 were cloned into pGWB21 (Nakagawa et al., 2007) to obtain
355-driven, N-terminally 6xMyc-tagged versions of their proteins (e.g.
Myc-MtSUN). MtSUNdmut was obtained by site-directed mutagenesis
(QuikChange, Agilent 200521) using primers MtSUNdmut_sense and
MtSUNdmut_anti-sense (Supplemental Table S3).

To create 355-driven RFP-SUNDN, ERS-RFP-AtSUN2Lm-HDEL was am-
plified from pK7WGRERS52 (Zhou et al., 2015b) via PCR and cloned into
PENTR/D-TOPO (Life Technologies). After confirmation by sequencing, ERS-
RFP-AtSUN2Lm-HDEL was cloned into the 35S-driven plant expression
vector pH7WG2 via LR reaction (Life Technologies) to create 355:ERS-RFP-
AtSUN2Lm-HDEL.

Transformation of Agrobacterium tumefaciens and
Agrobacterium rhizogenes

A. tumefaciens strain GV3101 and A. rhizogenes strain AR1193 were trans-
formed with plasmids described above by electroporation (Wise et al., 2006).
Resulting GV3101 transformants were grown on solid lysogeny broth (LB)
media with 20 pg/mL rifampicin and 30 ug/mL gentamycin, with 100 ug/mL
spectinomycin to select for pK7WGEF2-transformed strains and 50 pg/mL
hygromycin to select for pGWB21-transformed strains. Resulting AR1193
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transformants were grown on solid LB media with 20 ug/mL rifampicin and
100 ug/mL carbenicillin, with 100 ug/mL spectinomycin to select for binary
vectors.

Plant Materials and Growth

M. truncatula R108 seedlings were grown in upright plates on modified
Féhraeus medium agar (0.9 mm CaCl,, 0.5 mm MgSOy, 0.7 mm KH,PO,, 0.8 mm
Na,HPOy, 20 um Ferric Citrate, 0.5 mm NH4,NO3, 100 ug/mL MnCl,, 100 ug/
mL CuSOy, 100 ug/mL ZnCl,, 100 ug/mL H3BOs, 100 ng/mL Na,MoO,, and
1.5% w/v Ultrapure Agar) under long days (16-h d/8-h n) at 20°C in a plant
incubator. Plants were grown in a 1:1 mixture of sharp sand (Quikrete) and
Redi-Earth (Sungro) under long days at an average temperature of 22°C. N.
benthamiana plants were grown at 28°C in soil under constant light in Redi-Earth
(Sungro).

N. benthamiana Transient Transformation

LINC complex component proteins and markers were coexpressed in N.
benthamiana leaves by Agrobacterium infiltration as described in Sparkes et al.
(2006). Briefly, cultures were grown overnight and centrifuged to collect the
cells. They were resuspended in infiltration buffer (10 mm MgCl2, 10 mm MES,
pH 5.4, and 100 uM acetosyringone) to ODgoo = 1, and then pressure-infiltrated
into N. benthamiana leaves using a plastic syringe. For imaging experiments,
plants were grown for 2 d after infiltration. For Co-IP experiments, plants were
grown for 3 d to increase expression.

For imaging experiments, sections of infiltrated leaves were cut out and
imaged using a confocal microscope (Nikon Eclipse C90i) with small or medium
pinhole, gain setting range of 6.0 to 8.0. The 488-nm and 561-nm lasers were set to
20%. All images were taken at room temperature (RT) using water as the me-
dium with a Plan Apochromat VC 60X H lens (numerical aperture of 1.4;
Nikon), and acquired using NIS-Elements AR software, version 3.2 (Nikon).
The transmitted light detector was turned on to collect transmitted light signal
simultaneously. Images were exported to PNG format by the software NIS-
Elements (Nikon) and organized in the softwares Photoshop and Illustrator
(Adobe).

Nuclear Localization Index Calculation

Images of fluorescent protein-expressing N. benthamiana leaf epidermal cells
or Medicago root epidermal cells were taken at an optical section with maximal
nuclear radius and cross-sectioned cytoplasm (i.e. cells with the nucleus at the
top or bottom of the cell were not imaged, as a cross section of vertical cyto-
plasm could not be obtained). At least 20 of these images were obtained per
infiltration. From these images, fluorescence profiles, crossing both the NE and
the cortical GFP signal several times, were obtained by analysis with the soft-
ware NIS-Elements (Nikon). From these profiles, the two highest NE fluores-
cence values and the two highest cortical fluorescence values were identified for
each cell. The two NE maxima were summed and divided by the sum of the two
cytoplasmic maxima to generate the nuclear localization index.

Co-IP

Co-IP experiments were performed as described in Zhou et al. (2014).
Briefly, N. benthamiana leaves were fully infiltrated with Agrobacterium cultures
at an ODg( = 1 and allowed to grow for 3 d (see above). GFP fluorescence was
confirmed using a confocal microscope (Eclipse C90i; Nikon), and leaves were
subsequently collected and ground in liquid N to a fine powder. Protein ex-
traction was performed in radioimmunoprecipitation assay (RIPA) bulffer
(50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 0.1% w/v SDS, 0.5% w/v sodium
deoxycholate, 1% v /v NP-40, 1 mm phenylmethylsulfonyl fluoride, and 1% (v/v)
protease inhibitor cocktail; Sigma-Aldrich) by applying 1 mL RIPA buffer to
500 uL frozen tissue. One-tenth of the protein extract was used as the input
sample, and the rest was used for immunoprecipitation using protein A-
Sepharose beads (GE Healthcare) precoated with a rabbit anti-GFP antibody
(Abcam ab290). After three washes using RIPA buffer, the immunoprecipitates
were diluted 3:1 with SDS loading buffer and boiled for 3 min. The samples
were separated by 7.5% (v/v) or 10% (v/v) SDS-PAGE, transferred to poly-
vinylidene difluoride (Bio-Rad) or nitrocellulose membranes (Bio-Rad), and analyzed
by immunoblotting with a mouse anti-GFP antibody (1:2000, Roche 11814460001 or
Clontech 632569) or a mouse anti-Myc antibody (1:2000; Sigma-Aldrich M5546).
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Secondary detection was performed with a sheep anti-mouse antibody conju-
gated with horseradish peroxidase (1:20,000 Sigma-Aldrich A5906) and
SuperSignal West Femto Maximum Sensitivity chemiluminescent substrate
(Thermo Fisher Scientific 34095).

Hairy Root Transformation

Hairy root transformation of Medicago seedlings was performed similarly to
Chabaud et al. (2006). Seeds were scarified with sandpaper and sterilized with
25% v /v bleach before being germinated on 0.8% w /v water agar plates. A.
rhizogenes strain AR1193 transformed with plasmids encoding 35S-driven,
N-terminally GFP-tagged LINC complex components, 355-driven GFP- or RFP-
SUNDN, or 35S-driven free GFP or RFP were incubated for 2 d on LB agar
(1.5% w/v) plates with 100-ug/mL spectinomycin, 20-ug/mL rifampicin, and
100-ug/mL carbenicillin. Seedling root tips were excised and Agrobacteria
were harvested from secondary plates by scraping and painted on the seedling
root and hypocotyl. M. truncatula R108 seedlings were grown in upright plates
on modified Fahraeus medium agar (1.5% w/v) under long days (16-h d/8-hn)
at 20°C in a plant incubator. The samples were imaged using a confocal mi-
croscope (Eclipse C90i; Nikon) with the 488-nm laser set to 20% and the gain set
between 6.5 and 8.0. All images were taken using on-plate microscopy as de-
scribed in Genre et al. (2005). Seedlings were placed on a ModFP-agar solid
plate, immersed in water, and Lumox film (Sarstedt) was placed on top. All
roots were imaged using a 40X water immersion objective (numerical aperture
of 0.8; Nikon), and acquired using NIS-Elements AR version 3.2 (Nikon). The
transmitted light detector was turned on to collect transmitted light signal
simultaneously. Images were exported to PNG format by NIS-Elements
(Nikon) and organized in Photoshop and Illustrator (Adobe).

Circularity Index Calculations

Singly transformed roots expressing GFP-SUNDN, RFP-SUNDN, free GFP,
or free RFP were immersed in water under Lumox film (Sarstedt) and imaged
using a confocal microscope (Nikon Eclipse C90i) with the 488-nm or 561-nm
laser set to 20% and the gain set between 7.5 and 8.05. Images were taken using
a 40X water immersion objective (numerical aperture of 0.8; Nikon), and ac-
quired using NIS-Elements AR version 3.2. Six independently transformed
roots were visualized for GFP-SUNDN and free GFP, while two independently
transformed roots were visualized for RFP-SUNDN and free RFP. Twenty root
hair nuclei per root were visualized by creating z-stacks of sulfficient 0.5- to
0.55-um sections to capture the entire nucleus. A maximum intensity projection
of each nucleus was generated, and the software FIJI/Image] (Schindelin et al.,
2012) was used to calculate the area and perimeter of each nucleus. Circularity
indices were calculated by dividing the area by the perimeter squared, and
plotted in a box plot with the whiskers being the upper and lower fences, the
box being the first and third quartiles, the middle solid line being the median,
and the middle dashed line being the mean.

Live Imaging

Singly transformed roots expressing GFP-SUNDN, RFP-SUNDN, free GFP,
or free RFP were immersed in water under Lumox film (Sarstedt) and imaged
using a confocal microscope (Nikon Eclipse C90i) with the 488-nm or 561-nm
laser set to 20% and the gain set between 7.5 and 8.05. Six independently
transformed roots were visualized for GFP-SUNDN and free GFP, while three
independently transformed roots were visualized for RFP-SUNDN and free
RFP. Images were taken using a 40X water immersion objective (numerical
aperture of 0.8; Nikon), and acquired using NIS-Elements AR version 3.2.
Z-stacks of 50 3-um sections were taken at 1.2-min intervals. For analysis,
z-stacks were converted into maximum intensity projections and nuclei were
tracked using the manual tracking function in the software Image]. Manual
tracking generated frame-to-frame displacement in two dimensions, which was
then analyzed four ways. First, all individual frame-to-frame displacements for
each nucleus were plotted via box plot, with the whiskers being the upper and
lower fences, the box being the first and third quartiles, the middle solid line
being the median, and the middle dashed line being the mean (Supplemental
Fig. S5). Second, the total displacement of each nucleus was calculated and all
the totals were plotted similarly to the individual displacements (Fig. 7D).
Third, maximum single frame-to-frame nuclear displacement was calculated
and plotted (Fig. 7E). Fourth, circularity indices for tracked nuclei were calcu-
lated as above, and displacement was plotted relative to circularity (Fig. 7F).
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Kymographs were generated in NIS-Elements AR version 3.2 by generating a
maximum intensity projection of the z-stacks generated above and drawing a
line over the longitudinal axis of the root hair (Fig. 7C).

Nodulation Assay

Hairy root transformations were analyzed by confocal microscopy. Untrans-
formed or chimeric roots were removed, and composite plants were moved to
presterilized nutrient-poor soil (50% v/v mason sand, Quikrete; 50% v/v clay,
Turface). Plants were allowed to recover in soil for 2 d. Sinorhizobium meliloti strain
Sm2011-dsRed was grown for 2 d on solid tryptone yeast agar (0.5% w/v tryptone,
0.3% w/v yeast extract, 0.012 M CaCl,, and 1.5% w/v agar, pH 7.5) plates with
50 pg/mL streptinomycin and 5 ug/mL tetracycline, followed by overnight culti-
vation in 5-mL tryptone yeast medium with the same antibiotics at 30°C. The
overnight culture was diluted in sterile deionized water to an ODgo = 0.001 and
applied to the composite plants in soil (~200 mL culture per liter of substrate). Plants
were grown for 3 to 4 weeks, at which point they were removed and roots were
checked for GFP expression. Those roots that were still expressing GFP-tagged
proteins of interest with the correct subcellular localization were then imaged for
nodule colonization and nodules per plant were counted. To generate images of
nodule colonization, nodules were sliced open and imaged using a confocal mi-
croscope (Nikon Eclipse C90i) with the 488-nm laser set to 20%, small pinhole, gain
setting range of 6.0 to 8.0. All images were taken at RT using water as the medium
with a Plan Fluor 4X lens (numerical aperture of 1.3; Nikon), and acquired using
NIS-Elements AR version 3.2 (Nikon). The transmitted light detector was turned on
to collect the transmitted light signal simultaneously. Images were exported to
portable network graphic format by NIS-Elements software (Nikon) and organized
in Photoshop and Tlustrator (Adobe).

IT Assay

Hairy root transformations were analyzed by confocal microscopy. Un-
transformed or chimeric roots were removed, and composite plants were moved
to 1.5% w/v water agar plates with 100 nm aminoethoxyvinyl Gly covered with
filter paper (Whatman qualitative filter paper for technical use, grade 0858,
grained, 110 X 580 mm; cat. no. WHA10334365, Sigma-Aldrich). Roots were
sprayed with 1 mL of ODggo = 0.03. Sm2011 expressing LacZ using a MADS
device was covered with an upper layer of filter paper; the plates were closed
and the bottom-half of the plates was covered with black felt. Plants were
grown under long-day conditions (16-h d/8-h n) at 20°C in a plant incubator for
10 d. Plants were then stained as in Journet et al. (1994). For ITs in Figure 8, hairy
roots were removed from the apical portion of the plants and fixed in 1.25% (v/v)
glutaraldehyde in Z' buffer (100 mm NaPOy, 10 mm KCl, and 1 mm MgSOy), first
subjected to a vacuum for 15 to 30 min, then incubated for 1 h at RT. Plants were
then rinsed three times for 5 min each in Z' buffer and stained for 3 to4 h at 30°C
in the dark in 0.1 M sodium P (pH 7.2), 5 mM K3Fe(CN)g, 5 mM K Fe(CN)g, and
0.02 M 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside. ITs and infection
pockets were visualized by the blue-stained bacteria and scored using a light
microscope (Zeiss Axiophot). After being rinsed three times for 10 min in Z’
buffer and twice in distilled, sterile water for 5 min, plants were placed on slides
and ITs and infection pockets were counted per centimeter root length.

For ITs in Supplemental Figure S7, hairy roots were removed from the apical
portion of the plants and fixed in 1.25% (v/v) glutaraldehyde in Z’ buffer (100 mm
NaPOj, 10 mm KCl, and 1 mm MgSOy,) for 1 h at RT with agitation. Plants were then
rinsed three times for 5 min each in Z' buffer and stained overnight with 5 mM KjFe
(CN)s, 5 mM K Fe(CN)g, and 0.8 mg/mL 5-Bromo-6-chloro-3-indoxyl B-p-galacto-
pyranoside Magenta B-p-galactoside in Z' buffer. After being rinsed three times for
10 min each in Z’ buffer and twice for 5 min each in sterile distilled water, plants
were wet-mounted on slides and ITs were visualized by purple-stained bacteria and
scored using a dissecting microscope (Nikon SMZ1270).

Accession Numbers
Sequence data from this article can be found in the GenBank and NCBI data

libraries under the accession numbers provided in Supplemental Tables S1
and S2.

Supplemental Data

The following supplemental materials are available.
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Supplemental Figure S1. Microarray expression of MtWIPla, MtWIP1b,
MtWIT1, MtWIT2, MtSINE5a, MtSINE1, and MtSUN in M. truncatula
tissues.

Supplemental Figure S2. Medicago LINC complex components are local-
ized to the NE in Medicago hairy root transformants.

Supplemental Figure S3. Coexpression with SUNDN depletes all Medicago
KASH proteins and ONM-KASH interactors, but not SUN, from the NE
in N. benthamiana.

Supplemental Figure S4. Quantification of data in Supplemental
Figure S3.

Supplemental Figure S5. SUNDN-expressing root hairs have a greater
range of frame-to-frame nuclear displacements than GFP-expressing
root hairs.

Supplemental Figure S6. RFP-SUNDN has similar effects on nuclear shape
and movement as GFP-tagged SUNDN.

Supplemental Figure S7. SUNDN-expressing roots develop fewer ITs than
GFP-expressing roots.

Supplemental Table S1. Gene numbers, GenBank protein sequence acces-
sion numbers, and corresponding Affymetrix chip probe numbers.

Supplemental Table S2. GenBank and NCBI reference sequence numbers
for proteins used in alignments shown in Figure 1, C and D.

Supplemental Table S3. Primers used for cloning.

Supplemental Movie S1. Nuclear movement in the root hairs of free GFP-
expressing Medicago hairy roots.

Supplemental Movie S2. Nuclear movement in the root hairs of SUNDN-
expressing Medicago hairy roots.
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