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A common fate of post-mitotic interphase plant nuclei is
morphological differentiation into an array of shapes and sizes.
Development of nuclear morphology occurs in a cell-specific
manner and is influenced by cell shape and nuclear DNA content.
The LINC (LITTLE NUCLEI) proteins are plant-specific nuclear
coiled-coil proteins that appear to couple nuclear development to
cellular (shape) and nuclear (DNA content) cues. /inc mutations
cause a variety of defects, including smaller more spherical nuclei
and whole-plant dwarfing. Supplementing our previous results,
we constructed transgenic plants expressing LINC1-GFP from the
native promoter and found that LINC1 is predominantly expressed
in proliferating tissues. Moreover, LINC1-GFP signal was found
to be concentrated at the nuclear periphery. These results suggest
that LINC1 plays an important structural role at an early stage in
nuclear development.

The nucleus is a morphologically plastic organelle. In plants, the
interphase nucleus is translucent and difficult to image by traditional
light microscopy in unfixed and unstained tissue. Consequently, it
was not until the Galbraith laboratory used a nuclear-localized GFP
reporter molecule that a description of plant nuclear morphology
dynamics and variation in living plant tissues was possible.! These
authors observed an assortment of nuclear shapes (from a variety
of tissues) that fell into three general categories: spherical, spindle-
shaped and cylindrical."> Much of the morphological variation
occurs post-mitotically when nuclei increase in size due to endo-
reduplication and differentiate in shape according to cell type.>?
Examples of this differentiation are observed in anisotropic root
hairs, which contain large elongated spindle-shaped nuclei.? These
nuclei contrast with the small spherical nuclei found within ovoid
guard cells and isotropic meristematic tissues. However, beyond these
descriptions little is known about the molecular determinants or cues
that regulate nuclear morphology in plants.
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The nucleus is an organelle surrounded by two continuous
bi-layer membranes, the outer and inner nuclear envelopes. In
mammals, coiled-coil type V intermediate filament proteins called
lamins polymerize under the inner nuclear envelope forming a
structural meshwork.®” In addition to providing structural support
for the nucleus, lamins are important for the peripheral localization
of a host of proteins, including nuclear pore complexes and proteins
that anchor the nucleus to the cytoskeleton.® Plants genomes do not
encode lamins, yet a number of predicted nuclear coiled-coil proteins
of unknown function were identified by bioinformatics.”

To gain a better understanding of nuclear morphology in plants
we initiated a reverse genetics study on group of four long coiled-coil
proteins in Arabidopsis thaliana that we called the LINC (LITTLE
NUCLEI) genes. A plant homolog of the LINC proteins was
originally identified in Daucus carota protoplasts and called NMCP1
(nuclear matrix constituent protein 1).!% This protein localizes to the
nuclear periphery in D. carota protoplasts, leading to the hypothesis
that NMCP1 functions as a lamin-like analog in plants.!®12

Plant harboring T-DNA insertional mutations at LINCI (lincI-
1), LINC2 (linc2-1), LINC3 (linc3-1, SALK_099283) and LINC4
(linc4-1, SALK_079296) were examined and found to exhibit no
obvious phenotypic abnormalities. Because we anticipated redun-
dancy within the LINC gene family, we constructed double and triple
mutants and observed a range of whole-plant dwarfing defects for
several of these /inc mutant combinations. At the outset we limited
ourselves to the dwarfed lincI-1 linc2-1 mutant. First, we examined
fixed nuclei from adult rosette leaves and found that lincl-1 linc2-
I mutants have drastically smaller nuclei (-20% of wild type).!3
Furthermore, despite having normal whole-plant morphology, /inci-
1 and /inc2-1 single mutants also had reduced nuclear sizes (-50%
of wild type). During these analyses we noticed that the nuclei of the
linc mutants, especially the /incl-1 linc2-1 double mutant, appeared
more homogenous in shape than wild type nuclei. To quantify this
feature we estimated the circularity index (4nA/P? , A = area and P
= perimeter) and found that on average /incI-1 and lincl-1 linc2-1
nuclei were significantly more spherical than wild type nuclei.!?
These results indicated that both LINC1 and LINC2 are required
to achieve wild type nuclear size and that LINCI is also required to
achieve a differentiated nuclear shape.!?

Our original paper described sub-cellular localization studies
using YFP fusion proteins expressed from the Cauliflower Mosaic
Virus 35S constitutive promoter.!3 Consequently, we repeated these
studies for LINC1 using its native promoter. A genomic clone of
LINCI including the upstream, intergenic regulatory sequence (2.5
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Figure 1. PLINC1:LINC 1-GFP complemented linc1-1 and LINC1-GFP was concentrated at the nuclear periphery. (A) From left to right are a wild type plant, a
linc1-1 linc2-1 double mutant, and a transgenic linc1-1 linc2-1 plant transformed with PLINC1:LINC1-GFP. (B) is a single confocal section through a budding
lateral root from a one-week-old linc1-1 linc2-1 transgenic PLINC1:LINC 1-GFP seedling. Bar equals 20 micrometers.

kilo bases) was fused with the coding sequence of GFL, producing
PLINCI:LINCI-GFP.* Wild type and /lincl-1 linc2-1 plants were
transformed with the PLINCI:LINCI-GFP construct using the
floral dip method and T1 transformants were selected on soil with
basta herbicide.!®> We determined whether PLINCI1:LINCI-GFP is
functional by asking whether the transgene could complement the
linc1-1 mutation and rescue the synthetic lincl-1 linc2-1 whole-plant
dwarfing defect. A representative transgenic (T2) lincl-1 linc2-1
plant transformed with PLINC1:LINCI-GFP construct is shown in
Figure 1A. This transgenic plant displayed a wild type stature and
size (Fig. 1A) indicating that expression of the LINC1-GFP fusion
protein from its native promoter complements the /incl-1 loss-
of-function mutation. Next we examined roots of T2 seedlings by
fluorescence microscopy and found that the LINCI1-GFP signal was
high in proliferating meristematic tissues, such as the root tip, but
was not detected in differentiated root tissues, such as mature root
hairs and epidermal cells.

We determined the subcellular localization of LINCI1-GFP in
roots from week-old seedlings using laser scanning confocal micros-
copy. We found that LINC1-GFP accumulated within nuclei and
was highly concentrated at the nuclear periphery. Figure 1B shows a
single confocal section through a budding lateral root illustrating the
localization of LINC1-GFP at the nuclear envelope. We note that
LINC1-GFP signal rapidly tapered off moving from the lateral root
into differentiated root cortical tissue. The subcellular localization of
LINC1-GFP expressed from its native promoter was indistinguish-
able from our previous results for LINC1-YFP expressed using the
constitutive 355 promoter.

Despite the well-documented occurrence of nuclear morpho-
logical variation in plants, littde is known about the molecular
determinants involved in this process. The LINC proteins provide an
attractive entrée into this phenomenon. Because the LINC proteins
are predicted to dimerize through a long coiled-coiled domain, and
linc mutations cause several nucleus-specific morphological defects,
it is possible that these proteins play a structural role within the
nucleus. It is intriguing that the nuclear phenotype of the /linci-1
linc2-1 mutant is most apparent in differentiated nuclei, tissues in

486

Plant Signaling & Behavior

which the LINCI promoter is not active (Fig. 1B). The specific
LINC]I promoter activity in proliferating tissue suggests that LINC1
functions at a key differentiation step following nuclear formation.
One possibility is that /incI-1 mutant nuclei fail to establish appro-
priate connections with the cytoskeleton and are therefore unable
to respond to cellular cues during morphogenesis. Alternatively, it
is conceivable that the LINC proteins facilitate nuclear envelope
expansion by regulating the addition of membrane components.
More work is needed to elucidate the mechanism of LINC action in
nuclear differentiation.
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