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Epidermal cell-patterning genes of a stem parasitic plant
Cuscuta campestris, are involved in the holdfast development
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Cuscuta campestris, a stem parasitic plant, is a holoparasite that does not perform
photosynthesis and takes up water and nutrient from host plant. Upon contacting host stem
surface, C. campestris coils around the stem, and initiates parasitic processes. The parasitic
processes begin with tight adhesion to the stem surface of host plant. C. campestris forms a
specialized disc-like adhesive structure called holdfast which helps parasitic stem to stay in
contact with the host stem during haustorium penetration. Development of holdfast is always
associated with the outgrowth of papillar epidermal cells. The morphology of epidermal cells
in the holdfast is very much similar to leaf trichome and root hair of dicotyledonous plants.
However, regulatory network underlying the development of holdfast has not been elucidated
yet. In this study, we assessed the roles of epidermal cell-patterning genes on the development
of holdfast.
Chapter 1: Holdfast cell outgrowth and the expression of epidermal cell-patterning genes
occurs in the early stage of attachment of parasitization

Holdfast is a pad-like attachment structure that develops on the stem surface,
contacting to host. In this study, the time of initiation of the holdfast developments was
determined. Development of the pad-like structure of holdfast and a group of cells on the
contacting surface showed outgrowth toward the host surface between 24 and 36 hours after
attachment (haa) in our growth condition. The analysis of transcriptome data of parasitic
interface between Cuscuta japonica and Glycine max confirmed that a group of genes that
showed high expression levels in the early parasitic stages such as 24 and 48 haa contained
epidermal cell-patterning genes of C. japonica, such as homologs of JACKDAW
(JKD), GLABRA2 (GL2) and ROOT HAIR DEFECTIVE 3(RHD3). To examine whether the
epidermal cell-patterning genes of Cuscuta campestris are involved in the outgrowth of
holdfast epidermal cells or not, the expression profiles of the genes in the parasitic interface at
0, 12, 24, 36, and 48 haa was analyzed. CcJKD showed a rapid increase after attachment,
reached the maximum level at 12 haa, and then decreased. C. campestris’ homolog of
GLABRA3(GL3), TRANSPARENT TESTA GLABRA1L (TTG1), WEREWOLF
(WER), and GL2 reached the maximum levels at 24 haa, and then decreased. The expression
profile of C. campestris’ homolog of CAPRICE (CPC) did not show significant change during
the period. These results demonstrated that most of the epidermal cell-patterning genes showed
high expression transiently before the onset of the outgrowth of holdfast epidermal cells,
except CcCPC.



Chapter 2: Interaction pattern of transcription factors encoded by epidermal cell-
patterning genes

GL3, TTG1, WER, CPC and GL2 have been localized to epidermal cells previously
whereas JKD was localized in quiescent center and cortex. To test whether C. campestris
homologs show tissue-specific expression patterns consistent with previous results in or not, in
situ hybridization to localize transcripts of CcGL2 and CcJKD was performed. At 36 haa, when
the outgrowth of holdfast epidermal cells was ongoing, unexpectedly CcGL2 and CcJKD were
detected in the epidermal cells of the holdfast. These results suggested that CcJKD and CcGL2
were expressed in the same cells in the epidermis of the holdfast when the holdfast epidermal
cells exhibit outgrowth. To test whether CcGL3, CcTTG1, CcWER and CcCPC expressed in
parasitic interface are functionally equivalent to those expressed in leaf or root epidermal cells
of other plants, the formation of Myb-bHLH-WD40 complex was assessed. By using yeast two
hybrid (Y2H) assay, pair-wise interactions between CcGL3 and CcTTG1, CcGL3 and CcCPC,
CcTTG1 and CcCPC, and CcWER and CcCPC were detected. CCWER did not interact with
CcTTGL. These results indicate that CcCPC-CcGL3-CcTTG1 complexes can be formed in the
parasitic interface. The interaction of CcJKD with CcTTG1 and with CcCPC was also
confirmed by Y2H assay. In this experimental method CcGL2 interacts with CcTTG1 and with
CcCPC. Interaction of CcJKD with CcGL2 and CcGL2 with CcCWER were assessed by protein
complex immunoprecipitation assay, because CcJKD, CcGL2 and CcWER fused to binding
domain exhibited autoactivation of reporter genes. A proof-of-concept experiment by using
AD-HA-CcTTG1 and BD-Myc-CcCPC showed that the assay can capture interaction between
proteins successfully. Pairs of proteins which are AD-HA-CcGL2 and BD-Myc-CcJKD were
co-expressed in the same yeast cell, and AD-HA-CcGL2 by anti-HA-tag mAB-magnetic
agarose. BD-Myc-CcJKD were absent in the respective CcGL2-captured fraction.
Chapter 3: CcJKD regulates the epidermal cell-patterning genes and holdfast cell
outgrowth but does not control establishment of successful parasitization

The unexpected CcJKD mRNA expression in the same epidermis of the holdfast
with CcGL2 raises curiosity about their protein interaction profile, done by Y2H and
immunoprecipitation assay. The formation of the Myb-bHLH-WD40 complex in
the Cuscuta holdfast epidermis like Arabidopsis root epidermis provides possibility of similar
regulatory interaction in root hair trichome formation. On the other hand, the cloned
transcription factors' unusual interacting ability opens the possibility of different additional

functions of those proteins. Previous transcriptome analyses revealed that Cuscuta
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campestris genome lacs homologs of GL1 or TRIPTYCHON (TRY) are involved in the
trichome formation regulatory network. JKD is the upstream regulator of the Arabidopsis
thaliana root epidermis network, and CcJKD showed few conserved findings and new. It was
a logical, sequential approach to find out the role of CcJKD. To investigate the role
of CcJKD expressed in the epidermal cells, CcJKD was silenced utilizing a host induced gene
silencing (HIGS) approach. Both at 24 and 36 haa, on the second host A. thaliana, expression
levels of the target CcJKD were decreased compared to those parasitized on wild type N.
tabacum, indicating the silencing effect on the target gene. Expression levels
of CcGL3, CcTTG1, CcWER, and CcGL2 were also decreased except for CcCPC. These
results suggested that CcJKD controls expression of CcGL3, CcTTG1, CcWER, and CcGL2,
either directly or indirectly, but not CcCPC. Cell morphology in the epidermal layer of the
holdfast on the second host was observed. Cell length were significantly shorter in CcJKD-
silenced C. campestris than in the non-silenced C. campestris, whereas cell width was not
significantly different. We further evaluated the effect of CcJKD-silencing on the establishment
of parasitism by estimating the percentage of parasitic connection. Percentage of the
establishment of parasitism by CcJKD-silenced C. campestris was not significantly different
from that by non-silenced C. campestris. This indicates that silencing of CcJKD represses the
processes leading to outgrowth of holdfast epidermal cells, but the extent of repressive effect
was not enough to inhibit the establishment of parasitism.

From current experimental model, epidermal cell patterning genes are found to be
involved in the holdfast developments in early stage of parasitization. Moreover, CcJKD acts
as the regulator of this model regulatory network since expression of CcJKD in the same
epidermal cell with other epidermal cell patterning genes in the early parasitic stage upregulates
CcWER, CcTTG1, CcGL3 and also activates downstream gene CcGL2 and results in epidermal
cell protrusion towards host. As CcCPC expression were not affected by CcJKD expression, in
the non-parasitic stage relative abundance of CcCPC protein became higher than the abundance
and CcJKD and CcWER proteins that leads to the increase the abundance of CcCPC-CcGL3-
CcTTG1 complex, which is a repressor complex of CcGL2 leads to repress outgrowth of
holdfast epidermal cells. This model helps partially explaining the regulatory events of holdfast
development in the early stage of parasitization and in future the ongoing CcGL2 silencing
method will helps to identify the down stream genes of CcGL2 which may involve in the

establishment of successful parasitization.
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