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Down-regulation of SlCyp1 in the phloem reduces auxin response
and photosynthetic rate in tomato (Solanum lycopersicum) plants
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ABSTRACT
The tomato dgt mutant, containing a single mutation in the Cyclophilin1 (SlCyp1) gene, is auxin insensitive
and exhibits a pleotropic phenotype that includes lack of lateral roots, malformed xylem structure and
reduced root-to-shoot ratio. Recently, we found that the SlCyp1 protein is phloem-mobile and traffic from
shoot to root to induce lateral root formation. These processes are achieved through activation of auxin-
mediated developmental programs. Inhibition of the trafficked SlCyp1 activity at the target site resulted in
inhibition of the auxin response, supporting the hypothesis that this protein is indeed a mobile signal.
Here, we show that partial silencing of SlCyp1 in the phloem only resulted in perturbed auxin response in
the roots and reduced photosynthetic and transpiration rates. The presented data suggests that
expression of SlCyp1 in the phloem is essential for proper auxin response at the whole plant level. We,
therefore, propose that this protein acts as a long-distance signaling molecule acting as coordinator
between roots and shoot activities.
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Cyclophilins belong to a family of peptidyL-prolyl cis-trans iso-
merases (PPI) involved in numerous signaling pathways in
various organisms.1 The tomato dgt mutation was mapped to
the SlCyp1 gene.2 This mutant is stunted and characterized by
agravitropic growth,3 lack of lateral root formation and aber-
rant xylem structure that consists of extremely narrow and
fibrous vessels.3,4 The pleiotropic phenotype of dgt mutant is
associated with reduced auxin sensitivity.5

Numerous plants contain orthologues of the SlCyp1 protein
in their phloem sap.6-10 It was, therefore speculated that long-
distance movement of the protein serves to regulate auxin
response in distant organs. Indeed, our previous study estab-
lished that SlCyp1 is capable of long-distance movement from
wild-type scion to dgt mutant rootstock.11 This trafficking was
associated with recovery of the mutant rootstock that devel-
oped lateral roots and regularly-shaped xylem vessels. The par-
tial recovery of the wild type phenotype was associated with
restored auxin response capacity in the dgt rootstock and
auxin-mediated developmental programs.11

We have recently found that the SlCyp1 active site is
required to enable its function in long-distance signaling. Inhi-
bition of the trafficked SlCyp1 at the target organ using the
cyclophilin inhibitor cyclosporin A resulted in a reduction of
auxin sensitivity. These results support the notion that SlCyp1
serves as a long-distance signal molecule.12

To further explore the biologic significance of SlCyp1 tran-
scription/translation in the phloem, the antisense orientation of
SlCyp1 open reading frame was expressed in transgenic tomato

plants (var. M82) under the control of the companion-cell spe-
cific AtSuc2 promoter. Different levels of silencing were
observed in 3 independent lines (SlCyp1-AS-5, SlCyp1-AS-6
and SlCyp1-AS-9) at both the mRNA and the protein levels
(Fig. 1A and B). Almost complete silencing was observed in
plant line SlCyp1-AS-5. Sensitivity of the various transgenic
lines to auxin was examined by germination under various con-
centrations of naphthalene-acetic-acid (NAA) (Fig. 2). Typical
dose-response to NAA was observed in root elongation of the
control M82 line. As expected, auxin concentration up to 2 mM
did not affect root length of dgt plants. Interestingly, root length
of SlCyp1-AS plants was not affected by increased NAA con-
centration up to 0.4 mM, indicating reduced sensitivity to auxin
as compared with the control plants. These results suggest that
varying levels of SlCyp1 in the phloem can determine the
response to auxin in the root.

Our earlier study established that photosynthetic rate of dgt
mutants was lower than that of control tomato line.12 Partial
silencing of SlCyp1 in the phloem also resulted in inhibition of
photosynthetic rate (Fig. 3A). It is important to note that signif-
icant inhibition was observed only in plant line SlCyp1-AS-5
which was characterized by the strongest silencing level
(Fig. 1). The reduced photosynthetic rate was associated with
lower stomatal conductance (Fig. 3B). No significant differen-
ces were observed in CO2 concentrations in the substomatal
cavities (Ci) (Fig. 3C). Nevertheless, the ratio between photo-
synthesis and Ci was similar for all lines (Fig. 3D). These results
suggest that the reduced photosynthetic rate is due to stomatal
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closure, causing a decrease in CO2 penetration into the substo-
matal cavities, and not due to impaired biochemical activity of
carbon assimilation. It is logical to assume that similar to dgt
mutants, substantial silencing of SlCyp1 in the phloem only, is
sufficient to cause malformed xylem vessels, and/or root devel-
opment, resulting in impaired water transport, stomatal closure
and inhibited photosynthetic activity.

The antisense approach used here was efficient in reducing
SlCyp1 levels; however, it still has some limitations: The first is
that SlCyp1 suppression was only partial. Complete phloem-
specific knockout of SlCyp1 may reveal additional effects that
were not seen in the SlCyp1-AS lines. The second is that the
silencing signal could move cell-to-cell and long-distance.13,14

This may lead to suppression of SlCyp1 in tissues others then
the phloem. Our previous data, however, shows that SlCyp1
protein levels are highest in the phloem.12 TLherefore, SlCyp1
silencing in the SlCyp1-AS plants has most likely had the stron-
gest effect in the phloem. To address these challenges, tissue-
specific knockout of SlCyp1 needs to be achieved. This can be

Figure 1. Partial silencing of SlCyp1 using SlCyp1 antisense driven under the
AtSuc2 promoter. (A) Real-time PCR for SlCyp1 levels in M82 control plants and 3
independent transgenic lines expressing SlCyp1 antisense under the AtSuc2 pro-
moter (SlCyp-AS-5, SlCyp-AS-6 and SlCyp-AS-9). (B) Western-blot analysis for the
SlCyp1 protein in M82, dgt mutants, SlCyp-AS-5, SlCyp-AS-6 and SlCyp-AS-9. Data
represents means of 4 replications ( § SE). Identical letters indicate no significant
differences between genotypes at p < 0.05 by Tukey’s HSD-test.

Figure 2. Partial silencing of SlCyp1 in the phloem alters auxin response. Primary root elongation rate of M82, SlCyp1-AS-6, SlCyp1-AS-9, and dgt tomato seedlings grown
on various concentrations of NAA: 0 mM (empty bars), 0.2 mM (light gray bars), 0.4 mM (dark gray bars) and 1 mM (black bars). The indicated data represents the means
of 6 biologic repeats§ SE. Identical letters indicate no significant differences between each replicate at p < 0.05 by Tukey’s HSD-test.

Figure 3. Effect of reduced SlCyp1 expression levels on photosynthesis and leaf gas exchange parameters. Measurements of photosynthesis (A), stomatal conductance (B),
CO2 concentrations in the substomatal cavities (Ci) (C) and the ratio between photosynthesis and Ci (D). Data represents means of 5 biologic replications ( § SE). Identical
letters indicate no significant differences between genotypes at p < 0.05 by Tukey’s HSD-test.
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done by application of CRISPR/Cas9 that targets SlCyp1 under
phloem specific promoter.15

Collectively, these results establish that differential levels of
SlCyp1 in the phloem act to modulate auxin response in the
root, transpiration level and photosynthetic activity in the
shoot. The presented data provides further support to our
hypothesis that SlCyp1 functions in the phloem as long-
distance signal acting in a control system that coordinates
development and activities in distant tissues. Lower concentra-
tions of SlCyp1 in the phloem cause reduced auxin response in
roots and affects root development. These changes in root
development then lead to less water acquisition, reduced tran-
spiration, stomatal closure and ultimately a decrease in photo-
synthetic capacity.
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