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ABSTRACT

Intercellular communication via plasmodesmata (PD) is essential for plant growth, development,
and defense, yet its regulation remains poorly understood. Chloroplasts communicate information
about the environment and the physiological state of the plant cell to the nucleus. It has been
proposed that chloroplast-generated signals also modulate the expression of nuclear genes
related to PD to regulate the trafficking of photosynthetic products and metabolites along with
other molecules that act non-cell-autonomously. In this study, we set out to identify the chloroplast
retrograde signals that regulate intercellular trafficking via PD. Using a combination of Arabidopsis
thaliana mutants and gene silencing in Nicotiana benthamiana, we found that the metabolites of
the tetrapyrrole biosynthetic pathway, most likely heme, can act to modulate PD-mediated
intercellular trafficking. We also identified genes that are potentially regulated by the heme signal
to modify plasmodesmata function. Together, these findings strengthen the link between
chloroplasts and PD in coordinating intercellular communication for optimal plant development

and resource allocation.

INTRODUCTION

Plasmodesmata (PD) are membrane-lined cytoplasmic pores that allow the movement of
metabolites and signaling molecules between neighboring plant cells [1-5]. PD connect plant cells
to each other to form a symplast, and almost all plant cells are part of the symplast for at least
part of their development [6]. In land plants, the central membranous structure of the pore, derived
from the endoplasmic reticulum (ER) of the connected cells, is called the desmotubule. The space
between the desmotubule and plasma membrane is called the cytoplasmic sleeve or annulus.
This cytoplasmic space is viewed as the primary route for the trafficking of soluble molecules
between cells [7, 8]. In the last decade or so, much has been learnt about the lipid and protein
composition of PD and of their roles as signaling hubs for co-ordination of whole plant responses
[9-11]. Despite this compositional complexity, only a simple concept of plasmodesmal function in
intercellular trafficking persists.

Despite being integral to the plant cellulosic cell wall, plasmodesmal frequency is not a
fixed cellular parameter, and the number of PD in a cell wall changes during cell wall expansion
and in response to developmental and environmental signals, presumably to maintain a
necessary minimal level of intercellular communication [3, 12, 13]. This is exemplified by PD
converting from simple to branched forms during the sink-to-source transition in leaves, where
sink leaves possess predominantly simple PD while source leaves PD adopt complex

configurations that often include multiple pores connected by a central cavity, the so-called
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branched PD [14] . The cellular signals and pathways that direct these changes in PD remain
poorly understood. The organelle-nucleus-PD signaling (ONPS) hypothesis attempts to explain
at least some of the regulation of PD form and function in response to developmental and other
signals. According to ONPS, signals originating in the mitochondria and chloroplast, acting alone
or together, regulate the expression of cell wall- and PD-related nuclear genes to determine
plasmodesmal structure and permeability, ultimately controlling PD-mediated trafficking [12, 15].
Since chloroplasts are the sites of photosynthesis carbon fixation, it is reasonable to postulate
that chloroplasts would regulate PD-mediated trafficking to control the allocation of fixed carbon
between source and sink tissues. Studies of the chloroplast RNA helicase ISE2 underpin the
ONPS hypothesis and connect chloroplast gene expression with regulation of PD trafficking.
Knockout of ISE2 in Arabidopsis thaliana mutants or knockdown of ISE2 expression in Nicotiana
benthamiana increased intercellular trafficking via PD and stimulated the biogenesis of new PD
[4, 12, 16]. ISE2 has multiple roles in plastid RNA processing including promoting splicing of group
Il introns, post-transcriptional cytidine to uridine (C-to-U) RNA editing, and ribosomal RNA
processing and accumulation [17, 18]. In keeping with ISE2’s role in plastid gene expression,
Arabidopsis ise2 mutants or N. benthamiana leaves where ISE2 was silenced exhibited defective
chloroplast biogenesis and development [12]. Indeed, it seems that any defects in chloroplast
gene expression or other processes disrupting chloroplast biogenesis and development can result
in altered PD development and intercellular trafficking, supporting the ONPS hypothesis [18-21].
However, the signaling mechanisms employed by ISE2 and chloroplasts for ONPS remain
unresolved.

Chloroplast biogenesis from proplastids or etioplasts requires massive changes in the
expression of nuclear genes. The suite of genes whose expression correlates with chloroplast
development includes not only photosynthesis-associated nuclear genes (PhANGs) [22] but also
genes directing cell wall synthesis and/or modification, sugar transport, stress responses, and
responses to reactive oxygen species (ROS) [23]. Signals from chloroplasts to the nucleus during
chloroplast biogenesis that regulate nuclear gene expression are called biogenic chloroplast
retrograde signals (CRS) [24]. Biogenic CRS pathways have been identified by inhibiting normal
chloroplast development. For instance, when chloroplast development is disturbed by herbicides
(e.g., norflurazon) or by blocking plastid translation (e.g., lincomycin), the nucleus responds by
reducing the expression of PhANGs like LIGHT HARVESTING CHLOROPHYLL A/B BINDING
PROTEIN1.2 (LHCB1.2) [25, 26]. This seminal observation was the basis of forward genetic
screens that identified mutants which fail to repress expression of PhANGs, revealing a

breakdown in coordination between the chloroplast and nuclear gene expression. The mutants
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91  were consequently named the genomes uncoupled (gun) mutants. The original genetic screens
92 for mutants with defects in chloroplast-to-nucleus retrograde signaling identified six loci (gun1-6)
93 that are important in retrograde signaling. Five of these (gun2-6) encode components of the
94  chloroplast-localized tetrapyrrole biosynthesis (TBS) pathway [27-29], while the sixth, gunf,
95 encodes a chloroplast-localized pentatricopeptide repeat (PPR) protein [30] . GUN2, GUN3, and
96  GUNS encode heme oxygenase, phytochromobilin synthase, and the H subunit of Mg-chelatase
97  (CHLH), respectively [29] , while GUN4 encodes a regulator of Mg-chelatase activity [28].
98 The TBS pathway produces critical molecules for the production the iron-containing
99 cofactor, heme, and the magnesium (Mg) containing chlorophylls [31]. The branchpoint of the
100 TBS pathway — where protoporphyrin (ProtolX) can be a substrate for either Mg-chelatase or Fe-
101  chelatase - is highly regulated to prevent the accumulation of the photosensitizing and singlet
102  oxygen-producing intermediates [32]. It was originally proposed that Mg-protoporphyrin IX (Mg-
103  proto IX) accumulated in undeveloped chloroplasts and acts as a CRS to negatively regulate
104  nuclear gene expression [33]. This hypothesis was challenged by additional biochemical and
105 genetic analyses that demonstrated that bulk Mg-Proto levels did not correlate with PhANG
106  expression [34, 35]. Instead, the identification of the dominant gun6 mutation (gun6-D) that
107 resulted in elevated FERROCHELATASE (FC)1 activity led to the hypothesis that the FCA1
108  product, heme, was a positive regulator of PhANGs [27]. Heme has been established as a
109  signaling molecule in other systems like algae [36], yeast [37], C. elegans [38], and humans [39].
110 In the case of algae, it can be exported from chloroplasts [40-42].
111 The role of the TBS pathway and its intermediates in influencing PD-mediated intercellular
112  trafficking was examined in this study. In A. thaliana gun mutants and in N. benthamiana plants
113  where expression of GUN and heme-related genes was silenced, we found that changes in the
114  TBS pathway flux was correlated with intercellular trafficking. Indeed, the data suggest that total
115  heme levels, and not other TBS intermediates, are important for altering plasmodesmal function.
116 Gene expression analyses in this system allowed us to identify a suite of nuclear genes that are
117  potentially responsive to heme to modify plasmodesmal function. Supporting this observation,
118  changes in intercellular trafficking were positively correlated with plasmodesmal density and not
119  with callose metabolism at PD. These results provide further support for the role of heme, a highly
120  conserved electron-carrier across all living systems, as an important signaling molecule. Heme
121 has been proposed to have critical roles beyond oxygen binding and electron transfer in several
122 biological systems [36-39]. The proposed connection between the heme/the TBS pathway and
123  PD-mediated intercellular trafficking reported in this work highlights the deep evolutionary

124  connections between PD and chloroplasts [15, 43, 44]. Further understanding of how tetrapyrroles
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125  control trafficking through PD could enable the engineering of plants with optimized carbon
126  allocation for higher yield or carbon partitioning to limit pathogen spread.

127

128 RESULTS

129  GUNS has a role in regulating intercellular trafficking in Arabidopsis and N. benthamiana.
130  Our previous study found that silencing genes encoding proteins with roles in chloroplast gene
131  expression and biogenesis resulted in defective PD-mediated intercellular trafficking as well as
132  altered expression of several genes of the TBS pathway including GUN2-5 [20]. Given that the
133  TBS pathway provides retrograde signals for chloroplast biogenesis [27] , we hypothesized that
134  this pathway influences intercellular trafficking. Indeed, GUN2 and GUNS3 belong to the Fe branch
135 of the TBS pathway, while GUN4 and GUN5 are part of the Mg branch [45] (Fig 1A). To
136  investigate whether disruption of the TBS pathway impacts PD-mediated trafficking a GFP
137  movement assay was used to measure intercellular trafficking in Arabidopsis gun mutants. For
138 this, a plasmid for GFP expression was introduced into leaves by low-pressure particle
139  bombardment and the size of foci containing GFP was measured 24 hours later. The extent of
140 intercellular movement of GFP from the primary transformed cells into neighboring cells was
141  expressed as the number of surrounding rings of cells, i.e., Foci of given ring size or mean size
142  of GFP foci (Fig. 1B and 1C). While gun2 and gun4 mutants did not exhibit significant changes in
143  GFP movement, gun5 mutants had decreased PD-mediated intercellular trafficking revealed as
144  a 20% reduction in mean focus size, from ~ 2 cell layers in the non-silenced controls to ~1.4 cell
145 layers in gun5 mutants (Fig 1B).

146 Since GUN4 and GUNS5 are part of the Mg chelatase complex but appeared to have
147  distinct effects on PD-mediated trafficking in the gun mutants, their roles in trafficking were more
148  closely examined. For this, GUN4 and GUN5 were separately silenced in Nicotiana benthamiana
149 by tobacco rattle virus (TRV)-mediated virus-induced gene silencing (VIGS). The N. benthamiana
150 genome encodes two homoeologs each for GUN4 and GUN5 (S1 and S2 Fig), so the VIGS
151  constructs were designed to silence both homoeologs of each gene. Silencing of GUN4 and
152  GUN5 was confirmed by quantitative reverse transcription followed by PCR (qRT-PCR) and
153  expression of the of target genes was reduced by as much as 90% compared to expression in a
154  non-silenced control plant (TRV-GUS) (S3 Fig). The reduced levels of chlorophyll a, chlorophyll
155 b, and carotenoids measured in the leaves of silenced plants (S4 Fig) were consistent with the
156  observed leaf chlorosis, which ranged from a variegated phenotype in GUN4-silenced plants to
157  severe yellowing in GUN5-silenced plants (Fig 1C). GFP movement assays using Agrobacterium

158  tointroduce plasmids for GFP expression into leaves revealed that silencing GUN4 did not perturb
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159 intercellular trafficking, while GUNb5-silenced plants had a drastic and statistically significant
160 decrease in PD-mediated trafficking (Fig 1D). Thus, GUN4 and GUNS appear to have distinct
161 roles in regulating intercellular trafficking even though they participate in the same step of the TBS
162  pathway (Fig. 1A). Further, these results suggest that GUN5 positively regulates intercellular
163 trafficking.
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165 Fig 1. GENOME UNCOUPLED (GUN) genes have distinct roles in PD-mediated trafficking in N.
166  benthamiana. (A) lllustration of the TBS pathway featuring GUN-encoding enzymes. The four Mg-
167  chelatase subunits (CHLI, CHLD, CHLH/GUNS5, and GUN4) are highlighted. (B) PD-mediated trafficking
168  was measured using a movement assay tracking GFP’s diffusion from a single cell into adjacent cells (called
169 rings) after particle bombardment. Stacked bar graph presents the percentage of foci of different ring sizes
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170  (0,1,2,3 or >3). The bar graph presents the mean ring size. N=3, n=35. Statistical significance compared to
171 non-silenced control (TRV-GUS) was calculated by Mann-Whitney U test. *=p<0.05. (C) VIGS of GUN4
172 (TRV-GUN4) caused a variegated phenotype while VIGS of GUN5 (TRV-GUNS) resulted in severe
173  chlorosis in N. benthamiana plants. (D) GFP movement assay in silenced plants was performed by
174  Agroinfiltration. Stacked bar graph presents the percentage of foci of different ring sizes and bar graph
175 presents the mean ring size. Statistical significance compared to non-silenced control (TRV-GUS) was
176  calculated by Mann-Whitney U-test with significance at p<0.0001 (indicated by **** asterisks). N=4, n=60.
177 Error bars indicate +/- standard deviation.

178

179

180 ISE2’s involvement in PD-mediated trafficking may require a via GUN5-dependent
181  signaling pathway

182  ISE2 has important roles in chloroplast RNA metabolism including splicing, C-to-U editing and
183  ribosomal RNA processing is associated with increased PD-mediated intercellular trafficking [16-
184 18, 46]. Given that ISE2, GUN4, and GUNS5 have distinct roles in chloroplast development, we
185 investigated whether ISE2 and GUNS5 exert their effects on PD via a common signaling pathway.
186  For this, we co-silenced ISE2 with GUN4 (TRV-ISE2-GUN4) and ISE2 with GUN5 (TRV-ISE2-
187  GUNS). Leaves of ISE2-silenced plants showed mild chlorosis as expected from previous
188  experiments [12, 20] (Fig 2A). When ISE2 was co-silenced with GUN4 (TRV-ISE2-GUN4) ,
189 leaves were mildly chlorotic like those of ISE2-silenced plants and variegation was greatly
190 reduced. Slightly reduced levels of chlorophyll a, chlorophyll b, and carotenoid content (S4 Fig)
191 support mild chlorosis in these silenced tissues. In contrast, severe chlorosis, similar to that of
192  plants silenced for GUN5 alone (Fig 1C), was observed when ISE2 was co-silenced with GUN5
193  in TRV-ISE2-GUNS5-silenced plants (Fig 2A). Furthermore, when ISE2 was co-silenced with both
194  GUN4 and GUNS5 (TRV-ISE2-GUN4-GUNS), severe chlorosis was observed, like the GUNS5-
195  silenced or ISE2-GUNS-silenced plants (Fig 2A). The very low levels of chlorophyll a and b, and
196  carotenoids in these plants were consistent with severe chlorosis (S4 Fig). Despite their severe
197  chlorosis, all the silenced plants grew and matured to set seed.

198 To test if retrograde signaling is initiated in the silenced plants, we measured the
199  expression of the photosynthesis-associated nuclear genes LHCB1.2 and LHCBZ2.1 encoding the
200 antennae proteins of the photosystem-associated light-harvesting complexes. Expression of
201 LHCB1.2 and LHCB2.1 was suppressed in ISE2-silenced plants (S5 Fig). This suggests that
202  disrupting chloroplast RNA processing by silencing ISE2 triggered retrograde signals. Silencing
203  GUN4 significantly reduced the expression of only LHCB2.1 but it did not affect the expression of
204 LHCB1.2 (S5 Fig). In contrast, silencing GUNS reduced the expression of both LHCB1.2 and
205 LHCB2.1 (S5 Fig). Co-silencing ISE2 with GUN4 (TRV-ISE2-GUN4-), with GUN5 (TRV-ISE2-
206  GUNS5-), and with GUN4-GUNS- (TRV-ISE2-GUN4-GUNS-) suppressed the expression of
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207 LHCB1.2 and LHCB2.1 (S5 Fig). These results suggest that co-silencing of ISE2 and/or GUNS
208 significantly disrupted chloroplast development and affected CRS to downregulate PhANGs.
209 GFP movement assays were performed to measure the effects of silencing various
210 combinations of genes on intercellular trafficking. As expected, in ISE2-silenced leaves, the GFP
211 movementincreased compared to the non-silenced control (TRV-GUS), indicating increased PD-
212 mediated trafficking (Fig 2B). When ISE2 was co-silenced with GUN4 in TRV-ISE2-GUN4 plants,
213  increased trafficking was observed (Fig 2B), which suggests that ISE2 is epistatic to GUN4. In
214  contrast, co-silencing of ISE2 with GUNS in TRV-ISE2-GUNS plants resulted in decreased
215  trafficking (Fig 2B), indicating that GUNS is epistatic to ISE2. Taking the phenotypic and
216  trafficking results together, it seems that ISE2 is epistatic to GUN4 while GUNS is epistatic to
217  ISEZ2. This relationship is supported by the intercellular trafficking measured in plants where ISE2
218  was co-silenced with both GUN4 and GUNS (TRV-ISE2-GUN4-GUNS). In those plants, trafficking
219  was similar to that measured in GUNS or ISE2/GUNS5- silenced plants (Fig 2B). Together, these
220 results suggest that ISE2 regulates PD-mediated trafficking via a GUN5-dependent signaling
221 pathway.

222

223 Heme levels are reduced in plants with decreased intercellular trafficking

224  In plant cells, heme is bound covalently to c-type cytochromes, and non-covalently to b-type
225 cytochromes and most other hemoproteins, including cytochromes P450, nitrate reductase,
226  NADPH oxidases, peroxidases, and catalases [47]. It is generally assumed that there is a pool of
227  free heme that may be involved in signaling, and this pool is likely to be small compared with total
228  cellular heme. It has been proposed that a heme signal may act in the nucleus directly or via
229 interaction with cytoplasmic signaling [48]. We measured the total heme content of leaves from
230 plants where ISE2 alone or ISE2 combined with GUN4 and/or GUN5 were silenced. Total heme
231 levels in ISE2, GUN4, and ISE2-GUN4-silenced plants were not significantly reduced compared
232  to those in the non-silenced control (TRV-GUS) plants (Fig 2C). In contrast, leaves from GUNS-,
233  ISE2-GUNS, and ISE2-GUN4-GUNS-silenced plants contained significantly lower total heme
234  amounts than non-silenced control plants (Fig 2C). The reduced heme levels in plants with
235 reduced GUNS expression is consistent with previous findings in N. tabacum [49]. These findings
236  point to a correlation between reduced levels of total heme and decreased PD-mediated
237  trafficking.

238 To examine whether a specific pool of heme plays a role in regulating PD-mediated
239  trafficking, we measured heme extracted from isolated chloroplasts, and the heme level was
240 normalized to the total number of chloroplasts (Fig 2D). Silencing ISE2, GUN5 or ISE2-GUNS
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241 reduced chloroplast heme levels compared to the non-silenced control (TRV-GUS) plants (Fig
242  2D). Notably, GUN4-silenced plants also had a significant reduction in chloroplast heme levels.
243  Thus, the levels of total heme, and not the heme content of the chloroplasts, seem to be important
244  for determining intercellular trafficking capacity, and plants with total heme below a certain
245  threshold seem to reduce their intercellular trafficking.

246 The effects of silencing GUN4 and GUNS5 were further characterized by measuring effects
247  on chloroplast proteins (Fig 2E). Levels of the heme-associated proteins Cytf and Cytb6 were
248  reduced in plants with reduced GUNS5 expression supporting changes in heme allocation in those
249  silenced plants. There was also a marked reduction in the amount of the photosynthetic center
250 protein, D1, in samples from the GUNb5-silenced plants, suggesting global defects in the
251 photosynthetic apparatus. The limited effects of silencing GUN4 on both leaf phenotype and
252 intercellular trafficking were supported by modest changes in protein levels. In samples from
253  ISEZ2-silenced leaves the levels of the Cytf protein were drastically reduced but levels of the Cytb6
254  protein were unchanged suggesting that changes in protein levels were likely not due to heme
255  deficiency but rather production of specific proteins.

256 To independently test the apparent correlation between total heme and PD-mediated
257  ftrafficking, we turned to plants in which chloroplast RNA metabolism genes which were shown to
258 regulate PD-mediated trafficking were silenced. We measured the total heme level after silencing
259 these genes, including RH3, RH22, RH39, IPI1, RnaseJ, and two homologs of PNPases
260 (PNPaseA and PNPaseB) as was done previously [20]. The total heme levels of leaves from
261 RH22-, RH39-, ISE2-, and PNPaseA-silenced plants previously reported to increase PD-
262  mediated trafficking were not different from those of non-silenced control plants (TRV-GUS) (Fig
263  2F). In contrast, leaves from plants where both PNPases, Rnased, IPI1, or RH3 were silenced
264  had reduced levels of total heme (Fig 2F). These plants with decreased total heme content have
265 reduced intercellular trafficking [20] like that observed in GUN5-silenced plants (Fig 1B, 1D and
266 2B). Taken together, these findings support that reduced total heme level is correlated with
267 decreased PD-mediated trafficking. They also suggest that a certain minimum level of heme is
268 necessary to be able to increase intercellular trafficking.

269
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Fig 2. PD-mediated intercellular trafficking is affected by heme levels in N. benthamiana. Silencing
ISE2- only (TRV-ISE2) or with GUN4- (TRV-ISE2-GUN4) and GUNS- (TRV-ISE2-GUNS) results in different
levels of chlorosis.(A) ISE2- and ISE2-GUN4- silenced plants have mild chlorosis, while GUN5- and ISE2-
GUNS5- and ISE2-GUN4-GUN5- (TRV-ISE2-GUN4-GUNS) silenced plants have sever chlorosis. (B-C) GFP
movement in these plants are shown in stacked bar charts showing all data (B) and in (C) as mean layer
of GFP movement. Statistical significance compared to the non-silenced control (TRV-GUS) was performed
by the Mann-Whitney U-test. The steady-state level of non-covalently bound total heme (E) are measured
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278 from N. benthamiana in non-silenced control (WT-TRV) versus TRV-ISE2, TRV-GUN4, TRV-GUNS5, TRV-
279  ISE2-GUNA4, TRV-ISE2-GUNS, and TRV-ISE2-GUN4-GUNS. (E) Total heme levels were measured per mg
280  of fresh weight (FW) and are shown relative to non-silenced control (WT-TRV). (F) Total heme levels were
281 also measured after silencing previously known genes (TRV-RH22, TRV-RH39, TRV-ISE2, TRV-PNPaseA,
282 TRV-PNPaseBoth (silenced both homologs of PNPases: PNPaseA and PNPaseB), TRV-RNasedJ, TRV-
283 IPI1, TRV-RH3) that regulate PD-mediated trafficking. Three biological replicates (each replicate contains
284 tissue pooled from three plants) were used to quantify total heme and protoporphyrin IX. Student’s t-test
285  was performed to determine the statistical significance (p<0.05).

286

287  Other TBS pathway intermediates do not correlate with changes in intercellular trafficking
288  The involvement of other tetrapyrrole intermediates in addition to or besides heme in regulating
289  PD-mediated trafficking was also investigated. We quantified the coproporphyrin Ill (copro-lll) and
290  protoporphyrin IX (proto-IX) levels in leaves of plants where GUN4 and GUNS were individually
291 silenced or co-silenced with ISE2. Proto IX is at the branching point, where it can either be
292  converted into heme via ferrochelatase or into other tetrapyrroles in the Mg-branch, while copro-
293 Il is upstream of the branching point. Measuring proto-IX and copro-lll will help determine
294  whether changes in heme levels are due to branch point or upstream metabolic regulation. The
295 proto IX content was reduced in ISE2-, GUN5-, and ISE2-GUN5-silenced plants but did not
296 change significantly in other silenced plants (S6A Fig). GUN5-silenced and ISE2-GUNS5-silenced
297  plants contained reduced levels of copro-lll compared to the non-silenced control (TRV-GUS)
298 plants while the copro-lll remained unchanged in other silenced plants (S7A Fig). Thus, no
299  correlation between the amount of these TBS pathway intermediates and intercellular trafficking
300 was apparent.

301

302 Distinct pools of heme uniquely affect PD-mediated trafficking

303 A specific pool of heme generated from the TBS pathway acts as a positive signal that promotes
304 the expression of genes required for chloroplast development [27]. The chloroplast-localized
305 enzymes ferrochelatase 1 (FC1) and FC2 are hypothesized to produce two functionally distinct
306  pools of heme [42]. The bulk of FC2-synthesized heme appears to be utilized mostly within the
307  chloroplast and associates with pETC proteins. FC1 synthesized heme appears to be mostly used
308 for functions outside the chloroplast [42] and is the pool hypothesized to regulate PhANG
309 expression during chloroplast development [27]. We therefore set out to determine which pool of
310 heme contributed the signal that modulated PD-mediated intercellular trafficking. Like with the
311 GUN proteins, FCT1 was represented by two homoeologs in the N. benthamiana genome (S8
312  Fig). VIGS constructs to silence both homoeologs and one to silence the single copy of FC2
313  were designed and FC17 and FC2 were silenced individually with the goal of disrupting the two

314  different pools of heme. FC1-silenced plants showed no Vvisible phenotype and were
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315 indistinguishable from non-silenced control plants (Fig 3A). The total heme content as well as the
316  chloroplast heme content were both reduced in the FC1-silenced plants, although the decrease
317 intotal heme was small (Fig 3B and 3C). Intercellular trafficking was not affected in FC7-silenced
318 compared to non-silenced controls (Fig. 3D). Like the other TBS pathway genes examined in this
319  work, FC2 was present as two homoeologs in the N. benthamiana genome (S9 Fig). In contrast,
320 FC2-silenced plants showed severe chlorosis and cell death in the youngest silenced leaves (Fig.
321  3A and S10 Fig). The necrotic lesions on the FC2-silenced leaves increased in size over leaf
322  development resulting in necrotic patches when the leaves were fully expanded (S10 Fig). The
323  phenotype of FC2-silenced plants is consistent with Arabidopsis fc2 mutants [50, 51] [42] and
324  tobacco plants where FC expression was silenced [52]. Leaves of FC2-silenced plants contained
325 significantly reduced levels of both chloroplast and total heme, with a relatively large reduction in
326  total heme compared to the FC1-silenced plants (Fig 3C and 3D). However, in contrast to FC1-
327 silenced leaves, PD-mediated intercellular trafficking was significantly decreased in FC2-silenced
328 leaves (Fig 3D). GUN2 encodes HEME OXYGENASE that degrades heme [29], and silencing
329 GUNZ2 may lead to accumulation of heme [42]. GUNZ2-silenced plants showed mild chlorosis (Fig.
330 3A), and total heme levels were similar to those of non-silenced control leaves (Fig 3B) although
331  chloroplast heme content was significantly decreased (Fig 3C), possibly due to feedback inhibition
332  of ALA biosynthesis (Fig. 1A) [53]. PD-mediated intercellular trafficking in GUN2-silenced plants
333  was unchanged from that of non-silenced control leaves (Fig 3D). Consistent with findings from
334  Espinas et al., [42], levels of the heme-associated proteins Cytb6 and Cytf were reduced in the
335  FC2-silenced plants compared to the non-silenced control plants (Fig 3E). The levels of these
336  proteins were unaffected in the FC7-or GUN2-silenced plants. The amount of the photosynthetic
337  center protein, D1, was also drastically reduced in the FC2-silenced plants, indicating broad
338 effects on the proteins in photosynthesis.

339 We also measured the proto-IX and copro-lll content in FC1-, FC2-, and GUNZ2-silenced
340 plants and found no statistically significant difference in any silenced plants compared to the non-
341  silenced controls (S6B and S7B Fig). Together, these results support the finding that heme, and
342  not other TBS intermediates (copro-Ill and proto-1X), may signal to control intercellular trafficking
343  via PD. Further, they suggest that a heme pool produced by FC2 is critical for maintaining PD-

344  mediated intercellular trafficking.
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345

346  Fig 3. Heme metabolism genes have distinct role in changing intercellular trafficking through PD in
347  N. benthamiana. (A) Silencing heme biosynthetic genes FC1 (TRV-FC1) and FC2- (TRV-FC2) and heme-
348 degrading enzyme encoding gene GUN2 (TRV-GUN2) results in different levels of chlorosis. (A) FC1-
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349 silenced plants exhibit no chlorosis, while FC2-silenced plants show severe chlorosis and GUN2-silenced
350 plants show mild chlorosis. (B) Total heme level was measured from a pool of leaves from silenced plants.
351 Three biological replicates (each replicate contains tissue pooled from three plants) were used to quantify
352  total heme. (C) Chloroplast heme was measured from isolated chloroplasts and normalized by the number
353  of the chloroplasts. Total heme (B) and chloroplast heme (F) were measured per mg of fresh weight (FW)
354  and are shown as relative to non-silenced control (WT-TRV). Statistical analyses were performed by
355  Student’s t-test (p <0.05). (D) GFP movement is shown in stacked bar charts presenting all data (left) and
356  the same data as mean area of GFP movement (right). Statistical significance compared to the non-silenced
357  control (TRV-GUS) was determined by the Mann-Whitney U-test.

358

359  Application of exogenous heme increased the PD-mediated trafficking.

360 Our data suggested that heme may act in signaling to regulate intercellular trafficking. The
361  endogenous level of heme is tightly controlled through feedback inhibition of the synthesis of 5-
362 aminolevulinic acid (ALA), a key precursor in the TBS pathway (Fig. 1). This feedback loop
363 creates a bottleneck that limits heme accumulation. Indeed, silencing GUNZ2 failed to cause
364  accumulation of heme in silenced plants (Fig. 3B and C). To investigate whether heme was
365  sufficient to regulate intercellular trafficking and to bypass the endogenous block to heme
366  accumulation, we infiltrated plants with heme over a range of concentrations (0, 5, 25, 50, and
367 100 uM) and performed GFP movement assays in the infiltrated leaves. We hypothesized that if
368 heme could indeed regulate intercellular trafficking, this approach would increase intercellular
369 trafficking by increasing the heme levels in the treated plant. A low concentration of heme (5 M)
370 increased intercellular trafficking compared to the mock treatment (KOH only) (Fig. 4A). Higher
371 heme concentrations of 25 yM and 50 pM resulted in even larger increases in intercellular
372  trafficking compared to the mock treatment (Fig. 4A). The highest concentration of heme tested,
373 100 pM, did not change intercellular trafficking compared to the mock-treated control (Fig. 4A),
374  possibly due to the negative cellular effects of high levels of heme including lipid oxidation [54].
375 The observed effects of heme on intercellular trafficking agree with the measurement of lower
376  total heme levels in plants with reduced intercellular trafficking. The simplest interpretation of
377 these observations is that, at least in N. benthamiana, the infiltration of heme increased cellular
378 heme levels and this led to increased intercellular trafficking.

379 In a second strategy to overcome the bottleneck of heme accumulation due to the negative
380 feedback to ALA, we treated plants with ALA. This approach was demonstrated to bypass
381  feedback inhibition and promote increased heme biosynthesis [55]. We infiltrated different
382  concentrations (0, 0.2, 0.5, 1, 2, and 5 mM) of ALA into plants and then measured intercellular
383 trafficking in ALA-treated leaves. At a concentration of ALA of 0.2 mM, intercellular trafficking was
384  significantly increased compared to the mock treatment (phosphate buffer) (Fig. 4B). Increasing
385  ALA concentration to 0.5, 1 or 2 mM significantly increased intercellular trafficking (Fig. 4B). In

386  contrast, 5 mM ALA, had no effect on intercellular trafficking compared to the mock-treated
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387 control. The observed increased trafficking with increased ALA concentrations supports the
388  observation that increased heme levels, up to a point, can increase intercellular trafficking.

389  Finally, we predicted that application of heme could rescue the intercellular trafficking defect in
390 silenced plants with reduced heme levels. To test this, we infiltrated GUN5-silenced plants with
391 heme or ALA. Exogenous application of heme at 50 puM increased intracellular trafficking
392  compared to the mock treatment (KOH only) in GUN5-silenced plants (Fig. 4C). However, it did
393  not completely restore intercellular trafficking to the levels observed in non-silenced plants. Taken
394  together, these experiments suggest that heme can act as the CRS to regulate intercellular
395 trafficking via PD.
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Fig 4. Exogenous application of heme and ALA increase intercellular trafficking in N. benthamiana.

(A) Intercellular trafficking was measured after infiltrating with 5 yM to 100 uM hemin. GFP movement is

shown in stacked bar charts presenting all data (left) and the same data as mean area of GFP movement

(right). Statistical significance compared to the non-silenced control (TRV-GUS) was determined by the

Mann-Whitney U-test.

(B) Application of the ALA also caused a significant increase in intercellular

trafficking over a range of concentrations from 0.2 to 2 mM, while 5 mM ALA infiltration did not increase
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403  ftrafficking statistically significantly. Movement data presented as described for (A). (C) Infiltration of 50 yM
404 of heme, not 1 mM ALA, partially rescued PD-mediated trafficking in GUN5-silenced plants. Movement data
405 presented as described for (A). Statistical significance was measured by the Mann-Whitney U-test. *
406 p<0.05, **p<0.005, ***p<0.0005 (asterisks). ns = p>0.05. Error bars indicate +/- standard deviation.

407

408 Heme regulates PD-mediated trafficking in a light-independent manner

409 To examine the interplay between light and the TBS intermediates in PD-mediated signaling we
410 treated leaves with heme then exposed them to standard light (120 umol m? - s™' ) or kept them
411 in the dark before measuring GFP movement. In non-silenced control leaves (TRV-GUS),
412  exogenous heme significantly increased trafficking through PD in leaves kept under both light or
413  dark conditions, suggesting that light is not required for heme’s function in PD-mediated trafficking
414  (Fig 5A, compare mock_Heme_Light vs 50mM heme_light and mock_Heme_Dark vs 50mM
415  heme_Dark). Similarly, in GUNb5-silenced plants exogenous heme significantly increased
416  trafficking through PD in leaves kept under light or in the dark, suggesting heme’s function in
417  these GUNS5-silenced plants is independent of light (Fig 5B, compare mock_Heme_Light vs
418  50mM heme_light and mock_Heme_Dark vs 50mM heme_Dark).

419  Light can also determine the extent of PD-mediated intercellular trafficking [56, 57]. Indeed, this
420 was a trend observed across all treatments (Fig 5A and B). PD-mediated trafficking was typically
421 higher in dark-treated leaves compared to light-exposed leaves across treatments of non-silenced
422 control plants (TRV-GUS), although the differences were not always statistically significant (Fig
423 5A and 5B). However, a reverse trend was observed in GUN5-silenced plants, where PD-
424  mediated trafficking was higher in the light than the dark across treatments.

425

426  Flg22 depends on heme level to regulate PD-mediated trafficking

427 The biological role of ONPS and its potential CRSs like heme have not been clearly
428 demonstrated. We therefore assessed the importance of heme-mediated ONPS in a plant
429  defense response to a pathogen elicitor. For this we turned to the model bacterial elicitor, flagellin,
430 and its flg22 peptide that is a potent inducer of pattern triggered immunity (PTI) [58]. Flg22-
431  induced PTl results in decreased PD-mediated intercellular trafficking (Cheval et al., 2020). FIg22
432  has also been reported to induce the expression of FC1 but reduce the expression of FC2 [42].
433  To determine whether flg22 regulates PD-mediated trafficking in a heme-dependent manner, we
434  infiltrated 500 nM flg22 into GUN5-silenced N. benthamiana plants, which had reduced heme
435 levels. We found that treating a non-silenced control plant (TRV-GUS) with 500 nM flg22
436  significantly decreased intercellular trafficking (Fig 5C). The flg22 treatment did not decrease
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437  intercellular trafficking in GUNS-silenced plants compared to the mock treatment (Fig 5C). This
438 lack of response to flg22 in GUN5-silenced plants suggests that there was insufficient heme to
439  regulate intercellular trafficking in the silence plants. These findings point to a role for heme in
440 facilitating the flg22-mediated regulation of intercellular trafficking, suggesting that this signaling

441 pathway may have a wider role in plant-pathogen interactions.
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442

443  Fig 5. Light dependence of exogenous heme in regulating PD-mediated trafficking in N.
444  benthamiana. (A) GFP movement assays for non-silenced control (TRV-GUS) plants. Stacked bar charts
445  showing all data (left) and as mean area of GFP movement (right). Mock (0 uM heme, buffer only) or 50
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446 MM heme were infiltrated into upper leaves then kept in standard light or dark (with infilirated leaves covered
447 in aluminum foil) for 24 hours. (B) GFP movement assays performed in GUN5- (TRV-GUNS) silenced plants
448  as described for (A). (C) GFP movement assays performed in various plants with or without treatment with
449  flg22 as described for (A). Statistical significance was measured by the Mann-Whitney U-test. * p<0.05,
450 **p<0.005, ***p<0.0005 , ****p<0.0001 (asterisks). ns = p>0.05. Error bars indicate +/- standard deviation.
451

452 Identification of potential PD-associate nuclear genes (PDANGS)

453  We next set out to identify genes that regulate PD-mediated trafficking in response to defective
454  chloroplast biogenesis and signaling mediated by TBS pathway intermediates. To understand
455  which genes are involved in regulating PD-mediated trafficking by ISE2 and GUN5 and whether
456  ISE2 and GUNS utilize the same pathway for this regulation, we conducted a transcriptomic
457  analysis by next-generation sequencing. In ISE2-silenced plants, 684 genes were significantly
458  differentially expressed, with a cutoff for adjusted p-values of <0.05 and |log2FC| >0. This analysis
459  revealed 269 genes whose expression was induced and 415 whose expression was repressed
460 (Fig 6A). In the GUN4-silenced plants, only 18 genes were significantly differentially expressed,
461  with nine genes induced and 9 suppressed. In striking contrast, in GUN5-silenced plants 1,573
462  genes were significantly differentially expressed, where expression of 809 genes was induced,
463  and that of 764 genes were suppressed (Fig 6A). Only 8 differentially expressed genes (DEGs)
464  were shared among ISE2, GUN4, and GUN5-silenced plants. A total of 241 genes were shared
465 only between ISE2 and GUNS- silenced plants, indicating a potential common regulatory
466  mechanism (Fig 6B). In terms of unique DEGs, ISE2-silencing resulted in 432 uniquely expressed
467  genes, GUN4 silencing presented only 1 unique gene, and GUNS silencing showed 1,318 unique
468  genes, suggesting that silencing each gene has distinct gene-specific effects. The substantial
469 overlap of shared genes between ISE2 and GUN5 suggests a potential functional link where
470  ISE2-mediated RNA processing intersects with GUNS’s roles in plastid signaling. This implies that
471 post-transcriptional regulation in plastids and tetrapyrrole biosynthesis are interconnected.

472 For co-silenced plants, in ISE2-GUN4 plants only 88 genes (63 induced and 14
473  suppressed) were differentially expressed. In contrast, in ISE2-GUNS and ISE2-GUN4-GUNS
474  silenced plants 1,573 genes (809 induced and 764 suppressed) and 2,328 genes (1,210 induced
475 and 1,118 suppressed) were differentially expressed, respectively. ISE2-GUN4-co-silenced
476  plants showed 8 uniquely expressed genes, while ISE2-GUNS5- and ISE2-GUN4-GUN5-silenced
477  plants showed 638 and 438 expressed genes, respectively (Fig 6B). For shared DEGs, ISE2-
478  GUN4- and ISE2-GUNS5- silenced plants shared only 6 genes, whereas ISE2-GUN5- and ISE2-
479  GUN4-GUNS5- silenced plants shared 1,621 DEGs. This suggests that GUN5-silencing has a
480 higher impact on differential gene expression in these co-silenced plants compared to silencing
481  ISE2- or GUNA.
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482 Clustering analysis of DEGs in heatmap following silencing of ISE2-, GUN5- alone and
483  co-silencing of ISE2-GUN4-, ISE2-GUNS5-, ISE2-GUN4-GUNS- revealed six clusters of patterns
484  of gene expression (Fig 6C). (DEGs from the GUN4 alone-silenced plants were omitted from
485  further analyses because of the small number of genes). A striking observation was the opposing
486  regulation of these clusters following the silencing of different genes alone or in combination.
487  When ISE2, and ISE2-GUN4 were silenced, DEGs in cluster 5 were repressed while the same
488 DEGs were mostly induced after silencing GUNS, ISE2-GUNS, and ISE2-GUN4-GUNS (Fig 6C).
489  Conversely, DEGs in cluster 6 were upregulated in ISE2 or ISE2-GUN4 plants, while their
490  expression was downregulated in GUNS, ISE2-GUNS, and ISE2-GUN4-GUNS silenced plants
491  (Fig 6C). Gene ontology (GO) enrichment analysis revealed that DEGs in cluster 5 belonged to
492  several cellular compartments, including cytoplasm, secretory vesicle, chloroplast, plasmodesma,
493 and vacuole (S1 Table). This suggests a link between chloroplast function and intercellular
494  trafficking via PD. That DEGs in cluster 5 were involved in processes in several cellular
495  compartments was supported by a KEGG analysis revealing broad effects on metabolism (S2
496 Table). In keeping with fewer DEGS belonging to cluster 6, only the plasma membrane was
497 identified as a cellular compartment that was significantly affected in the GO analysis (S3 Table).
498  Nonetheless, KEGG pathways that were significantly represented by the DEGs included the TBS
499 pathway and other pathways including vitamin B6 and flavonoid metabolism, and terpenoid
500 biosynthesis (S4 Table).
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503 Fig 6. RNA sequencing analyses of ISE2-GUNs- silenced N. benthamiana plants. (A) Number of
504  differentially expressed genes (DEGs) with adjusted p values below 0.05 in various silenced plants. All
505  groups were compared to expression in non-silenced control plants (TRV-GUS). (B) Venn diagram showing
506 the overlap of the DEGs in ISE2-, GUN4-, and GUN5- alone and ISE2-GUN4-, ISE2-GUN5-, ISE2-GUN4-
507 GUNS- co-silenced plants. (C) DEGs of ISE2-GUN-silenced plants are clustered into six groups using k-
508 means. Only DEGs with adjusted p values below 0.05 are shown, and values on the heat map show logz
509 fold change in expression.

510

511  Gene clusters associated with altered intercellular trafficking and heme metabolism

512  Focusing on clusters 5 and 6 (Fig 6C), we attempted to identify candidate PDANGs that were
513 regulated by heme. After selecting genes belonging to the GO group plasmodesma-related terms,
514  anin-silico pipeline, Plasmodesmata In silico Proteome 1 (PIP1) [59]. This pipeline compares four
515  published PD proteomes which significantly overlap in terms of protein family and subfamily
516  composition. The analysis output classifies whether the subfamily appears in one or multiple PD
517  proteomes and is based on predicted distinctive features associated with PD-verified genes (235).

518  The pipeline generates four lists of genes/proteins. Candidate list A includes genes encoding


https://doi.org/10.1101/2025.08.05.668529
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.05.668529; this version posted August 7, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

519  proteins from subfamilies found in more than one PD proteome with predicted signal peptide (SP),
520 glycophosphatidylinositol anchor (GPI), or transmembrane domain (TM) features, which are the
521 features enriched in PD-verified proteins. Candidate list B, while also appearing in multiple
522  proteomes, does not have membrane-localizing features. Candidate lists C and D comprise
523  proteins from subfamilies identified in a single proteome, with candidate list C including proteins
524  with predicted targeting features and candidate list D including those without. Since
525  experimentally verified PD proteins typically exhibit membrane-targeting features, candidate lists
526 A and C are the most promising candidates. This analysis identified several genes encoded
527  membrane-localized transporters and others from clusters 5 and 6 as potential PD genes
528 regulated by heme (Table 1). A tetraspanin was also among these potential heme-regulated
529  genes, although this prediction was made with less confidence than the others.

530

531  Table 1. Predicted candidate PD genes from PD-enriched GO terms in clusters 5 and 6

532  using the Plasmodesmata In silico Proteome 1 (PIP1) pipeline.

Nicotiana benthamiana TAIR ID Candidate list
ene ID (Arabidopsis Protein names or known PD
9 ortholog) gene

Sugar transport protein 1 (Glucose
transporter) (Hexose transporter 1)
Sugar transport protein 13 (Hexose
Niben261Chr17G0890004 AT5G26340 transporter 13) (Multicopy suppressor of A
snf4 deficiency protein 1)

Beta-galactosidase 1 (Lactase 1) (EC

Niben261Chr07G 1355001 AT1G11260 A

Niben261Chr08G0042012 AT3G13750 3.2.1.23) A
Niben261Chr08G1069003 AT4G27500 Proton pump-interactor 1 A
Niben261Chr05G0827010 AT2G38290 Ammonium transporter 2 (AtAMT2) A

Hydroxymethylglutaryl-CoA synthase (HMG-
CoA synthase) (EC 2.3.3.10) (3-hydroxy-3-
Niben261Scf01608G0000028 AT4G11820 methylglutaryl coenzyme A synthase) B
(Protein EMBRYO DEFECTIVE 2778) (Protein
FLAKY POLLEN 1)
Thioredoxin H5 (AtTrxh5) (Protein LOCUS OF
Niben261Chr11G1196005 AT1G45145 INSENSITIVITY TO VICTORIN 1) (Thioredoxin B
5) (AtTRX5)
Probable elongation factor 1-gamma 1 (EF-1-

Niben261Chr03G1819003 AT1G09640 B
gamma 1) (eEF-1B gamma 1)

, AT4g27450/F27G19_50 (Aluminum induced
Niben261Chr16G0270015 AT4G27450 ST T (LD i) B
Niben261Chr03G0692005 AT4G16130 L-arabinokinase (AtISA1) (EC 2.7.1.46) B
Niben261Chr15G0702022 AT5G22060 Chaperone protein Dnal 2 (AtDjA2) B

Probable galactinol--sucrose
Niben261Chr06G 1362001 AT5G20250 ~ galactosyltransferase 6 (EC 2.4.1.82) B

(Protein DARK INDUCIBLE 10) (Raffinose
synthase 6)
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At4g34150 (Calcium-dependent lipid-

Niben261Chr13G0053007  ATAG34150 1 cl 0 o ) family protoin) B
Niben261Chr13G1069004 AT5G62740 XZ‘T:B"S'“VG""C’”CM responseproteinl
Protein CHROMATIN REMODELING 4
Niben261Chr07G0225014 AT5G44800  (AtCHRA4) (EC 3.6.4.-) (Protein PICKLE B
RELATED 1)
Niben261Chr10G1117004 AT5G60220  Tetraspanin-4 c
Niben261Chr03G 1126002 AT2G28790 Efg:‘;ie”es's'related thaumatin superfamily
533
534 To extend the identification of PDANGs potentially regulated by heme and the TBS

535 pathway, we manually extracted DEGs encoding cell wall biosynthesis and modification enzymes
536 as well as DEGs encoding known PD-associated proteins (Fig 7). The expression of cell-wall
537 related genes was almost entirely unaffected by silencing ISE2 alone. In contrast, expression of
538 numerous genes related to cell-wall synthesis and modification was altered in leaves of plants
539 where GUN5 was silenced alone or together with ISE2 or ISE2 and GUN4 (Fig 7). Notably,
540  expression of callose and cellulose metabolism genes was mostly repressed in GUNS-silenced
541 plants with reduced heme while expression of xyloglucan-related genes were upregulated in the
542 same samples. The suggested involvement of the xyloglucan modifying XYLOGLUCAN
543 ENDOTRANSGLYCOSYLASE/HYDROSYLASE (XTH) enzymes supports previous findings
544  linking this class of cell wall carbohydrates to altered PD-mediated intercellular trafficking [12].

545 While expression of most of the cell wall-associated genes was unaffected by silencing
546  ISE2, expression of several Remorin, a SYNAPTOTAGMIN and a TETRASPANIN genes was
547  repressed. Remorins are plant-specific proteins that localize to PD and to the PM where they
548 are markers for membrane microdomains (lipid rafts) [60]. Remorins are important for
549  determining the outcome of specific plant-virus interactions, supporting their roles in PD
550 functions (reviewed in [61]). Remorins were also differentially expressed in plants where
551  GUNS alone, ISE2-GUNS and ISE2 along with GUN4 and GUNS were silenced, although the
552  specific gene silenced differed for each group of plants (Fig 7). SYNAPTOTAGMINs (SYTs)
553 regulate calcium-dependent membrane fusion, endo- and exocytosis, and have roles as
554  tethers for ER-PM contact sites [62]. While expression of several SYTs responded to silencing
555  GUNS5 in various contexts, one SYT3 gene (Niben261Chr01g0028006) apparently responded to
556 any silencing of GUNS5 but not ISE2 (Fig 7), making it an interesting candidate for follow up
557  studies. Tetraspanins are scaffolding proteins which are wildly distributed in plants and animals
558 [63, 64]. They have been identified as core plasmodesmal proteins and have been proposed to

559  serve essential roles in PD [65]. Notably, expression of TETRASPANIN 4 homeologs was
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560 repressed in all instances where ISE2 was silenced (Fig 7), suggesting that it might be a key
561  component of the response to signaling initiated when chloroplasts lack ISE2. ARABIDOPSIS
562 CRINKLY4 (ACR4) is a PD-localized receptor kinase with a role in maintaining the root meristem,
563 likely through complex formation with CLAVATA1 [66]. Expression of ACR4 genes was induced
564  when GUNS was silenced, making them possible mediators of the GUNS silencing phenotype of
565  reduced intercellular trafficking.
g
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566
567 Fig 7. Heatmap showing expression of callose-, PD-, cell wall- related DEGs in N. benthamiana
568 plants where ISE2 and/or GUN5 was silenced. DEGs related to callose metabolism, cell wall synthesis
569  and modification, and PD structure and function were identified by RNA-seq analysis. Only DEGs with
570 adjusted p values below 0.05 are shown, and values on the heat map show logz fold change in expression.

571
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572 Plasmodesmal density not callose level correlates with heme levels and intercellular
573 trafficking

574  Defects in intercellular trafficking can be associated with changes in PD density [20, 46].
575  Arabidopsis PLASMODESMATA-LOCATED PROTEIN1, a general marker for PD [67], tagged
576  with GFP (PDLP1-GFP) was expressed in the leaves of silenced to measure PD distribution. PD
577  are nanopores with an average diameter of less than 30 nm, so we assume that the GFP foci in
578 the cell wall observed by confocal microscopy are likely clusters of PD since individual PD are
579  beyond the resolution limits of confocal microscopy. The average number of clusters (per 100
580 um? cell wall) was higher in leaves of ISE2-silenced plants, as expected based on previous
581  findings, although this number was not statistically significant in this group of experiments.
582  Consistent with the results of earlier analysis, PD density was also increased in ISE2-GUN4 co-
583  silencing plants which also had increased intercellular trafficking (Fig 2B). No change in PD
584  density was measured in leaves where only GUN4 was silenced (Fig 8A), in agreement with no
585  changes with intercellular trafficking (Fig 2B). In all plants where GUN5 was silenced, whether
586 individually or with other genes, PD density was significantly lower than in non-silenced control
587 (TRV-GUS) plants (Fig 8A). These results support a positive correlation between plasmodesmal
588  density and the extent of intercellular trafficking.

589 Callose accumulation in the cell wall surrounding PD can impair intercellular trafficking,
590 and this effect is alleviated when callose is removed [10]. To gauge the relationship between
591 callose and the intercellular trafficking observed in silenced plants, leaves from silenced plants
592  were stained with aniline and the number of stained foci scored as described [68]. While the
593 number of aniline-blue foci was increased in leaves of ISE2-silenced plants compared to those
594  of non-silenced control plants, there was no change in ISE2-GUN4 co-silenced plants (Fig 6B).
595  This observation was incongruent with the increased intercellular trafficking measured in both
596  groups of silenced plants (Fig 2B). Similarly, there was no change in the number of aniline-blue
597  stained foci in the leaves of GUN5-silenced plants but decreased number of foci ISE2-GUNS5 co-
598 silenced plants and increased numbers of foci in leaves of ISE2-GUN4-GUNS co-silenced plants
599  (Fig 6B). However, intercellular trafficking was decreased in all plants where GUNS was silenced
600 or co-silenced (Fig 2B). These results do not indicate a correlation between the number of aniline-
601 blue stained foci and the propensity for intercellular trafficking. Considering the findings of these
602 two assays, it is likely that changes in PD density may be responsible for the changes in
603 intercellular trafficking observed.

604
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606
607 Fig 8. PD density is correlated to intercellular trafficking in N. benthamiana in response to heme.
608 (A) Clusters of PD were labeled with Arabidopsis PD marker PDLP1-GFP. Images were collected from
609 z-stacks and density per unit cell wall area (100 um? ) was calculated. (B) Aniline blue staining was

610 used to stain callose and detect clusters of PD. Images were collected from z-stacks and density


https://doi.org/10.1101/2025.08.05.668529
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.05.668529; this version posted August 7, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

611 per unit cell wall area (100 um? ) was calculated. For (A) and (B), outliers identified interquartile
612 range (IQR) analysis were excluded. Student’s t-test was used to determine statistical significance
613 compared to non-silenced controls (TRV-GUS), asterisks indicate p<0.05. ns= p>0.05. Error bars
614 indicate +/- standard deviation.

615

616  DISCUSSION

617 Heme is an essential biomolecule that transfers electrons and catalyzes numerous

618  biochemical reactions. It has been proposed that heme was likely used by the earliest forms of
619 cellular life in the ferrous iron (Fe*"-rich environments in which primordial life evolved [69]. The
620 utility of heme has had rendered it essential for energy, redox metabolisms, and the synthesis of
621 coenzymes and pigments. It acts as a prosthetic group for many proteins involved in essential
622  biological processes such as respiration, photosynthesis, and the metabolism and transport of
623  oxygen [70]. Heme is synthesized in most organisms through a highly conserved biosynthetic
624  pathway [69]. Heme binds Fe?* through four nitrogen atoms in its protoporphyrin ring, functioning
625 as a prosthetic group in various apoproteins. The main type, heme b, is synthesized from
626  protoporphyrin IX by ferrochelatase (FC) [71, 72]. Other heme forms, including a and c, derive
627 from heme b. Heme a and b attach non-covalently to hemoproteins, while heme c is covalently
628 linked to cysteine residues, as in cytochrome C. Beyond a prosthetic group, heme also serves as
629  aregulatory molecule, with free heme produced by FCs for metabolic processes [45]. Additionally,
630 enzymes like catalase, peroxidase, or cytochrome P450 rely on heme as a critical cofactor.
631 Additionally, heme plays roles in influencing transcription [73-77] , translation [78], post-
632 translational modification [79], and ion-channel function [80].

633 In this study, we showed that heme can modulate PD functions, reinforcing the view that
634 heme is not confined to organelle-localized activity but acts as a multi-functional signal that
635 integrates chloroplast and nuclear processes to modulate PD functions. Our results reveal a link
636  between two ancient and foundational features of plants. Given that PD are crucial to the evolution
637  of multicellularity and are essential for plant survival [43], this regulation by heme may have been
638 crucial in the evolution of multicellular plant systems when the coordination of growth,
639  development, and response to the environment became essential. Interestingly, the SAL1-PAP
640 CRS pathway is involved in regulating stomata in streptophyte algae (a sister clade to modern
641 land plants), suggesting their relationship is ancient [81]. We therefore propose a similar ancient
642  relationship between heme and PD. This framework redefines chloroplasts—originating from
643  endosymbiotic cyanobacteria—as central hubs for both energy metabolism and signaling, offering
644  a mechanistic basis for understanding how retrograde and symplastic pathways integrate to

645  regulate plant development and responses to environmental changes. In plants and algae, heme
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646 is exclusively made in chloroplasts, so it may be a general indicator of chloroplast health and
647  number and serves as a proxy for photosynthetic and other metabolic output. By using heme to
648  regulate intercellular trafficking, the plant can coordinate the production and distribution of
649 metabolites between cells and tissues via plasmodesmata.

650

651  The role of TBS pathway and heme in regulating intercellular trafficking

652 The genome uncoupled (gun) mutants have defective CRS, resulting in the deregulation
653  of expression of PHANGs [26, 29]. Here we show that at least one of these mutants, gun5, also
654 has deregulated intercellular trafficking via PD (Fig. 1B). Silencing the N. benthamiana GUNS
655 homoeolog also perturbed intercellular trafficking (Fig. 1D and 1E). While silencing or knockout
656  of GUNS disrupted intercellular trafficking, similar changes in GUN4 expression had no effect on
657 PD-mediated intercellular trafficking (Fig. 1D and 1E), pointing to the enzymatic activity of the Mg-
658 chelatase as a critical control point for generating signals that regulate PD permeability.
659  Chloroplast RNA metabolism gene ISE2 was found to regulate PD-mediated trafficking in GUN5
660 dependent pathway. Consistent with this, reduced heme levels were present in other plants in
661  which decreased intercellular trafficking was reported (TRV-RH3, RNaseJ, PNPAseA/B, IPI1;
662  [20]; Fig 2F). An interesting and unexpected observation of this study was that exogenous heme
663 and ALA can increase PD-mediated trafficking (Fig 4), and heme exerted its effects independent
664  of light (Fig 5). It is not clear that application of heme increases intracellular heme concentrations,
665 but in the context of our experiments an effect was apparent. The use of novel tools like
666 fluorescent reporters for the subcellular measurement of free heme could be useful in future
667  studies to probe the response to exogenous heme application [82]. The connection between PD
668  and Mg-chelatase is supported by the observed correlation between the density of clusters of PD
669 and PD-mediated trafficking, where decreased density of clusters of PD was measured in plants
670  with decreased intercellular trafficking and vice versa (Fig. 1F and 2D).

671

672  Threshold heme levels may regulate intercellular trafficking

673 Heme is reported to translocate from the chloroplast to the nucleus, where it regulates
674  transcription, RNA metabolism, and chromatin remodeling [48]. Heme-related signals are
675  proposed to be the primary mediator of CRS during chloroplast biogenesis [83]. Heme’s low
676  solubility in water suggests it predominantly exists either dissolved in membranes or non-
677  covalently attached to proteins [84]. Thus, free heme is defined as heme that was synthesized by
678 the FCs which is available for further metabolic conversion [85]. When the chloroplast is disrupted

679 by norflurazon, an inhibitor of carotenoid biosynthesis, total heme levels are reduced, but
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680  endogenous free heme levels are increased [85]. However, free bulk heme levels do not neatly
681  correlate with the gun phenotype, suggesting that if heme acts as an organelle-derived signal, its
682  transfer likely occurs through specific transport mechanisms and protein interactions [47]. Indeed,
683  our results suggest that bound heme levels are important for regulating intercellular trafficking.
684 In N. benthamiana, we found that GUN5-silenced plants showed decreased total heme
685  content. Papenbrock et al. [49] also reported that transgenic tobacco (N. tabacum) with reduced
686 levels of CHLH expression had reduced heme levels, which they attributed to negative regulation
687  of ALA synthesis. Nonetheless, decreased total heme content may affect CRS, which may in turn
688  regulate the expression of PD-related and/or cell-wall remodeling genes to modulate intercellular
689 trafficking via PD (Fig 7 and 8). Silencing ISE2, GUN4 alone, and the combination ISE2-GUN4
690 does not significantly impact heme levels compared to the non-silenced control. These silenced
691 plants either increase or do not affect PD-mediated trafficking (Fig 1 and 2). In contrast, silencing
692  GUNS, ISE2-GUNS, and ISE2-GUN4-GUNS caused reduced levels of heme and decreased PD-
693 mediated trafficking. Thus, reduced heme levels correlate with decreased intercellular trafficking,
694 indicating that heme is essential for normal trafficking. A nuanced interpretation of our findings is
695 that intercellular trafficking may depend on maintaining a certain heme threshold level. If heme
696 levels fall below this threshold (e.g., in GUNS or ISE2-GUNS5 co-silenced plants), trafficking is
697  decreased. At or above this threshold, trafficking remains stable or can be increased depending
698  on other factors or signals. The reduced heme levels in GUNS and other silenced plants may
699 influence the demand for heme in cytochrome bef, affecting electron transfer in the photosynthetic
700 machinery and may generate reactive oxygen species (ROS). Therefore, the role of redox
701 signaling and other CRS in the regulation of trafficking via PD cannot be ruled out. Indeed, our
702  results suggest that heme alone may not be sufficient to increase intercellular trafficking as they
703  do not fully explain the increased trafficking observed in ISE2-, RH39- or PNPaseA-silenced
704  plants [20].

705

706  Distinct role of two different pools of heme in regulating PD-mediated trafficking

707  Here, we show that reducing FC2, but not FC1, activity leads to reduced total heme and

708 intercellular trafficking, suggesting that FC2 may be producing a specific pool of heme involved
709 in PD function (Fig 3B and 3C). FC2 appears to produce most of the heme used by the

710  photosynthetic machinery whereas FC1 may mainly produces heme that is exported outside the
711 chloroplast for housekeeping functions [42]. However, more recent work has suggested that

712  such a simple separation of functions is unlikely. For instance, promoter swap experiments have

713  demonstrated that FC2 can mostly compensate for a complete lack of FC1 protein, suggesting
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714  that at least some heme produced by FC2 can be exported from chloroplasts [86]. Our results
715  support this hypothesis and further suggest that this FC2-derived pool of heme has signaling
716  functions for regulating PD and PDANG expression. Interestingly, this pool appears distinct from
717  the one produced by FC1 that can signal to control PhANG expression [27]. Thus, the signaling
718  roles of heme and specific heme pools is more complicated than previously thought and will

719  require further investigation to understand their separate mechanisms.

720 Disrupting heme production in chloroplasts can also affect the supply to other organelles,
721 such as mitochondria and peroxisomes [87]. In mitochondria, heme is essential for cytochrome ¢
722 in the mitochondrial electron transport chain to transfer electrons critical for ATP production. In
723  peroxisomes, heme acts as a co-factor for peroxidase and catalase in redox signaling. We cannot
724  rule out the possibility of heme acting through other organelles to regulate the PD-mediated
725  trafficking. For instance, heme might be transported to mitochondria/other cellular organelles or
726  directly to the nucleus to regulate the expression of PD/cell-wall-associated nuclear genes to
727  regulate PD-mediated trafficking. Notably, the mitochondria-localized protein, ISE1, can regulate
728 intercellular trafficking via PD [88]. Since chloroplast-produced heme is required for mitochondrial
729  electron transport (METC), reduced total heme level may affect mitochondrial function, which
730  could regulate the trafficking through PD.

731

732  Heme regulation of plasmodesmata is not light dependent

733  In control plants, intercellular trafficking was found to depend on light conditions (Fig. 5), as has
734  been reported previously [56, 57]. In the dark, reduced ATP levels due to reduced photosynthesis
735  could open the PD for the export of the assimilated carbon from the leaves [89]. GUNS-silenced
736  plants did not show increased trafficking in dark conditions, indicating that endogenous heme or
737  tetrapyrrole signaling is necessary for this regulation. Exogenous heme modified PD-mediated
738 ftrafficking in plants with an intact TBS pathway independently of light , supporting a direct role for
739  heme in signaling and ruling out the likelihood of signaling caused by photo-oxidative damage
740  (Fig 5A). In contrast, heme treatment of GUNS-silenced plants increased trafficking only in light
741 (Fig 5B). Thus, the introduced heme can modulate PD function, possibly through redox signaling,
742  callose regulation, or interactions with PD-associated proteins. Additionally, GUN5 may play a
743  crucial role in integrating light cues into PD function, potentially through a retrograde signaling
744  pathway.

745

746
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747  MATERIAL AND METHODS

748  Plant Materials and Growth Conditions

749  N. benthamiana seeds were sown in pots filled with hydrated soil (Berger 35). After 10 days,
750  germinated seedlings were transplanted into individual pots and allowed to grow for 10-12 days
751 in a 16-hour photoperiod before performing VIGS. Table S5 lists the Arabidopsis thaliana ecotype
752  Columbia (Col-0) and gun mutant lines used in this study. These mutant lines are in the Col-0
753  background and have previously been described [26]. Arabidopsis seeds were also sown directly
754  in pots and stratified for 3 days at 4°C before moving to a growth chamber with a 16-8-hour
755  photoperiod of 120 umol m? - s7' at 23°C until further experimentation. For all experiments
756  samples were collected 3-5 hours after the onset of the light period.

757

758 RNA isolation, cDNA synthesis and quantitative polymerase chain reaction (qPCR)

759  The ninth/tenth leaf (counted from the bottom) of silenced or non-silenced N. benthamiana plants
760 was collected and flash-frozen in liquid nitrogen. RNA was isolated from three independent
761 samples using the RNA isolation kit (Qiagen), following the manufacturer’s instructions. To
762  remove DNA, the RNA was treated with DNase using the DNA-free DNA removal kit (Invitrogen,
763  CA) for subsequent gPCR or RNA sequencing analysis. Complementary DNA (cDNA) was
764  synthesized with oligo-dT primers and M-MLV reverse transcriptase (Promega, WI), following the
765  manufacturer’s instructions. cDNA was then used for gene cloning or quantitative polymerase
766  chain reaction (QPCR). Diluted cDNA (1:5) with nuclease-free water is used for gPCR to quantify
767  the expression of photosynthesis-associated nuclear genes (PHANGs) and to confirm the
768  silencing in VIGS-infiltrated plants. gPCR was performed using the LightCycler 480 SYBR Green
769 | Master Mix and a LightCycler 480 Real-Time PCR system (Roche, Indianapolis, IN, USA) with
770  the following thermal cycling program: 95°C for 10 minutes, followed by 40 cycles of 95°C for 10
771  seconds, 59°C for 10 seconds, and 72°C for 20 seconds. The expressions of PHANGs and
772  silenced genes are normalized to the expression of EF1- a.

773

774  Gene cloning to generate Virus-Induced Gene Silencing (VIGS) constructs

775  The Arabidopsis thaliana genome uncoupled (GUN) loci were obtained from The Arabidopsis
776  Information Resource database (TAIR, https://www.arabidopsis.org/index.jsp). These gene loci
777  were AtGUN2 (AT2G26670), AtGUN4 (AT3G59400), and AtGUNS (AT5G13630). The protein
778  sequences of each locus were used to obtain the corresponding N. benthamiana gene sequences
779  (https://nbenthamiana.jp/). The gene loci in N. benthamiana are NbGUN4
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780  (Nbe.v1.1.chr09939610, Nbe.v1.1.chr169g37380), NbGUNS (Nbe.v1.1.chr04934700,
781  Nbe.v1.1.chr14g15590), NbFC1 (Nbe.v1.1.chr10g28700, Nbe.v1.1.chr17940820), NbFC2
782  (Nbe.v1.1.chr09934020, Nbe.v1.1.chr11g29350). The NbGUNZ2 homoeologs were previously
783 identified [90]. Gene fragments, approximately 400 bp in length, were amplified from cDNA from
784  wild-type N. benthamiana plants using Phusion DNA polymerase (New England Biolabs, Ipswich,
785 MA), and primers and plasmids are listed in Table S6 and S7, respectively. The amplified
786  silencing fragments were cloned into the pTRV2 (pYL156) vector (containing TRV RNAZ2, [91])
787  after digestion with restriction enzymes (New England Biolabs). To generate a co-silencing
788  construct with ISE2, the GUN4 and/or GUNS silencing fragments were digested and ligated to
789  pTBS136, which already carried a fragment for silencing /ISE2. Ligations were carried out with T4
790 DNA ligase (New England Biolabs). The resulting ligated plasmids were transformed into
791 chemically competent DH5a Escherichia coli cells and cultured on LB media containing
792  kanamycin for selection. Positive clones were screened through colony PCR. Plasmids were
793 isolated from overnight-cultured positive clones using a mini-prep kit (QIAGEN), and the
794  nucleotide sequences of silencing constructs in plasmid were confirmed through Sanger
795  sequencing. These positive plasmids containing the silencing constructs were transformed into
796  Agrobacterium tumefaciens GV3101 competent cells by chemical transformation (freeze/thaw)
797  and used for VIGS experiments.

798

799  VIGS

800  VIGS was performed as previously described [91]. Briefly, pYL192 (which expresses TRV1) and
801 pTRV2 with the silencing construct were cultured overnight, centrifuged, and resuspended in an
802 infiltration buffer containing 10 mM MgCl, and 2-(N-morpholino) ethane sulfonic acid (pH 5.5,
803  adjusted with KOH), along with 200 uM acetrosyringone, (Sigma, St Louis, MO, USA) to an optical
804  density (OD) of 0.1 at 600 nm. An equal volume of pTRV1 and pTRV2 derivatives were mixed
805 before infiltrating into the leaves of three-week-old plants. A TRV2 vector a fragment of GUS [12]
806  was used as a negative control for all VIGS experiments. Movement assays were conducted 10-
807 12 days after VIGS infiltrations.

808

809 GFP-Movement Assay and VIGS

810 Intercellular trafficking in N. benthamiana was measured by a GFP movement assay, as
811 described previously [20]. In brief, Agrobacteria carrying a binary construct for GFP expression
812  (p35S: GFP) were cultured overnight in LB medium with antibiotics at 28°C. The cultures were
813  centrifuged at 3000 rpm for 15 minutes, washed, and then resuspended to an OD of 0.0001 at
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814 600 nm in infiltration buffer. To induce virulence, the Agrobacteria were incubated at room
815  temperature for 3 hours with gentle shaking before infiltrating them into silenced leaves using a
816  needleless syringe. Imaging was performed 48 hours post infiltration using a Leica SP8 confocal
817  microscope (Leica Microsystems, Buffalo Groove, IL) with excitation and emission wavelengths
818  of 488 nm and 500-530 nm, respectively. Images were collected using 20X objective with the
819  pinhole aperture was set to 1 Airy unit. Z-stacks of GFP foci were maximum projected and
820  analyzed using Imaged [20]. The number of rings of cells in the epidermis surrounding the original
821  GFP-expressing cell was determined. At least three biological replicates, each including at least
822 20 foci, were performed.

823 To measure intercellular trafficking in Arabidopsis gun mutant lines, the fifth and sixth
824 leaves from five three-week-old plants were collected and low-pressure (60 psi) bombarded with
825  plasmid pRTNL2rsGFP for the GFP movement assay as described [92]. After bombardment, the
826 leaves were incubated abaxial side down on half-strength MS media at 23°C in a growth chamber.
827  After 24 hours of bombardment, confocal microscopy was performed as described above to
828 measure the GFP movement. At least 15 foci per sample were collected to analyze the GFP
829  movement, and experiments were performed for at least three biological replicates. For statistical
830 analyses, both the Mann-Whitney U test and the Bootstrap method [93] were performed to
831  compare the GFP movement between samples.

832

833 Quantification of PD density and staining callose with aniline blue

834  Clusters of PD in N. benthamiana plants were quantified after transiently expressing Arabidopsis
835 PDLP1 fused to GFP (p35S: PDLP-GFP) as described previously [20]. Briefly, Agrobacterium
836  containing PDLP-GFP was infiltrated at ODsoo nm= 0.001. After 72 hours post infiltration, 15 um z-
837  stacks of epidermal cell images at a step size of 1 um were collected with a Leica SP8 confocal
838  microscope with a White Light Laser (Leica Microsystem, IL, USA) using a 25x water emersion
839  objective. Three biological replicates, each consisting of sixty foci, were collected for each sample.
840  Maximum intensity projections were generated for each of the z-stacks using Imaged. Cell wall
841 lengths were measured by tracing the cell wall in the field of view. Images were then converted
842  to 8-bit images and inverted. After adjusting the intensity threshold, the particle analyze function
843  was used to count the total number of punctate in the image. PD pitfields are measured per 100
844  um?cell wall area (cell length was multiplied by z-stacks size to measure the cell wall area). Mann-
845  Whitney U-test was performed to measure the statistical significance comparing the PD pitfields
846  between silenced and non-silenced control plants.

847


https://doi.org/10.1101/2025.08.05.668529
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.05.668529; this version posted August 7, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

848  Callose at PD was stained using aniline blue and quantified using Method 1 described previously
849  [68]. Images were obtained by exciting the aniline blue with a 405 nm laser, and emission was
850  captured from 415 to 525 nm using a 40X water immersion objective. Z-stacks were acquired
851 using a system-optimized step size of less than 1 ym. In total, 60 foci/regions of interest were
852  collected for each sample across three biological replicates.

853

854  Flg22 treatment, ALA feeding, and heme feeding

855  The stock solutions of flg22 (GenScript, Piscataway, NJ, USA, Cat. No. RP19986) and ALA
856  (Sigma-Aldrich Inc., Cat. No. A3785) were freshly prepared in sterile water. FIg22 was further
857  diluted to the desired concentration (0 nM, 100 nM, and 500 nM) using water. ALA was diluted to
858 the desired concentrations (0 mM, 0.2 mM, 05 mM, 1 mM, 2 mM, 5 mM) using 10 mM phosphate
859  buffer and 5 mM MgCl.. The stock solution of heme (100 mM) was prepared in DMSO and further
860 diluted freshly to different concentrations in 100 mM KOH.

861 For the flg22 treatment, freshly prepared flg22 at desired concentrations were syringe-
862 infiltrated into the leaves of GUN5- and non-silenced plants seven hours before confocal
863  microscopy. For ALA and heme feeding, the desired concentrations of heme were infiltrated into
864  GUNS5- and non-silenced control plants 24 hours before confocal microscopy. Plants were kept in
865  the dark overnight and moved to light for another 12 hours. For the GFP movement assay, these
866 leaves were infiltrated with Agrobacterium carrying 35S:GFP 48 hours before confocal
867  microscopy. Movement assays were performed as described previously.

868

869 Heme measurements

870 Non-covalently bound heme was measured in plants 10-12 days post VIGS infiltration. Ten leaf
871  discs were collected from the eighth or ninth leaf of a plant and weighed to determine fresh weight.
872 100 mg of plant tissue was ground in liquid nitrogen using a mortar and pestle and the powder
873  was dissolved in 1 mL of ice-cold extraction solution 1 (90% (v/v) acetone and 10% (v/v) 0.1 M
874  NH4OH) and centrifuge at 10,000 x g for 10 minutes and the supernatant was discarded. The
875  pigment extraction steps were repeated four times. To extract heme from the pellet, 500 uL of
876  extraction solution 2 (80% (v/v) acetone, 16% (v/v) DMSO, and 4% (v/v) concentrated HCI) was
877  added and mixed thoroughly. The solution was incubated for 10 minutes at room temperature and
878  centrifuged at 10,000 x g for 10 minutes. The supernatants were diluted 100 to 1,000-fold with 10
879 mM KOH, and 10 pL of diluted samples were used for heme quantification.

880 Heme extracts were diluted in 10 mM KOH before being applied to the Horse radish

881 peroxidase (HRP) enzyme assay. The HRP apoenzyme spontaneously reconstitutes with heme,
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882  resulting in an active enzyme [94]. The peroxidase activity of HRP (Biozyme) is utilized to oxidize
883  luminol in the presence of H.O,, and the resulting luminescence signal is proportional to the
884  amount of heme present in the sample. To prepare the master mix for each reaction, 50 pL of 2x
885  reaction buffer, 30 uL of H20, and HRP were added to achieve a final concentration of 2.5 nM.
886  Eighty pL of the master mix was incubated with 20 pL of the sample or standards for 30 minutes
887  at room temperature, followed by the addition of the chemiluminescent western blot detection
888 reagent (Pierce™ ECL, ThermoScientific, Rockford, IL), prepared according to the
889  manufacturer’s instructions (50 pL of luminol and 50 uL of peroxide solution), and incubated for
890  12-15 minutes. Finally, the luminescence was measured at 430 nm using a 96-well plate reader
891 inluminescence mode with an integration time of 0.5 seconds. Two standard curves of 250-4000
892 nM and 50-400 nM were used to quantify total and chloroplast heme. Chloroplasts were isolated
893  as described [95].

894

895 Immunoblots

896  Ninth/tenth leaves of the non-silenced or silenced plants were harvested and ground in liquid
897  nitrogen with a mortar and pestle to a fine and homogeneous powder. 300 mg of this powder was
898 transferred to a new microcentrifuge tube, and 500 uL of extraction buffer (containing 150 mM
899 NaCl, 20 mM Tris-HCI pH 7.5, 1 mM EDTA, 1% Triton X-100, 0.1% B-mercaptoethanol (ME),
900 protease inhibitor, and 1 mM phenylmethylsulfonyl fluoride (PMSF) was added. The samples were
901 immediately mixed on a vortex and were centrifuged at maximum speed at 4 °C for 10 minutes.
902 The supernatants were transferred to a new tube and centrifuged again for 5 minutes at full speed
903 at4 °C. A total protein extract (36 pyL) was then loaded onto a 10% SDS-PAGE gel. The resolved
904  proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica,
905 MA, USA) and probed with the indicated antibodies at specified dilutions. The primary polyclonal
906 antibodies (Agrisera) targeting the specified proteins were used at these dilutions: Cytb6 at
907  1:40,000, Cytf at 1:20,000, D1 at 1:20,000, and Tubulin at 1:1,000. Horseradish peroxidase—
908 conjugated secondary antibodies and ECL reagents were used to detect primary antibodies.
909 Imaged 2 [96] was used to quantify band intensity. The relative intensity of the protein of interest
910 was calculated by dividing the band intensity by the corresponding tubulin band intensity, then
911  dividing by the band intensity in non-silenced control plant.

912

913 RNA sequencing, differential expression analysis, and their functional enrichment, and

914  predicting candidate PD genes
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915 RNA was isolated from plant tissue from eighth/ninth leaves after 12-14 days of VIGS using
916  Qiagen RNeasy® Plant Mini Kit and according to manufacturer protocol (Qiagen, Cat No. 74904)
917 and digested with DNase | (Roche). RNA, approximately 25 to 500 ng/ul, was used for
918  microfluidics analysis using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA) to
919 assess RNA integrity using the Plant RNA Pico Assay chip following the manufacturer’s
920 instructions. RNA Integrity Number (RIN) values were calculated to evaluate the quality of RNA
921  samples and the RNA used for RNA seq analysis. RNA sequencing was performed by Novogene.
922 Raw reads were analyzed for quality by FASTQC, and reads were mapped to the reference
923 genome using HISAT2 [97]. The reads were mapped to the N. benthamiana V2.6.1 reference
924 genome. The reference genome and gene model annotation files were all downloaded from the

925 genome website (http://solgenomics.net/organism/Nicotiana_benthamiana/genome).

926 Gene counts were analyzed for gene-level differential expression using DESeq2 [98].
927  Significantly differentially expressed genes (DEGs) were identified with an adjusted P-value of
928 less than 0.05. Heatmap of DEGs were made and clustered into six groups using k-means using
929 iDEP 2.01 https://bioinformatics.sdstate.edu/idep/) web application [99]. More details are
930 presented in the Supporting Information. For predicting candidate PD genes from DEGs,
931  Arabidopsis orthologs of DEGs were obtained from The Arabidopsis Information Resource (TAIR)
932 database. TAIR IDs were used for in silico prediction of PD genes using the PIP1 pipeline [59].

933

934  Statistical analyses

935  Student’s t-test was used to determine statistical significance in the qPCR gene expression
936 analysis, as well as to determine the levels of tetrapyrrole intermediates and quantify PD clusters.
937 For movement assays, differences between mock and treatment (ALA, heme, or flg22) or
938 between non-silenced and silenced plants were analyzed using the Bootstrap method [100] or
939  Mann-Whitney U test in GraphPad Prism. p values under 0.05 were considered significant.
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1294  Supporting Information

1295  Figure S1. Multiple sequence alignment of N. benthamiana GUN4 homoeologous proteins
1296  with A. thaliana (AtGUN4). Sequences of Nbe.v1.1.chr09g39610 and Nbe.v1.1.chr16g37380,
1297  were retrieved from the NbenBase DB [1] using the AtGUN4 sequence as a query. The conserved
1298  GUN4 domain was identified by the NCBI Conserved Domain Database (CDD) [2]. The GUN4
1299 domain is highlighted with gray for AtGUN4, yellow for Nbe.v1.1.chr09g39610, and blue for
1300 Nbe.v1.1.chr16g37380.

1301  Figure S2. Multiple sequence alignment of N. benthamiana GUN5 homoeologous proteins
1302  with A. thaliana GUN5 (AtGUNS5). Nbe.v1.1.chr04g34700 and Nbe.v1.1.chr14g15590 were
1303 retrieved from the NbenBase DB [1] using the AtGUN5S sequence as a query. The conserved
1304  GUNS5 domain was identified by the NCBI Conserved Domain Database (CDD) [2]. GUN5 domain
1305 is highlighted with gray for AtGUNS5, vyellow for Nbe.v1.1.chr04g34700, and blue for
1306 Nbe.v1.1.chr14g15590.

1307  Figure S3. Confirmation of VIGS. The relative level of expression of genes targeted for silencing
1308 by VIGS was measured by qPCR. Statistical significance was calculated by Student’s t-test
1309 compared to the non-silenced control (TRV-GUS). *= p<0.05, ****p<0.001. Primers used are
1310 described in 81 Table. Error bars indicate standard deviation, and the results are from three

1311 biological replicates.

1312  Figure S4. Chlorophyll a and b, and total carotenoid content of silenced plants. (a)
1313  Chlorophyll a, and (b) chlorophyll b were measured in leaves of silenced plants. (c) Total
1314  carotenoid content of leaves of silenced plants. Asterisk denotes statistical significance, Student’s
1315  t-test (p<0.05). ns= not significant.

1316  Figure S5. PhANG expression in silenced plants. Expression of (a) Lhcb1.2 and (b) Lhcb2.1
1317  was measured in silenced plants by gqPCR. Statistical significance was calculated by Student’s t-
1318  test compared to the non-silenced control (TRV-GUS). ** indicates p<0.01, *** indicates p<0.001
1319  and ****indicates p<0.0001. Primers used are described in $1 Table. Error bars indicate standard

1320  deviation, and the results are from three biological replicates.

1321 Figure S6. Protoporphyrin IX measurement in silenced plants. Proto IX was measured in
1322  silenced plants. Data shown is the mean of three biological replicates each consisting of a pool

1323  of three plants. Error bars indicate standard deviation. Statistical significance was determined by
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1324  Student’s t test and comparison was made to the non-silenced control (TRV-GUS). * indicates

1325  p<0.05. ns = not significant.

1326  Figure S7. Coproporphyrinogen lll measurement in silenced plants. Copro Ill was measured
1327 insilenced plants. Data shown is the mean of three biological replicates each consisting of a pool
1328  of three plants. Error bars indicate standard deviation. Statistical significance was determined by
1329  Student’s t test and comparison was made to the non-silenced control (TRV-GUS). * indicates

1330 p<0.05. ns = not significant.

1331  Figure S8. Multiple sequence alignment of N. benthamiana FC1 homoeologous proteins
1332  with A. thaliana FC1 (AtFC1). Nbe.v1.1.chr10g28700 and Nbe.v1.1.chr17g40820 were retrieved
1333  from the NbenBase DB [1] using the AtFC1 sequence as a query. The conserved FC1 domain
1334 identified by NCBI Conserved Domain Database (CDD) [2]. FC1 domain is highlighted with gray
1335  for AtFCH1, yellow for Nbe.v1.1.chr10g28700, and blue for Nbe.v1.1.chr17g40820.

1336  Figure S9. Multiple sequence alignment of N. benthamiana FC1 homoeologous proteins
1337  with A. thaliana FC2 (AtFC2). Nbe.v1.1.chr09g34020 and Nbe.v1.1.chr11g29350 were retrieved
1338 from the NbenBase DB [1] using AtFC2 sequence as a query. The conserved FC2 domain
1339 identified by NCBI Conserved Domain Database (CDD) [2]. The FC2 is highlighted with gray for
1340  AtFC2, yellow or Nbe.v1.1.chr09g34020, and blue for Nbe.v1.1.chr11g29350.

1341 Figure S10. Cell death in FC2-silenced plants. Compared to a non-silenced control plant (TRV-
1342  GUS), the FC2-silenced plant (TRV-FC2) shows autofluorescence under UV light, indicating cell
1343  death.

1344 Table S1. Gene Ontology (GO) analysis of genes in cluster 5 of heatmap in Fig 7 showing
1345 DEGs in ISE2- and/or GUNS5-silenced plants.

1346  Table S2. KEGG Pathway analysis of genes in cluster 5 of heatmap in Fig 7 showing DEGs
1347  in ISE2- and/or GUN5- silenced plants

1348 Table S3. Gene Ontology (GO) analysis of genes in cluster 6 of heatmap in Fig 7 showing
1349 DEGs in ISE2- and/or GUNS5-silenced plants.

1350 Table S4. KEGG Pathway analysis of genes in cluster 6 of heatmap in Fig 7 showing DEGs
1351 in ISE2- and/or GUN5- silenced plants

1352  Table S5. Arabidopsis mutants used in this study
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1353 Table S6. Primers used in this study
1354  Table S7. Plasmids used in this study

1355  Supporting Methods
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