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Fig. 7. CF fluorescence signal in vibratome sections of fresh tissue of healthy and infected wild-type and mutant A. thaliana lines. The fluorescence of CF
in the sieve elements of wild-type and mutant plants was observed at cross-sections, ~3 cm away from the dye application site. In healthy plants (1-3),
CF emitted a strong signal corresponding to the phloem area in every line considered. In infected plants (4-6), the phloem tissue was larger than that
observed in healthy plants (phloem size is indicated by a white bar), due to phloem hyperplasia. Whereas in wild-type plants (A) phytoplasma infection led
to a modest CF signal, mutant lines (B—F) showed a high fluorescence level and dye accumulation in phloem cells. For each line and condition, 10 non-
serial sections from three different plants were observed. (A) Wild-type, (B) Atseorko, (C) Atseor2ko, (D) Atseor1ko/Atseor2kd, (E) Atseor1kd/Atseor2ko,

and (F) Atop2-atko. p, phloem; x, xylem. Scale bars: 75 pm.

of phloem tissue due to procambial or cambial hyperactivity
following phytoplasma infection. Infected wild-type plants
showed lower CF signals in the phloem than healthy wild-
type plants (Fig. 7A). In contrast, the CF emission from the
phloem area in infected mutant lines was comparable with
that in healthy plants (Fig. 7B—F). The interpretation of the
observations was corroborated by a fluorescence quantifi-
cation analysis that revealed a strong reduction of fluores-
cence in the infected wild-type line in comparison with all
other specimens (Fig. 8).

SE changes in ultrastructural organization following
infection

To visualize changes in SE ultrastructure due to muta-
tion or pathogen presence, and eventually correlate them
with phloem impairment, phloem tissue was examined
under TEM. For each condition, five non-serial sections
from 10 different plants of each plant line were analysed.
Observations of healthy samples showed a well-preserved
sieve tube ultrastructure, with a regular shape and no signs of
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Fig. 8. CF fluorescence quantification of fresh tissue of healthy and
infected wild-type and mutant A. thaliana lines. The fluorescence level in
the phloem tissue was measured and divided for the analysed surface
area. The results are expressed as the mean +£SD. Whereas in healthy
plants no significant difference was detected, in infected plants the wild-
type line showed a dramatic decrease in CF signal. For each condition,
five non-serial sections from five different plants were analysed. One-way
ANOVA followed by a Dunnett’s test was used to determine significance,
with healthy wild-type values as control. Family-wise significance and
confidence level: 0.05. Different letters indicate different significance levels:
A, no significant difference from wild-type values; B, P<0.01.

necrosis or subcellular aberrations, both in wild-type plants
and in mutants (Fig. 9). In the latter lines, the SE plasma
membrane had a regular profile, appressed to the cell wall.
Mitochondria and thin stacks of sieve endoplasmic reticulum
(SER) adhered to the plasma membrane. In wild-type plants,
SE protein filaments were seldom observed and only tiny
filaments were detected (Fig. 9A). In mutant plants lacking
one or both AtSEOR genes, SE lumina were fully devoid of
filaments (Fig. 9B-E). In contrast, SE lumina of App2-alko
plants showed some filaments that did not appear to differ
from wild-type protein filaments (Fig. 9F). The absence of
SE protein filaments in mutants lacking one or both 4AtSEOR
genes was confirmed in the sieve plate region in the different
lines. Sieve plates were characterized by a significant pres-
ence of protein filaments in wild-type and Atpp2-alko plants
(Fig. 10A, F), while they were totally free from filaments in
the other mutant lines (Fig. 10B-E).

In all infected lines, phytoplasmas were present exclusively
in SEs (wild-type plants were chosen as representative and
described in Fig. 11), with a disparate distribution over the
SEs (data not shown, cf. Pagliari et al., 2016). The phytoplas-
mas exhibited a well-preserved structure, with their typical
pleomorphic profile, delimited by an electron-dense mem-
brane, enclosing dispersed DNA strands and ribosome gran-
ules (Fig. 11). Pleomorphic phytoplasmas were observed to
float freely in the SE lumen or to be linked to the SE plasma
membrane or SER stacks (Fig. 11A, B). In all infected plant
lines, SEs were characterized by various alterations, includ-
ing a significant accumulation of protein filaments in their
lumen (Fig. 11C, D). Protein filaments presented different
organization patterns, from simple or branched strands to
thin networks (Fig. 11A) or dense meshwork filling the SE
lumen, surrounding phytoplasmas and plugging sieve plate
pores (Fig. 11B, D).

In every infected section of Arabidopsis lines lacking one
or both AtSEOR genes, SEs showed electron-dense filaments
that could be straight, branched, or even organized into thin

networks, with a morphology and organization similar to
those observed in infected wild-type plants (Fig. 12B-E).
Filaments were also observed in the infected SEs of Atpp2-
alko plants (Fig. 12F).

AtSEOR1, AtSEOR2, and AtPP2-A1 gene expression
analyses

To check if AtSEORI, AtSEOR2, and AtPP2-Algenes are
involved in the infection response, their expression was ana-
lysed in healthy and infected plants by real-time reverse tran-
scription—PCR (RT-PCR) experiments. For each condition,
three technical repeats in at least five individuals were investi-
gated. For all samples, gene expression analyses are presented
in Fig. 13, where the mean normalized expression of each
gene is plotted as the transcript abundance compared with
the UBCY expression level (set at 100). The expression level
of the AtSEORI and AtSEOR?2 genes was low, with MNE
values fluctuating from 0.07 to 1.59 and from 0.08 to 2.10,
respectively. A1PP2-A1 presented a higher gene transcription
level as compared with the AtSEOR genes, ranging from 2.77
to 19.84.

A compensatory general pattern was visible in the expression
of SE filament genes in the different mutants. The expression
levels of the other genes in question were a few times higher in
the mutants than in wild-type plants. For instance, AtSEORI
expression was five times higher in healthy specimens of the
Atseor2ko line and three times higher in the Atpp2-alko line
than in healthy wild-type plants (Fig. 13A). In infected plants,
AtSEORI was overexpressed as compared with healthy plants
by a factor of 3 in the wild-type, in Atseor2ko by a factor of
16, and in Atpp2-alko by a factor of 12. Similar tendencies,
though not always significant, were recognizable in the other
approaches (Fig. 13B, C).The unpaired #-test on MNE values
showed that each gene analysed was significantly up-regu-
lated in infected plants (Fig. 13). To compare the expression
level of each single gene in every Arabidopsis line, a two-way
ANOVA and a Dunnett’s test as post-hoc test were performed
using the wild-type MNE values as negative controls. No sig-
nificant differences were detected among expression levels in
healthy plants, except for AtSEOR2, which was significantly
up-regulated in healthy A¢pp2-alko plants. On the other hand,
in infected plants, each gene showed a significant increase in
transcription levels in the mutant lines in comparison with the
wild type (Fig. 13).

Phytoplasma titre determination

To correlate phloem impairment with pathogen replication
capability and spread, phytoplasma titre was quantified in
10 infected plants from each line, performing three technical
replicates every time. Molecular analyses confirmed the pres-
ence of phytoplasmas in every symptomatic plant. Wild-type,
Atseor2ko, Atseorlkol Atseor2kd, and Atpp2-alko plants had
phytoplasma titres ranging from 95.55E+06 to 724.68E+06
phytoplasma GUs in 1 mg of leaf sample. One-way ANOVA
and a Dunnett’s post-hoc test revealed significantly lower
phytoplasma concentrations in Atseorlko and Atseorlkol
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Fig. 9. TEM micrographs of sieve elements in different healthy A. thaliana lines. Different A. thaliana lines were indicated as follows: (A) wild-type, (B)
Atseor1ko, (C) Atseor2ko, (D) Atseor1ko/Atseor2kd, (E) Atseor1kd/Atseor2ko, and (F) Atpop2-a1ko. Healthy samples presented unaltered phloem tissue,
as was also the case in transformed plants (B-F). In wild-type (A) and in Atpp2-aTko plants (F), some protein filaments were observed (arrows, insets).
On the other hand, lumina of mutants lacking one or both AtSEOR genes (B-E) appeared empty, without any sign of filament formation. Five non-serial
sections from 10 different plants were analysed for each condition. CC, companion cell; m, mitochondrion; PPU, pore plasmodesma unit; SE, sieve

element; ser, sieve element reticulum. Scale bars: 1 pm.

Atseor2kd plants (95.55E+06 and 248.61E+06 phytoplasma
GUs mg ' of leaf sample, respectively) than in wild-type
plants (600.87E+06 phytoplasma GUs mg' of leaf sample)
(Fig. 14).

Discussion

Phytoplasma infection induces phloem protein filament
formation in AtSEOR mutant lines

In Arabidopsis two non-redundant SEO genes, AtSEORI
and AtSEOR2 (Riiping et al., 2010; Anstead et al., 2012),

are regarded to be necessary for SE protein filament forma-
tion (Anstead et al., 2012). In healthy plants, TEM pictures
reveal the presence of SE protein filaments only in wild-type
and Atpp2-alko plants (Figs 9, 10), in line with previous
results (Anstead et al., 2012). In contrast, infected plants
of every line show a significant presence of SE protein fila-
ments (Fig. 12). These findings led to the hypothesis that SE
filaments are involved in plant response to pathogen attack
and, under stress conditions, their formation becomes inde-
pendent of the presence of AtSEOR1 or AtSEOR2. The
effective mechanism that could regulate this phenomenon
remains unknown and may involve those SE proteins that
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Fig. 10. TEM micrographs of sieve plates in different healthy A. thaliana lines. Different A. thaliana lines were indicated as follows: (A) wild-type, (B)
AtseorTko, (C) Atseor2ko, (D) Atseor1ko/Atseor2kd, (E) Atseor1kd/Atseor2ko, and (F) Atpp2-aTko. Sieve plates were identified at the connection between
two SEs, by the presence of sieve pores (black arrowheads). Observations of the cross-sections at the sieve plate level showed SE lumina characterized
by the presence of SE protein filaments (arrows) in wild-type (A) and Atpp2-aTko plants (F). In mutant lines lacking AtSEOR genes, SE lumina appeared
devoid of filaments (B-E). In Atseor1kd/Atseor2ko (D), the lumen of one SE was occupied by sieve element reticulum, whose stacks were visible in the
inset (white arrowheads). Five non-serial sections from 10 different plants were analysed for each condition. ¢, callose; CC, companion cell; SE, sieve
element; ser, sieve-element reticulum; SP, sieve plate. Scale bars: 500 nm.

Fig. 11. Phytoplasma distribution and ultrastructural responses in sieve tubes of wild-type A. thaliana plants. Phytoplasmas presented their typical
pleomorphic profile, delimited by an electron-dense membrane, holding dispersed DNA strands and ribosome granules (A, inset). While some
phytoplasmas were observed free floating in the SE lumen (A, B), others established a connection with the host cell at the plasma membrane or sieve
element reticulum (SER) stack level (A, B). Plants responded to the infection with alterations at the ultrastructural level, such as callose accumulation at
the sieve pore level (C, D), and SE protein filament condensation (arrows). SE protein filaments formed networks with different organization and density
(B), that could plug pores at the sieve plates (C, inset). Five non-serial sections from 10 different plants were analysed. c, callose; CC, companion cell; m,
mitochondrion; ph, phytoplasma; PPU, pore plasmodesma unit; SE, sieve element; ser, sieve element reticulum; sp, sieve plate. Scale bars: 1 pm.
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Fig. 12. TEM micrographs of sieve elements in different infected A. thaliana lines. Different A. thaliana lines were indicated as follows: (A) wild-type, (B)
Atseorko, (C) Atseor2ko, (D) Atseor1ko/Atseor2kd, (E) Atseor1kad/Atseor2ko, and (F) Atpp2-ako. In infected tissue, wild-type (A) and Atpp2-a1ko (F)
SEs showed a massive presence of SE protein filaments (arrows, insets). Also in A. thaliana lines lacking one or both AtSEOR genes (B-E), infected SEs
showed filaments with morphology and organization similar to those observed in wild-type plants (arrows, insets). For each condition, five non-serial
sections from 10 different plants were analysed. CC, companion cell; m, mitochondrion; ph, phytoplasma; SE, sieve element. Scale bars: 1 um.

form the SE filament but are still unknown (Anstead et al.,
2012; Jekat et al., 2013). Moreover, filament presence is
accompanied by an up-regulation of SE protein genes in
infected mutant lines in comparison with wild-type lines
(Fig. 13). This phenomenon may indicate that, as already
observed in other systems (Schneider et al, 2002; Gierth
and Maiser, 2007; Kawakatsu ef al., 2009; Ramundo et al.,
2014), plants try, in stressful conditions, to compensate in
the mutants the lack of one protein by the enhanced produc-
tion of the others.

Wild-type SE protein filaments restrict phloem flow

The question now arises of whether occlusion by protein fila-
ments restricts mass flow. Phytoplasma-infected plants show
stunted growth and a diversity of alterations such as yellow-
ing, leaf size reduction, and vein enlargement (Fig. 1). Such
symptoms have commonly been attributed to impairment of
phloem activities following phytoplasma infection (Braun

and Sinclair, 1978; Kartte and Seemiiller, 1991; Lepka et al.,
1999; Maust et al., 2003). However, yellowing could also be
due to down-regulation of photosynthetic genes (Hren et al.,
2009; Ji et al., 2009; Taheri et al, 2011), accompanied by
a reduction of total chlorophyll content (Bertamini et al.,
2002a, b; Junqueira et al., 2004; Zafari et al., 2012).

The identical sieve tube conductance for CF in healthy
wild-type and mutant lines (Fig. 7, 1-3) is in keeping with
the similar mass flow rates found in wild-type and 4tSEORI
mutants in earlier studies (Froelich et al., 2011). On the other
hand, the mass flow rates between infected wild-type and
mutant plants differed considerably (Figs 7, 8), although mid-
rib histology (Figs 3, 4) and phloem thickness (Fig. 5) show
apparently identical modifications in response to infection
in the different Arabidopsis lines. These observations indi-
cate that wild-type plants are able to occlude the sieve pores,
while the mutants are unable to do so. Apparent occlusion
by filamentous proteins in wild-type Arabidopsis plants con-
trasts with some earlier observations (Froelich et al., 2011),
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Fig. 13. Gene expression level of healthy and infected wild-type and mutant A. thaliana lines. The expression of AtSEORT (A), AtSEORZ2 (B), and
AtPP2-A1 (C) genes was analysed in healthy and infected plants of both wild-type and mutant lines by real-time RT-PCR. Expression values were
normalized to the UBC9 transcript level, arbitrarily fixed at 100, then expressed as mean normalized expression +SD (transcript abundance). Every
gene was significantly up-regulated in infected plants compared with healthy plants. No significant difference in expression was detected in healthy
plants, except for AtSEOR2 in Atpp2-aTko plants. In infected plants, each gene was up-regulated in the mutants compared with the wild type. For
each condition, three technical repeats from five different plants were carried out. Differences between healthy and infected conditions in each line were
calculated using unpaired t-test. Family-wise significance and confidence level: 0.05. *P<0.05, **P<0.01. For comparisons among the different lines,
two-way ANOVA followed by a Dunnett’s test was used, with wild-type values as control. Family-wise significance and confidence level: 0.05. Different
letters indicate different significance levels. Healthy plants: a, no significant difference from wild-type values; b, P<0.05. Infected plants: A, no significant
difference from wild-type values; B, P<0.05; C, P<0.01, D, P<0.001, E, P<0.0001.

but it is in agreement with others (Ernst et al, 2012; Jekat
et al., 2013). The reason for the contradictory results may lie
in the fact that SE proteins do not aggregate in intact wild-
type plants, but their presence is massive in plants stressed by
phytopathogens (Musetti e al., 2013) or by wounding (Ernst
et al., 2012; Jekat et al., 2013). Both stress reactions may rely
on Ca’" influx, mediated by stress-activated Ca’"-permeable
channels (Hafke et al, 2009; van Bel et al, 2014), which
would confer coagulation of SEOR proteins.

Lack of one of the SEOR proteins may explain the ina-
bility to seal sieve tubes in infected mutants (Figs 7, 4-6)
despite the phytoplasma-imposed stress. Masses of SE
protein filaments showing up in TEM pictures of phyto-
plasma-infected mutant plants (Fig. 12) may result from
compensatory expression of other genes (Fig. 13). As in
forisomes, a structural arrangement of filamentous SEOR

proteins may provide the presumptive spatial conditions for
Ca”" binding to result in plug formation. If one of the pro-
teins is lacking, effective occlusion structures may not be
formed.

Phloem impairment does not effectively affect
pathogen spread

Phytoplasma-triggered phloem impairment has been pos-
tulated to be a plant strategy to limit pathogen spread
(Lherminier et al., 2003; Gamalero et al., 2010; Musetti et al.,
2013). Remarkably, the fact that widely different phytoplasma
titres do not concur with the phloem mass flow rates in the
respective Arabidopsis lines (Figs 7, 14) suggests an alterna-
tive defence mechanism for pathogen containment or control.
This conclusion is compatible with the view that phytoplasma
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Fig. 14. Phytoplasma titre in infected leaves of various sieve element protein A. thaliana mutants. Phytoplasma quantification in the different A. thaliana
lines was performed by gPCR and expressed as the number of CY phytoplasma genome units (GUs) per 1 mg of leaf sample. The results are expressed
as the mean +SD. Wild-type, Atseor2ko, Atseor1ko/Atseor2kd, and Atpp2-a1ko plants were characterized by similar phytoplasma titres, while Atseor1ko
and Atseor1ko/Atseor2kd plants showed lower mean phytoplasma concentrations. In every line, three technical repeats from 10 different plants were
carried out. One-way ANOVA followed by a Dunnett’s test was used to determine significance, with wild-type values as control. Family-wise significance
and confidence level: 0.05. Different letters indicate different significance levels: A, no significant difference from wild-type values; B, P<0.0001.

spread is not only dependent on phloem mass flow (Garcia-
Chapa et al., 2003; Wei et al., 2004; Buxa et al., 2015). The
low phytoplasma titres found in Atseorlko and Atseorlkol
Atseor2kd plants and the putative involvement of AtSEOR?2
protein in plant immune signalling (Afzal ez al., 2013) hints
at a connection between SE protein and the plant immunity
system, for which further experiments are envisaged.

Conclusions

The prime goal of this study was to assess a relationship
between phytoplasma infection and SE filament agglutina-
tion. In infected plants, SE protein filament formation can
overcome the absence of AtSEORI or AtSEOR2, which is
supportive of speculations regarding the engagement of
other proteins in the formation of SE filaments (Anstead
et al.,2012; Jekat et al., 2013). Phloem flow analysis in healthy
and infected plants indicates that SE protein filaments impair
phloem transport in infected wild-type but not in infected
mutant plants. Absence of a correlation between phloem
impairment and pathogen multiplication indicates that limi-
tation of mass phloem is not an effective strategy to combat
phytoplasma spread. Perhaps SEOR proteins are engaged in
other defence mechanisms.
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