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The role of phloem proteins in plant resistance to aphids is still largely elusive. By genome-wide association mapping of aphid
behavior on 350 natural Arabidopsis thaliana accessions, we identified the small heat shock-like SIEVE ELEMENT-LINING
CHAPERONE1 (SLI1). Detailed behavioral studies on near-isogenic and knockout lines showed that SLI1 impairs phloem
feeding. Depending on the haplotype, aphids displayed a different duration of salivation in the phloem. On sli1mutants, aphids
prolonged their feeding sessions and ingested phloem at a higher rate than on wild-type plants. The largest phenotypic
effects were observed at 26°C, when SLI1 expression is upregulated. At this moderately high temperature, sli1 mutants
suffered from retarded elongation of the inflorescence and impaired silique development. Fluorescent reporter fusions
showed that SLI1 is confined to the margins of sieve elements where it lines the parietal layer and colocalizes in spherical
bodies around mitochondria. This localization pattern is reminiscent of the clamp-like structures observed in previous
ultrastructural studies of the phloem and shows that the parietal phloem layer plays an important role in plant resistance to
aphids and heat stress.

INTRODUCTION

Aphids are phloem-feeding insects that impose substantial
economicdamage toawidevarietyofcrops. In temperate regions,
Aphididae constitute 25%of themajor pest insects on foodcrops,
such as maize (Zea mays), wheat (Triticum aestivum), potatoes
(Solanumtuberosum), and tomatoes (Solanum lycopersicum) (Hill,
1987; Dedryver et al., 2010). By maneuvering their needle-like
mandibles, called stylets, through the cell wall matrix, aphids
reach phloem sieve elements to ingest phloem sap (Dixon, 1998).
Several plant resistance strategies against aphids have been
described in the last fewdecades (Züst andAgrawal, 2016).Oneof
themost effectivemechanismshasbeen found in lettuce (Lactuca
sativa), where black currant-lettuce aphids (Nasonovia ribisnigri)
biotypeNr:0 could successfully reach the sieve elements butwere
virtually unable to ingest any phloem sap (ten Broeke et al., 2013).
The absence of (sustained) phloem feeding has been thought to
be caused by the occlusion of the aphid’s food canal (Tjallingii,
2006) or the sieve tube (Dreyer and Campbell, 1987; Will and van
Bel, 2006). Transmission electron microscopy of stylets in sieve

elements showed that fibrous and amorphous, electron-dense
material accumulated in the food canal of N. ribisnigri and Aphis
fabae (Tjallingii and Hogen Esch, 1993). As aphids are passive
feeders and rely on the turgor pressure in sieve elements, oc-
clusion of the sieve tube could also restrict phloem sap ingestion
(Will and van Bel, 2006). Callose deposition around the sieve plate
pores can plug the sieve plate and reduce the phloem flow rate
(Mullendore et al., 2010). In addition, phloemproteins canobstruct
sap translocation (Knoblauch and Van Bel, 1998). “Phloem
protein” is a collective term for structural proteins with a wide
variety of shapes (e.g., amorphous, crystalline, and filamentous)
that have been observed in the sieve element lumen and at the
sieve element margins (Ehlers et al., 2000; Knoblauch and
Mullendore, 2013). Upon injury or temperature fluctuations,Ca2+

influx in the sieve tube can cause phloem protein dispersal into
the lumen where they form coagulations that press against the
sieve plate within seconds (Knoblauch and Van Bel, 1998;
Knoblauch et al., 2001; Furch et al., 2007). Aphids may partially
counteract phloem protein aggregations by secreting watery
saliva with Ca2+-scavenging proteins into the phloem (Tjallingii,
2006; Will et al., 2007). Recently, it has been shown that the Ca2+-
induced expansion of forisomes, which are spindle-shaped
crystalline phloem protein bodies in fabaceous plants, reduced
phloem feeding by the generalist aphidMyzus persicae (Medina-
Ortega and Walker, 2013, 2015). In Brassicaceae, a phloem
protein, the lectin AtPP2-A1 has been shown to decrease aphid
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feeding as well (Zhang et al., 2011), possibly by hampering
digestion in the insectmidgut (Kehr, 2006). However, the role of
the vast majority of phloem proteins remains unknown.

In this study, we performed an unbiased screening of 350 nat-
ural Arabidopsis thaliana accessions for resistance to aphids.
Feeding behavior of M. persicae aphids was quantified on these
plant lineswith an automated video-tracking platform (Kloth et al.,
2015). Genome-wide association (GWA) mapping revealed an
association between aphid feeding behavior and polymorphisms
in the small heat shock-like gene SLI1, with hitherto unknown

function. We used a near-isogenic line (NIL) and T-DNA insertion
lines toshowthatSLI1 restricts thedurationof feedingand the rate
of sap ingestion. In addition, SLI1 increased the inflorescence
growth rate and seed production at high ambient temperature. In
transgenic lines, fluorescently labeled SLI1 proteins, expressed
under the native promoter, lined virtually the complete sieve el-
ement margin and formed spherical bodies aroundmitochondria.
Based on its protein structure and localization, we discuss the
possible role of SLI1 in phloem-based resistance to aphids and
heat stress.

Figure 1. Phenotyping Pipeline for GWA Mapping.

Aphid feedingbehaviorwasquantifiedon350naturalArabidopsis accessionswithavideo-trackingplatform.Eachaphidwas released inanenclosedwell of
a 96-well plate, containing a leaf disc embedded on agar. With a top-view camera and video-tracking software, aphid position (on leaf disc or wall) and
velocitywere recordedandused for theestimationof thenumber anddurationof probes (Kloth et al., 2015). Probeswereclassified into short probes (<3min)
that were most likely associated with superficial cell layers, and long probes (>25 min) that were potentially related to phloem feeding. Aphid probing
parameters were mapped to 214 k polymorphisms on the Arabidopsis genome to identify genes involved in plant resistance to aphids.

Figure 2. GWA Mapping of M. persicae Aphid Feeding Behavior.

(A) Genome-wide associations of the total time aphids spent on short probes (<3 min, n = 3–6, 350 accessions, 214 k SNPs).
(B)The80-kb regionaround themostsignificantSNP inSLI1 [chromosome3,position3338114,At3g10680,–log10(P)=6.2]. TheSNPs inSLI1areannotated
in red.
(C)SLI1 and its 1000-bp promoter region (green, silent SNPs and SNPs in promoter or intron; red, nonsynonymous SNPs; *, position 3338114; arrowhead,
T-DNA insertion).
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RESULTS

Identification of SLI1

To explore natural variation in Arabidopsis resistance to aphids,
we assessed M. persicae feeding behavior on 350 natural Ara-
bidopsis accessions, which had been selected and genotyped in
previous studies (Atwell et al., 2010; Li et al., 2010; Platt et al.,
2010; Horton et al., 2012). Aphid probing behavior was quantified
using a high-throughput video-tracking platform (Kloth et al.,
2015, 2016). This platform consisted of a 96-well plate, with a leaf
disc and an adult aphid in each enclosed well (Figure 1). With
a top-view camera and video-tracking software, aphid body
movementswere recorded to estimate the number and duration
of probes. GWA mapping with 214 k single nucleotide poly-
morphisms (SNPs) revealed an association between short
probes made by the aphids and polymorphisms in the hsp20-like
gene SLI1 (At3g10680), with unknown function (Figures 2A and
2B; Supplemental Data Set 1 and Supplemental Table 1). The
most significant SNP [–log10(P) = 6.2] caused an amino acid
change in the alpha-crystallin domain of SLI1. Other SNPs in
linkage were mainly located in the single intron and promoter
region (Figure 2C). To test if the polymorphisms in the intron
resulted in differential splicing, we compared cDNA fragment
lengths of the Col-0 and the C24 allele, conferring a resistant
and susceptible phenotype, respectively. No splice variants
were observed (Supplemental Figure 1), but RT-qPCR showed
that the Col-0 allele had a higher transcript abundance than the
C24 allele (Figure 3A; Supplemental Data Set 2). We assessed
whether aphid infestation induced SLI1 expression but did not
observeanydifferences in transcript abundancewith orwithout
aphids (Figure 3B; Supplemental Data Set 2). Considering that
SLI1 is a small heat shock-like gene, we also tested its ex-
pression under different temperature and light conditions and

found that SLI1 expression was 2-fold higher when plants were
grown at 26°C—the temperature at which the 350 Arabidopsis
accessions had been grown—than at 20°C (Figure 3B;
Supplemental Data Set 2). Light intensity did not affect SLI1
transcription.

SLI1 Haplotype and Loss-of-Function Effects on Aphids

To test whether SLI1 plays a role in resistance to aphids, aphid
feeding behavior was characterized by electrical penetration
graph (EPG) recording (McLeanandKinsey, 1964; Tjallingii, 1988).
With this dedicated technique, we assessed which tissue the
aphids penetrated (epidermis/mesophyll or vascular bundle) and
what stylet activities they performed (e.g., salivation, phloem in-
gestion, and xylem ingestion). On accession C24, aphids dis-
played a shorter salivation phase before feeding (Figure 4A) and
more sustained feeding events (Table 1) than on Col-0, when
plants were grown at 26°C. On a NIL with Col-0 background and
a 3000-kb C24 introgression in the genomic region around SLI1,
aphids also spent less time salivating (Figure 4A) and showed an
increased mean duration of sustained phloem ingestion (Figure
4B) compared with Col-0 when grown at 26°C. To test whether
these effectswere caused bySLI1, EPG recordingwasperformed
on twoT-DNA lineswithahomozygous insertion inSLI1 (sli1-1and
sli1-2; Figure 2C). Aphids showedmore sustainedphloem feeding
onbothmutantscomparedwith thewild type (Table1). At26°C the
largest effects were observed: Aphids spent less time on pene-
tration of the epidermis andmesophyll, had a lower contributionof
salivation to phloem-feeding events, and showed a 2- to 3-fold
increase in the mean duration of sustained phloem ingestion on
both sli1mutants (Figures 4A and 4B). In the long term, aphids did
not develop significantly faster from neonate to adult on the
mutants (Figure 4C), but producedalmost twice asmanyoffspring
on sli1-1 and sli1-2 compared with the wild type (Figure 4D). The
C24 accession and NIL did not reveal a haplotype effect on aphid
population size.

SLI1 Localizes at Sieve Element Margins and
around Mitochondria

SLI1 is a member of the alpha-crystallin domain (ACD) super-
family, also referred to as the small heat shock-like or HSP20-like
chaperone superfamily (superfamily code SSF49764), which in-
cludes 47 genes in Arabidopsis (Bondino et al., 2012). SLI1 is
a homolog of RESTRICTED TOBACCO ETCH POTYVIRUS
MOVEMENT2 (RTM2) (Bondino et al., 2012), which is required for
the restriction of tobacco etch potyvirus transport through the
sieve tubes via an unknown mechanism (Mahajan et al., 1998;
Whitham et al., 1999, 2000; Chisholm et al., 2001; Cosson et al.,
2010; Cayla et al., 2015). Both SLI1 and RTM2 have a trans-
membrane domain, which is rare among ACD proteins. RTM2
proteins localize to sieve tubes, where they line the sieve element
margins (Chisholm et al., 2001; Cayla et al., 2015). To retrieve the
protein localization of SLI1, fluorescent reporter lines were con-
structed with protein fusions expressed under the native pro-
moter. Confocal microscopy was performed on seedling roots
becauseofgoodnonintrusive imagingpossibilitiesof the inner cell
layers. SLI1 proteins localized to the vascular bundle (Figure 5A)

Figure 3. SLI1 Expression.

(A) SLI1 expression in Col-0 and C24 leaves (Mann-Whitney U test, P =
0.03, n = 4, plants were grown at 26°C).
(B) Expression in Col-0 rosette leaves under different light intensity,
temperature, and aphid treatments (measured by RT-qPCR): clean plants
versus plants 6 h postinfestation (P = 0.57, n = 4); light intensity 70 versus
120mmolm22 s21 (P=0.74,n=3); 26°Cversus20°C (P=0.042,n=8), one-
way ANOVA; data represent mean 6 SE.
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and colocalized with aniline blue-stained sieve plates (Figure 5B),
indicating that they were confined to sieve elements. SLI1 lined
virtually the complete margin of mature sieve elements and
sometimesaggregated into roundor circular shapes, similar to the
spherical RTM2bodies observed byCayla et al. (2015). To assess
whether these spherical structures were associated with organ-
elles, we used FM4-64 as a membrane-selective marker. FM4-64
dye is generally used to track endocytosis and vesicle trafficking,
but will label different organelle membranes upon longer ex-
posures (Bolteet al., 2004).After 3hof staining,weobservedsmall
membrane compartments in the sieve tubes, most likely corre-
sponding to vesicles, but no obvious colocalization with SLI1
(Supplemental Figure 2). However, when seedlings were in-
cubated for 30 h, membrane compartments colocalized with the
spherical SLI1 bodies (Figures 5C). Staining with MitoTracker
Deep Red indicated that at least part of these structures involved
mitochondria (Figure 5D), which was confirmed in seedlings with
both pSLI1:EYFP:SLI1 and the mCherry construct of the mito-
chondria transit peptide ScCOX4 of CYTOCHROME C OXIDASE
(Nelson et al., 2007) (Figure 5E). Colocalization around plastids
was tested with the plastid marker tpCab:mCherry (Kim et al.,

2013), containing the transit peptide of CHLOROPHYLL A/B
BINDINGPROTEIN.WedidnotobserveanyoverlapbetweenSLI1
and the plastid marker (Figure 5F), indicating that the spherical
SLI1 bodies only associate around mitochondria. To see other
putative organelle associations, we expressed SLI1 transiently
in Arabidopsis protoplasts. Here, SLI1 formed a lose mesh in
between chloroplasts (Figure 5G) and sometimes appeared to
localize to thenucleus.StainingwithERTrackerRed indicated that
SLI1 proteins partially overlappedwith the endoplasmic reticulum
(ER) (Figure 5H).

Restricted Phloem Sap Ingestion

Considering that SLI1 is associated with sieve tube membranes
and organelles, we tested its effect on sap ingestion by aphids.
The honeydew droplet excretion rate, which is highly correlated
with the sap ingestion rate (Tjallingii, 1995), was quantified si-
multaneously with feeding behavior. During hour-long feeding
events, we observed that honeydew droplets were excreted at
a significantly lower rate on wild-type plants compared with sli1-1
plants (Figures 6A and 6B; Supplemental Data Set 2). Considering

Figure 4. Performance ofM. persicae Aphids on the Arabidopsis Accessions Col-0 andC24, a NIL with Col-0 Background, and a C24 Insertion in the SLI1
QTL Region, and the T-DNA Mutants sli1-1 and sli1-2.

(A) and (B)Mean duration of salivation in the phloem (A) and mean duration of sustained (>10 min) phloem ingestion (B) (8-h electrical penetration graph
recordings; 20°C: Col-0 n = 13, C24 n = 12, NIL n = 12, sli1-1 n = 16, sli1-2 n = 13; 26°C: Col-0 n = 20, C24 n = 14, NIL n = 14, sli1-1 n = 20, sli1-2 n = 16).
(C) and (D) Aphid age at start of reproduction (Kaplan-Meier curve of Cox proportional hazards model) (C) and aphid population size (D), 2 weeks after the
infestation with one neonate aphid per plant (Col-0 n = 16, C24 n = 18, NIL n = 18, sli1-1 n = 15, sli1-2 n = 15). Bars represent mean6 SE; ns, nonsignificant;
*P<0.05, **P<0.01, and ***P<0.001 (Kruskal-Wallis group-wise comparisonswithin temperature treatment), different letters refer to significantdifferences
(P < 0.05, Mann-Whitney U pairwise tests)).
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that aphids are passive feeders, this reduced ingestion rate could
be caused by the obstruction of sieve tubes. As SLI1 shows
coexpression with three genes involved in callose formation on
sieve plates, i.e., SUCROSE SYNTHASE5 (SUS5), SUS6, and
GLUCAN SYNTHASE-LIKE7 (GSL7) (Barratt et al., 2009, 2011)
(Supplemental Table 2), we tested whether SLI1 was involved in
callose-mediated plugging of sieve plates. However, aniline blue
staining of the main leaf vein did not reveal significant differences
in callose accumulation between the wild type and sli1-1 (Figure
6C; Supplemental Data Set 2). In addition, we assessed the

phloem exudation rates of excised leaves. Sucrose was used
as an estimate of exudate rate, assuming that the sucrose con-
centration of the sap was similar between plant lines. At 20°C, no
differences were observed. At 26°C, wild-type exudates con-
tained higher sucrose levels during the first hour (Figure 6D;
Supplemental Data Set 2), indicative of a higher exudation rate,
whereas a lower rate was expected if sieve tubes were occluded.
Overall, these observations did not support the hypothesis that
SLI1-mediated restriction of phloem ingestion was caused by
sieve tube obstruction.

Figure 5. Localization of SLI1 in Arabidopsis.

(A1) to (B2) Confocal images of pSLI1:EYFP:SLI1 (green) in seedling roots ([A1] and [A2]), with details in the boxed region showing aniline blue staining
(magenta) of a sieve plate (B1) and merged signals of aniline blue and SLI1 (B2).
(C) FM4-64 staining (30 h incubation; 1, SLI1; 2, FM4-64; 3, merged).
(D) MitoTracker staining (1, SLI1; 2, MitoTracker Deep Red; 3, merged).
(E) Cotransformation with the mitochondria marker ScCOX4 (Nelson et al., 2007) (1, SLI1; 2, ScCOX4:mCherry; 3, merged).
(F) Cotransformation with the plastid marker tpCab (Kim et al., 2013) (1, SLI1; 2, tpCab:mCherry; 3, merged).
(G) Arabidopsis protoplast with transient expression of 35S:EYFP:SLI1 (1, SLI1; 2, chloroplasts; 3, merged).
(H) Protoplast stained with ER Tracker Red (1, SLI1; 2, ER Tracker; 3, merged).
Images represent consistent results in at least two independent transgenic lines. s, sieve plate; solid arrows, phloemorganelle location. Bars = 25 mm in (A),
5 mm in (B) and (C), 1 mm in (D) to (F), 5 mm in (G) and (H).
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Increased Plant Fitness during Moderate Heat Stress

In view of the temperature-dependent phenotype of SLI1, we
quantified several plant fitness-related variables at growth con-
ditions of 20°C and moderate heat stress of 26°C. Relative to the
wild type, sli1-1displayed a stunted growth of the inflorescence in
the first phase after bolting and developed fewer and shorter
siliques at 26°C (Table 2). Nonstratified sli1-1 seeds that had been
collected from plants grown at 26°C displayed a higher germi-
nation rate than wild-type seeds (Supplemental Figure 3 and
Supplemental Data Set 2), indicative of a reduced dormancy. In
addition, thecorrelationbetweenclimateconditionswithinEurope
and natural variation in SLI1 was calculated. When taking into
account the population structure, the SLI1 haplotype distribu-
tion did not reveal any associationswith the 52 climate variables
that were tested (Table 3; Supplemental Table 3). However,
we found that the Col-0 haplotype that confers enhanced
resistance to aphids is biased toward the east of Europe
(Supplemental Figure 4). As the Eurasian Arabidopsis population

exhibits isolation by distance (Platt et al., 2010) and correction
for kinship might eliminate geographical patterns, we also
tested the climate variables without correction for population
structure and found 12 significant climate associations (Table
3; Supplemental Table 3). The majority involved temperature-
related factors and indicated that the resistant SLI1 haplotype
occurredmore often in regionswith large seasonal temperature
fluctuations.

DISCUSSION

From Aphid Behavior to a Novel Quantitative
Resistance Gene

This study identifies and validates a novel, quantitative aphid
resistance gene by GWA mapping. Phenotyping is often a major
bottleneck for elucidating the quantitative genetics of plant
resistance to herbivores because of time-consuming measure-
ments and multigenic mechanisms, involving numerous small-
effect genes (Kloth et al., 2012; Kliebenstein, 2014). In this study,
a high-throughput video-tracking platform was instrumental in
acquiring replicated data of 350 plant lines with reduced trait
complexity. The compromises we made in phenotypic accuracy
(automated annotation of video footage instead of high-precision
EPG recording) and representativeness of the natural system (leaf
discs instead of whole plants) did not hinder the identification of
this causal gene. GWA mapping of the time that aphids spent on
short probes revealed a strong associationwith polymorphisms in
the small heat shock-like gene SLI1. Surprisingly, the SNPs of
this phloem protein were associated with short probes, which are
located in the epidermis and mesophyll, and not long probes,
which are associated with phloem feeding. However, this dis-
crepancy can be explained by the fact that a phloem-based
mechanism indirectly affects the epidermis/mesophyll phase.
Aphids that fail in sustained phloem feeding can spendmore time
on probing activities in other tissues. The 2-fold higher SLI1 ex-
pression inCol-0 incomparison toC24might indicate thatSNPs in
the promoter region are causal for the increased salivation on the
Col-0 haplotype, although effects of other polymorphisms cannot
be excluded.

SLI1 Restricts Phloem Feeding but Does Not Occlude
Sieve Tubes

The experiments with near-isogenic and mutant lines showed
thatSLI1 conferspartial resistance toaphids.All the experiments
were performed on plants in the vegetative state, which were
unaffected in their development and growth (Table 2). The
haplotype effect on feeding behavior did not result in differences
in aphid population size, possibly because of amarginal effect of
size of the SNPs and adaptation of the aphids. However, the
impact on loss-of-function mutants was substantial. Aphids
produced almost twice as many offspring on sli1-1 and sli1-2
than on wild-type plants. SLI1 expression was not affected by
aphids, but was temperature-dependent and increased 2-fold at
26°C compared with 20°C. The effects of sli1-1 on aphid feeding
behavior were largest at 26°C. The sli1-2 mutant also showed

Figure 6. Honeydew Excretion, Callose, and Phloem Sap Exudation.

(A) Honeydew droplet excretion by M. persicae aphids on wild-type and
sli1-1 plants. Droplets were collected and counted during events of
continuous phloem ingestion. Every line represents an aphid, and each
symbol represents a honeydew droplet.
(B) Mean honeydew excretion rate. P = 0.018, one-way ANOVA, plants
were grown at 26°C, Col-0 n = 3, sli1-1 n = 5; data represent mean 6 SE.
(C) Callose content of the leaf mid vein according to quantification with
aniline blue. P > 0.05, n = 6, one-way ANOVA; plants were grown at 26°C.
(D) Sucrose content of phloem exudates, collected in a 3-h time course at
20°C (P > 0.05, n= 4, one-wayANOVA) and 26°C (*P < 0.05, n= 4, one-way
ANOVA, corrected for leaf fresh weight, data represent mean 6 SE).
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relatively large effects at 20°C for an unknown reason. SLI1 had
aparticularly strikingeffect on thephloemphase.Feedingevents
lasted on average 40 to 50 min on wild-type plants, compared
with 4 h on loss-of-function mutants (Figure 4B). The sap in-
gestion rate was almost 2-fold lower on wild-type plants, and
before sap ingestion could start, aphids needed to salivate
longer (Table 1; proportion of salivation during phloem phase).
The watery saliva that aphids secrete in the sieve tube contains
many calcium binding components, which could counteract
occlusion mechanisms (Tjallingii and Hogen Esch, 1993; Will
et al., 2007). All three elements, i.e., lower ingestion rates, loss
of sustained feeding, and longer salivation, point toward an
occlusion of either the sieve tube or the aphid food canal.
However, we observed neither callose accumulation, nor re-
duced phloem exudation, which are both markers of sieve tube
occlusion. As those traits were measured on clean plants, the
possibility that they differentiate during or after aphid infestation
cannot be excluded. Yet, we consider SLI1-mediated callose
deposition not very likely, since it is not supported by a sieve
plate- or plasmodesmata-specific localization. SLI1 was found
along the whole sieve elementmargin and aroundmitochondria.
In addition, our phenotypic data did not support SLI1 being
involved in sieve tube occlusion. On the contrary, plants with
functional SLI1 proteins displayed higher exudation rates than
mutants (Figure 6D), faster elongation of the inflorescence stem,
and more seed set during heat stress (Table 2).

Is SLI1 a Clamp Protein?

Fluorescent reporter lines revealed thatSLI1proteins are confined
to sieve element margins (Figures 5A and 5B). Sieve elements are
highly specialized cellswithout anucleus and largely empty for the
purpose of phloem sap transport under high turgor pressure
(Windt et al., 2006;KnoblauchandOparka, 2012). SLI1 is localized
in the region where there is a small, peripheral strip of cytoplasm,

which is enclosedby the plasmamembrane and the sieve element
reticulum, consisting of stacked or fenestrated ER (Sjölund and
Shih, 1983). This parietal layer contains other elements, such as
filamentous protein structures, amorphous ground matrices,
phloem plastids, and individual or clustered mitochondria, which
are often partially covered by ER (White, 2013). SLI1 forms both
straight and spherical bodies along the parietal layer. With fluo-
rescent dyes and genetic markers, we could show that the
spherical SLI1 bodies localize around the periphery of mito-
chondria (Figures 5C to 5E). SLI1 might require one or more
phloem-specific factors for its association with mitochondria,
possibly via a comparable mechanism as its homolog, RTM2.
Sofer et al. (2017) showed in a transient expression assay that
RTM2 requires BRANCHED-CHAIN AMINOTRANSFERASE4
(BCAT4) for its recruitment to the chloroplast periphery. Without
BCAT4, RTM2 formed small aggregates in the cytoplasm of
Nicotiana benthamianaepidermal cells. TheSLI1protein structure
(as well as the RTM2 structure) contains an ACD chaperone
domain on the N terminus and a transmembrane domain on the C
terminus (Figure 2C). Possibly, SLI1 attaches to proteins, such as
mitochondrial envelope proteins, with its chaperone domain and
to a membrane, such as the plasma membrane and/or ER, with
its transmembrane domain. Remarkably, the observed SLI1
localization along the sieve tube margin and around mito-
chondria is strongly reminiscent of the clamp-like structures,
which are described in transmission electron microscopy
studies. In Arabidopsis a “halo” of 34.5 nm is seen around mi-
tochondria to which often protein filaments and membranes
attach (Froelich et al., 2011). Arabidopsis phloem plastids do
generally not have a halo of clamp-like structures, but only
a stable attachment to the margin (Knoblauch and Van Bel,
1998), which is consistentwith our observation that the spherical
SLI1 bodies are not associated with plastids (Figure 5F). In to-
mato and fava bean (Vicia faba), similar clamp-like structures

Table 2. Rosette, Inflorescence, and Silique Development of Wild-Type and sli1-1 Plants

Variable

20°C 26°C

Col-0 sli1-1 Col-0 sli1-1

Number of leaves (15 d) 6.2 6 0.1 6.1 6 0.1ns 7.8 6 0.1 7.6 6 0.1ns
Number of leaves (35 d) 21.8 6 0.8 20.9 6 0.7ns 30.2 6 0.6 29.4 6 0.4ns
Rosette fresh weight (g) 0.4 6 0 0.3 6 0ns 1.3 6 0 1.2 6 0.1ns
Flowering time (d) 51.4 6 0.4 51 6 0.6ns 52.8 6 0 54 6 1ns
Inflorescence stem height (cm, 58 d) 5 6 1.6 6.7 6 2.7ns 8.9 6 1.9 2.3 6 0.9*
Inflorescence stem height (cm, 60 d) 10.8 6 1.8 12.1 6 2.8ns 16.1 6 1.5 7.6 6 2.2*
Inflorescence stem height (cm, 63 d) 22 6 1.5 23 6 2.1ns 23.3 6 1.2 14.3 6 3.5*
Inflorescence stem height (cm, final) 32.7 6 0.8 31.5 6 1.5ns 41.5 6 1 41.2 6 1.7ns
Number of primary side branches 6.8 6 0.5 7 6 0.4ns 8.5 6 0.4 8.2 6 0.3ns
Number of secondary side branches 0 6 0 5.5 6 2.6* 3.8 6 0.8 13.2 6 4.2ns
Number of siliques main stem 32.3 6 1.9 33.3 6 1.4ns 40.2 6 1.5 42.5 6 2.1ns
Number of siliques side branches 97.2 6 8.9 81.8 6 7.6ns 110.7 6 4.8 64 6 14.3*
Number of siliques (total) 129.5 6 8.6 115.2 6 8.9ns 150.8 6 5.7 106.5 6 14.4*
Silique length (cm) 1.3 6 0 1.3 6 0ns 1 6 0 0.9 6 0*

Means 6 SE; *P < 0.05, **P < 0.01, and ***P < 0.001 (Mann-Whitney U pairwise comparisons of sli1-1 with Col-0 within temperature treatments).
Significant differences between 20 and 26°C within the plant lines Col-0 and sli1-1 are shown in bold (Mann-Whitney U pairwise comparisons, P < 0.05).
Number of leaves at 15 d, n = 13; number of leaves at 35 d and fresh weight, n = 8; flowering time, inflorescence stem height, number of branches,
siliques, and silique length, n = 5 to 6.
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have been observed between ER membranes, between ER and
plastids, and between ER and mitochondria and are thought to
anchor organelles to the sieve element margin (Ehlers et al.,
2000). Further ultrastructural studies are necessary to elucidate
the membrane specificity of SLI1 and its putative involvement
with these clamp-like structures.

The Role of the Parietal Layer in Restricted Sap Uptake

Coagulation of dispersed proteins is considered amajor cause for
occlusion of the aphid food canal (Tjallingii, 2006;Will et al., 2007;
Will and Vilcinskas, 2015). Surprisingly, the role of nondispersed
factors in the parietal sieve element layer has hardly received any

attention in this context. The sieve element plasma membrane is
covered by a thin layer of cytoplasm with sieve element reticulum
membranes, organelles, and protein layers (Sjölund et al., 1983;
White, 2013).Afterpuncturing theplasmamembrane,aphidsneed
to breach this layer to arrive at the sieve element lumen for passive
uptake of phloem sap. Aphids salivate for ;30 to 90 s before
phloem feeding starts, and their watery saliva is rich in proteases
and Ca2+ binding proteins. These proteins are considered to
absorb the Ca2+ influx after penetration of the plasma membrane
and prevent the expansion of forisomes and possibly the
coagulation of other phloemproteins (Will et al., 2007; vanBel and
Will, 2016). We would expect these effectors to play an important
role in the degradation of the parietal layer too, particularly in

Table 3. Climate Variables with a Significant Haplotype Effect for the SNP on Chromosome 3, Position 3338114, in the ACD of SLI1

Climate Variable Source Col-0 Allele (59%) Rare Allele (41%) Mixed Model M-W

Temp. seasonality (SD) (°C) worldclim.org 6.1 6 0.1 5.5 6 0.2 ns ***
Temp. annual range (°C) worldclim.org 24.5 6 0.4 22.6 6 0.6 ns ***
Isothermality (diurnal/annual range) worldclim.org 3.0 6 0 3.2 6 0.1 ns ***
Mean temp. wettest quarter (°C) worldclim.org 13.5 6 0.4 10.8 6 0.5 ns ***
Mean temp. coldest quarter (°C) worldclim.org 0.6 6 0.2 2.3 6 0.3 * ***
Mean temp. driest quarter (°C) worldclim.org 3.6 6 0.4 7.3 6 0.6 ** ***
Min temp. coldest month (°C) worldclim.org 22.7 6 0.3 21 6 0.3 ns ***
Mean monthly temp. Nov.–Feb. (°C) nelson.wisc.edu/sage 1.4 6 0.2 3 6 0.3 * ***
Number of frost days 1980–2010 cgiar-csi.org 2409 6 46 2113 6 72 ns ***
Precipitation warmest quarter (mm) worldclim.org 209.9 6 5 183.6 6 6 * ***
Relative humidity in May (%) cru.uea.ac.uk/cru/data 72.6 6 0.3 74.6 6 0.4 ns ***
Vegetation index MOD13C2 in March modis.gsfc.nasa.gov 7.0e7 6 2e6 8.0e7 6 2e6 ns ***

In total, 52 climate variables were tested (Supplemental Table 3); the 12 variables with P < 0.001 (Mann-Whitney U test) are shown. Means 6 SE. M-W,
Mann-Whitney U test; Mixed Model, mixed model with correction for kinship [*P < 0.05, ** P < 0.01, and ***P < 0.001; below the Bonferroni threshold
(0.05/52 = 0.001)].

Figure 7. Working Model of SLI1-Mediated Resistance to Aphids.

(A) In wild-type plants, the plasma membrane (pm) is mechanically punctured by the stylets (mx), but the parietal layer remains intact due to SLI1 clamp
proteins, which anchor organelles and proteins to a parietal membrane. The high turgor pressure in the sieve element pushes the parietal layer in the aphid
food canal (fc) where it occludes the entrance.
(B) The sli1mutant only has a few other clamp proteins. Consequently, organelles and proteins are loosely attached to the sieve element reticulum (ser).
After plasma membrane puncture, effectors in the aphid saliva successfully disassemble the parietal layer and break down the fragmentized membrane,
organelle, and protein components. The aphid food canal will not be occluded and passive uptake of phloem sap can take place.
(C) Transmission electron micrograph of an A. fabae stylet in a V. faba sieve element (Tjallingii and Hogen Esch, 1993; reproduced with the authors’
permission). The aphid food canal is filled with electron-dense material, presumed to be coagulating proteins, resembling the membrane structures in (A).
Bar =0.5mm.er, stackedendoplasmic reticulumcisternae;M,mitochondria; P, plastid;mx,maxillary stylets; pm/Pl, plasmamembrane; sc, salivary canal; s,
phloem sap; Pd, plasmodesma; cc, companion cell; Ss, salivary sheet material; pp, presumed phloem proteins.
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places where it contains organelles and a thick protein matrix.
These regions are both membrane-dense and protein- and
calcium-rich, sincemanyproteinsaresynthesizedand/orstored in
the ER, plastids, and mitochondria, and since mitochondria
generally play a role in calcium regulation (Behnke, 1981; Sparkes
et al., 2009; Kühlbrandt, 2015). One hypothesis is that SLI1 is
a membrane-bound scaffold for other proteins, including mito-
chondrial envelope proteins. It would then be involved in an-
choring organelles and phloem proteins and would increase the
firmness and thickness of the parietal layer and decrease the
accessible area for aphid effectors. Consequently, aphids would
have to salivate longer in order to breach the parietal layer and
reach the sieve element lumen for sap ingestion. This would ex-
plain theprolongedsalivationperiod in theCol-0haplotype (Figure
4A). The high number of prematurely interrupted feeding events
and lower ingestion rate in the wild type compared with sli1
mutants are indicative of an even greater, unsolvable problem for
aphids (Figure 4B). Sieve tubes are under high turgor pressure
(Windt et al., 2006; Knoblauch and Oparka, 2012), and when the
parietal layer is not degradedwell or fast enough, itmaybepushed
into the food canal and thereby reduce the phloem ingestion rate
or force the aphid to retract their stylets from the sieve element
(Figures 7A and 7B). Such an occlusion would resemble the
plugged A. fabae stylets in V. faba sieve elements as observed by
Tjallingii and Hogen Esch (1993) (Figure 7C), although the pos-
sibility cannotbeexcluded that these images reflectartifactsof the
stylectomy and fixation procedure.

The Role of SLI1 during Heat Stress

Temperature playedan important role in the functionality ofSLI1.At
high temperature, SLI1 expression was induced (Figure 3) and
phenotypic effects on aphids were substantially larger (Figure 4,
Table 1). In addition, the SLI1 natural haplotype distribution is
correlated with temperature-related climate factors. Several plant
fitnessparameters confirmed thatSLI1 increases resistance toheat
stress. The reduced seed dormancy in loss-of-function mutants
(Supplemental Figure 3) suggests that sli1 mutants are more
sensitive to high temperatures than Col-0 (He et al., 2014). Vege-
tative growth did not show any irregularities, but sli1-1 displayed
a stunted growth of the inflorescence stem in the first weeks after
bolting at 26°C and suffered from reduced seed set (Table 2).
Carbohydrate allocation is crucial during this stage, and compro-
mised allocation could be a reason for the retarded development of
inflorescences and siliques. Whether or not protein bodies can
obstruct the sap translocation rate is still debatable (Furch et al.,
2010; Knoblauch et al., 2014). However, if SLI1 is involved in an-
choringorganellesandproteins to thesieve tubemargin, itwouldbe
worth studying its effects on the volumetric flow rate in sieve tubes
duringdevelopmental stageswithhighsinkdemands,particularly in
water-deficient conditions, such as heat or drought stress.

METHODS

Plant Material

Acollectionof 350natural accessionsofArabidopsis thalianawasobtained
from the ABRC Stock Center (Baxter et al., 2010). This set was selected in

a previous study to represent most intraspecific genetic variation and
minimal redundancy (Platt et al., 2010) and was genotyped for ;214,000
SNPswith Atsnptile1 arrays (Atwell et al., 2010; Li et al., 2010; Horton et al.,
2012). The T-DNA linesSALK_027475 (sli1-1) andSAIL_1269_C01 (sli1-2),
both in the Col-0 background, were obtained from the European Arabi-
dopsis StockCentre (NASC).Homozygous T-DNAplantswere selectedby
PCR (Supplemental Table 4) and harvested for seeds for subsequent
experiments. The location of the T-DNA inserts was validated via se-
quencing and At3g10670 and At3g10680 expression was measured by
RT-qPCR (Supplemental Figure 5). The natural accession C24 and the
near-isogenic Col-0 line with a C24 introgression on chromosome 3 be-
tween positions 276917 and 3463232 (line 94/7) were obtained from the
Leibniz Institute of Plant Genetics and Crop Research (IPK), Gatersleben,
Germany (Törjék et al., 2008).

Plant Growth and Insect Rearing

Arabidopsis seeds were cold stratified for 72 h at 4°C before they were
sown into pots (5 cm diameter) with pasteurized (4 h at 80°C) Arabi-
dopsis potting soil (Lentse Potgrond) in a climate room at 26 6 1°C,
50 to 70% relative humidity, an 8-h:16-h light (L):dark (D) photoperiod,
and a light intensity of 200 mmol m22 s21 (Philips TL5 HO 54W/840). To
assess temperature effects, plantswere also grown in a climate cabinet
at 206 1°C, 60 to 70% relative humidity, an 8-h:16-h L:D photoperiod,
and light intensity of 120mmolm22 s21 (Philips TL5HOF54T5/841). For
assessment of light intensity effects on gene expression, light intensity
in the climate cabinet was changed to 70mmol m22 s21 (Philips TL5 HO
F54T5/841). Green peach aphids, Myzus persicae, were reared on
radish (Raphanus sativus) at 19°C, 50 to 70% relative humidity, and
a 8-h:16-h L:D photoperiod. Only wingless aphids have been used in
experiments.

Automated Video Tracking

Aphid behavior was tracked on 350 natural accessions of Arabidopsis
according to themethodologyofKloth etal. (2015).Onebiological replicate
consisted of a leaf disc of a unique plant. An aphid was introduced into
a well of a 96-well plate containing a leaf disc of 6-mm diameter, abaxial
side up, on 1%agar substrate. Wells were covered with cling film, to avoid
aphid escape, and 20 aphids were recorded on 20 different accessions
simultaneously with a camera mounted above the plate, in a climate-
controlled roomat2261°C. EthoVisionXT8.5 video-tracking andanalysis
software (Noldus Information Technology) was used for automated ac-
quisition of aphidposition and velocity. The number andduration of probes
were subsequently calculated with the statistical computing program
R (RCore Team, 2013). Leaf discs (one disc per plant) were punched from
4- to 5-week-old Arabidopsis plants, just below the tip of leaf 8–14
(Mousavi et al., 2013). Aphid behavior was recorded for 85 min, starting
immediately after inoculation with the aphids. The video-tracking assay
was performed in an incomplete block design with each complete
replicate consisting of 18 blocks of 20 accessions. Sixty plants were
screened each day across three blocks, and one replicate of the com-
plete Hapmap collection was acquired in 6 d. An alpha design was
generated with Gendex (http://designcomputing.net/gendex/) to assign
accessions to each block.

GWA Mapping

GWA mapping was performed on the total time spent on short probes
(<3 min, data arcsine transformed) with scan_GLS (Kruijer et al., 2015).
Asreml (VSN International) was used to apply a mixed model to correct for
population structure, which was estimated with a kinship matrix including
all SNPs. SNPs with a minor allele frequency of below 0.05 were excluded
from analysis. Blocks and replicates were included in the model as
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covariates. Generalized heritability was calculated according to Oakey
et al. (2006).

LD, Protein Structure, and Coexpression

Linkage disequilibrium (LD) between At3g10680 and other genes was
taken into account for polymorphisms in a 150-kb window around the
highest SNP, with an LD of 0.3 as the lower threshold. LD was calculated
using the resequenceddataofmore than500Arabidopsis accessions from
the 1001 Genomes Project (www.1001genomes.org; Cao et al., 2011)
using the SNP LD tool as described by Bac-Molenaar et al. (2015). In total,
597 coexpressed genes of At3g10680 were identified from three in-
dependent coexpression databases: (1) top 300 genes of Atted-II version
c4.1 (Obayashi et al., 2014), (2) top 100 genes of BAR Expression Angler
Abiotic Stress, Pathogen, and Extended Tissue Compendium (Toufighi
et al., 2005), and (3) the top 100 genes of Genevestigator’s Pertubations
data set (Zimmermann et al., 2004).

RT-qPCR

Two leaves, with leaf numbers varying between 8 and 14 (Mousavi et al.,
2013), per 4- to 5-week-old Arabidopsis plant were harvested between
12 and3 PM. Sampleswere immediately frozen in liquid nitrogen and stored
at –80°C until processing. RNA was isolated from homogenized leaf
material with an InviTrap Spin Plant RNA kit and treated with Ambion
TURBO DNA-free according to the manufacturer’s instructions. RNA was
quantified with a NanoDrop ND-1000 spectrophotometer, and integrity
was assessed with electrophoresis in a 1% (w/v) agarose gel stained
with ethidium bromide. DNA-free RNAwas converted into cDNA using the
Bio-Rad iScript cDNA synthesis kit. RT-qPCR was performed on a Bio-
Rad IQ 5 system using SYBR Green. For each primer combination
(Supplemental Table 4), RT-qPCR products were sequenced to validate
the region of amplification. For determination of splice variants, cDNA
bands were isolated from the gel, purified with a Bioké PCR clean-up kit,
andsequenced.To test for natural variation inSLI1expression, leaveswere
sampled of Col-0 and C24 plants grown at 26°C. To test the effects of light
intensity, sampleswerecollectedat70mmolm22s21 (20°C;PhilipsTL5HO
F54T5/841 lamps) and120mmolm22 s21 (20°C;PhilipsTL5HOF54T5/841
lamps). For temperature effects, sampleswerecollected fromplantsgrown
at 20°C and 26°C. To test induction by aphids, samples with and without
aphids were collected at 26°C. Fifteen adult M. persicae aphids were
placed on each leaf, and the leaf was enclosed in a Petri dish with an
indentation for the petiole, which did not allow aphids to escape. As
acontrol, leaveswithout aphidswereplaced ina similar Petri dish.Samples
were harvested 6hafter infestation. In all RT-qPCRassays, eachbiological
replicate consisted of leaf material from one unique plant.

Plasmid Construction and Transformations

A 1063-bp promoter region of SLI1 and the coding sequence including
the intron (1573 bp) were amplified (see primers in Supplemental Table 4).
After SacI and SpeI digestion, the promoter was cloned into the SacI and
SpeI-digested vector pK7WGY2 (https://gateway.psb.ugent.be) (Karimi
et al., 2005). The coding sequence with intron was cloned into pENTR/
D-TOPO (https://www.thermofisher.com/order/catalog/product/K240020),
resulting in the plasmid pENTR/D-TOPO:35S:gSLI1. Via LR clonase
recombination (https://www.thermofisher.com/order/catalog/product/
11791100?ICID=search-product), these two vectors were recombined,
resulting in the plasmid pK7WGY2:pSLI1:EYFP:gSLI1. The Agrobacterium
tumefaciensstrainAgl0was transformedwithpK7WGY2:pSLI1:EYFP:gSLI1
(kanamycin resistance) andused to transformCol-0byfloral dip (Cloughand
Bent, 1998). Protoplasts were made from Col-0 leaves according to Yoo
et al. (2007). The pENTR/D-TOPO:35S:gSLI1 construct was used for

transformation of protoplasts with PEG solution according to the meth-
odology described by Yoo et al. (2007). Themitochondria mCherry marker
mt-rb CD3-992 (Nelson et al., 2007), containing the first 29 amino acids of
yeast (Saccharomycescerevisiae) cytochromecoxidase IV (ScCOX4),was
obtained from the ABRC. The plastid construct tpCab:mCherry (transit
peptide of chlorophyll a/b binding protein) was kindly provided by Inhwan
Wang (PohangUniversityofScienceandTechnology,Korea;Kimetal., 2013).
pSLI1:EYFP:SLI1 lines were transformed with organelle markers by floral dip
(Clough and Bent, 1998).

Microscopy

Fluorescencesignalswere inspected in7-d-old seedlingswithaZeissLSM
780 spectral confocal laser scanning microscope. Seedlings were grown
on agar plates (1%agar and 0.53Murashige Skoog [MS]medium) at 22°C
and 8-h:16-h L:D photoperiod. In case of staining, seedlings were in-
cubated at room temperature in either 0.1% aniline blue (VWR Chemicals)
sodium phosphate solution (70 mM, pH 9) for 1 h, 50 mM FM4-64 (Thermo
Fisher Scientific) 0.53MS solution for 30 h, or 1 mMMitotracker Deep Red
(Thermo Fisher Scientific) 0.53 MS solution for 24 h. Protoplasts were
stained in1mMERTrackerRed (ThermoFisherScientific) and incubated for
15 min at room temperature. For confocal microscopy, seedlings were
mounted in 0.53 MS liquid medium using a spacer of double-sided tape
between the slide and cover slip. EYFPwas detected using a 514-nm laser
and 517- to 598-nm emission filter; aniline blue with a 405-nm laser and
420- to 500-nm emission filter; FM4-64 with a 514-nm laser and 620- to
710-nm emission filter; ER Tracker Red and mCherry with a 561-nm laser
and 590- to 640-nm emission filter; and Mitotracker Deep Red with
a 633-nm laser and 650- to 760-nm emission filter. Callose depositions in
the leaf veins were quantified with a fluorescence microscope (Nikon In-
struments Europe; 1003, DM400 filter). One excised leaf of intermediate
age per 4.5-week-old plant was placed in 96% ethanol overnight, in-
cubated in sodium phosphate buffer (70 mM, pH 9) for 1 h, and immersed
in 0.05% aniline blue (VWR Chemicals) solution of sodium phosphate
buffer (70 mM, pH 9) for 24 h. One biological sample consisted of a leaf of
a unique plant, for which the complete mid-vein from leaf base to top was
captured in ;30 images. Fluorescent areas were assessed with ImageJ
(Schneider et al., 2012), counting all particles ofmore than five pixels using
the threshold adjustment method “Triangle.”

EPG Recording

Feeding behavior ofM. persicae aphidswasmeasuredwith EPG recording
on 4- to 5-week-old plants, using direct currents according to the meth-
odology of ten Broeke et al. (2013). To adjust the radish-reared aphids to
Arabidopsis, aphids were transferred to Col-0 Arabidopsis plants 24 h
before the experiments. EPG recording was performed at 22 6 2°C and
a light intensity of 120 mmol m22 s21 (Philips TL5 HO 39W/840). For each
biological replicate, one unique plant and aphid were used. An electrode
was inserted in the potting soil and a thin gold wire of 1.5 cm was gently
attached to the dorsum of an adult, wingless aphid with silver glue. The
electrical circuit was completed when the aphid’s piercing-sucking stylet
mouthparts penetrated the plant cuticle. Electrical signals associated with
stylet activities were recorded and annotated with EPG Stylet+ software
and further processed in R (Tjallingii, 1988; R Core Team, 2013) (http://
www.epgsystems.eu).

Aphid Population Development

To assess aphid developmental rate and population size, each 3.5-week-
oldArabidopsisplantwas infestedwithoneM.persicaeneonateof0 to24h
old and placed in a climate room at 266 1°C, 50 to 70% relative humidity,
an 8-h:16-h L:D photoperiod, and 200mmolm22 s21 light intensity (Philips
TL5 HO 54W/840). A soap-diluted water barrier (26 1 mL l21 of Piek dish
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detergent; Van DamBodegraven) prevented aphids frommoving between
plants. None of the aphids developed wings. From day 7 onwards, oc-
currence of the first offspring was checked twice per day using 53
magnification glasses. The number of aphids per plant was counted 14 d
after infestation.

Honeydew Droplet Collection

Aphid excretions were collected with honeydew clocks according to
Tjallingii (1995). Honeydew clocks consisted of a 12-h quartz clockwork
(Hechinger) with a rotating plastic disc (20-cm diameter) attached.
Honeydew droplets were collected on a 2-cm-wide thin-layer chroma-
tography (TLC) paper strip that completely covered the rear of the rotating
disc. To visualize the droplets via amino acid staining, TLC paper was
treated with ninhydrin (Acros organics ninhydrin spray, 0.5% 1-butanol
solvent) and dried before the experiment. To adjust the radish-reared
aphids toArabidopsis, aphidswere transferred toCol-0Arabidopsis plants
24 h before the experiments. Adult, wingless aphids were positioned on
the abaxial side of the leaves of clean plants. Each biological replicate
consistedof oneuniqueplant andaphid.Honeydewclockswereplaced
16 0.5 cm below the aphids. Honeydew collection and EPG recording
were performed simultaneously over a 12-h period at 226 2°C and light
intensity of 120 mmol m22 s21 (Philips TL5 HO 39W/840). Honeydew
excretion rates were calculated over 8 h of continuous phloem
ingestion.

Phloem Exudation

Phloem exudates were collected according to Tetyuk et al. (2013). For
each sample, 15 leaves were pooled from three 5.5-week-old plants
grown at 20°C or 26°C. To chelate free calcium ions and prevent the
sealing of the phloem, the petioles of the leaves were submerged in one
reaction tubecontaining1.4mL20mMK2-EDTAsolution. The tubeswere
placed at 206 2°C or 266 2°C in a closed, transparent container, which
was lined with wet filter paper to reduce transpiration. After 1 h of in-
cubation in the EDTA, the petioles were washed with distilled, deionized
Millipore water to remove the EDTA. Immediately, the 15 leaves were
transferred into a tube with the petioles submerged in 1.4 mL autoclaved
distilled, deionizedMilliporewater to collect phloemexudates. The tubes
were returned to the closed, transparent container at 20 6 2°C or 26 6

2°C. Exudates were collected for the first, second, and third hour sep-
arately, by transferring the 15 leaves each hour into a fresh tube of water.
Samples were immediately frozen in liquid nitrogen, and stored at –80°C.
Sucrose, glucose, and fructose content were measured by analyzing
200 mL exudate using HPLC (Dionex ICS5000; Thermo Scientific), with
a Carbopac PA1-column and column temperature of 30°C, and a 20 to
150mMNaOHeluent gradient over 30min anda150mMNaOHeluent for
10min. Thecolumnwas rinsedbetween runs for 5minwith500mMNaAc,
followed by 10 min equilibration with 20 mM NaOH. Carbohydrate
content was quantified with Chromeleon 7.

Plant Performance

Plants were grown at either 20°C or 26°C, according to the settings de-
scribed in theMethods section “PlantGrowthand InsectRearing.”For final
inflorescence stemheight, the number of branches and silique number and
length were measured after the last flowers and siliques had been de-
veloped. Leaves were counted when they were >0.1 cm in length, and
siliqueswere countedwhen theywere>0.5 cm in length. Silique lengthwas
recorded for the six lowest and six highest siliques (>0.5 cm) of the main
branch and youngest primary side branch of each plant. For all the above
plant performance parameters, one biological replicate consisted of
a unique plant. Seed germination values were measured with the Germi-
nator package (Joosen et al., 2010). Seeds were sown in trays containing

two layers of blue germination paper (Anchor Paper) with 50 mL of de-
ionized water, and depending on the treatment, were cold stratified at 4°C
for 72 h prior to incubation or incubated immediately. For germination, the
trays were placed under constant light at either 22°C6 0.5 or 25°C6 0.5.
Three biological replicates were measured, each consisting of;50 seeds
collected from a different mother plant. Plants were all grown simulta-
neously at 26 6 1°C, 50 to 70% relative humidity, for 4 weeks under
8-h:16-h L:D and an additional 6 weeks under 16-h:8-h L:D photoperiod,
with a light intensity of 200mmolm22 s21 (Philips TL5 HO54W/840). At the
start of theexperiments, seedshadexperienced2.5weeksofdrystorageat
room temperature.

Statistics

Data involving gene expression, honeydew droplet excretion, callose
content, sucrose content, and seed germination were tested for nor-
mality using the Shapiro test and analyzed using a one-way ANOVA
(SupplementalDataSet 2).Data involvingEPGvariables, aphidpopulation,
plant performance, and haplotype distribution were assessed with the
Mann-Whitney U test (two groups) and the Kruskal-Wallis test (more
than two groups). Aphid development was analyzed with a Cox pro-
portional hazards model. Honeydew droplet excretion rate was cal-
culated as the slope of the linearmodel between the cumulative number
of droplets and time. Climate data were used to test for a haplotype
effect using two approaches: (1) a Mann-Whitney U test and (2) a mixed
model correcting for population structure. For the latter, haplotype was
defined as a fixed effect and the first eight principal components of the
marker-based kinship matrix were included as random effects. The
Bonferroni threshold of 0.001was calculated by dividing alpha (0.05) by
the number of climate variables that were tested (n=52). Only European
Arabidopsis accessions were tested for geographical distribution
patterns and climate variables (latitude: 36°00’N to 63°00’N, longitude:
26°00’E to 40°00’W) due to the dense sampling compared with other
regions. Statistical tests and graphswere constructedwith R, using the
packages “survival” and “asreml” (Butler et al., 2009; R Core Team,
2013; Therneau, 2015).

Accession Numbers

The following Arabidopsis Genome Initiative locus identifiers have been
reported:SLI1 (At3g10680),RTM2 (At5g04890),SUS5 (At5g37180),SUS6
(At1g73370), and GSL7 (At1g06490).

Supplemental Data

Supplemental Figure 1. Splicing of SLI1.

Supplemental Figure 2. FM4-64 staining of sieve elements after 3 h of
incubation.

Supplemental Figure 3. Germination of wild-type and sli1-1 seeds.

Supplemental Figure 4. SLI1 haplotype distribution within Europe.

Supplemental Figure 5. Gene expression of sli1-1 and sli1-2.

Supplemental Table 1. Genes in linkage with SNP chr.3, position
3338114.

Supplemental Table 2. Coexpression of SLI1.

Supplemental Table 3. All climate variables tested for the SLI1
haplotype distribution.

Supplemental Table 4. Primers used for DNA and cDNA amplification.

Supplemental Data Set 1. The total time M. persicae aphids spent on
short probes (<3 min) on 350 natural Arabidopsis accessions.

Supplemental Data Set 2. ANOVA tables.
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