
Insect-damaged Arabidopsis moves like wounded
Mimosa pudica
Andrzej Kurendaa, Chi Tam Nguyena, Aurore Chételata, Stéphanie Stolza, and Edward E. Farmera,1

aDepartment of Plant Molecular Biology, University of Lausanne, CH-1015 Lausanne, Switzerland

Edited by Gregg A. Howe, Michigan State University, East Lansing, MI, and accepted by Editorial Board Member Joseph R. Ecker November 5, 2019 (received
for review July 18, 2019)

Slow wave potentials (SWPs) are damage-induced electrical sig-
nals which, based on experiments in which organs are burned,
have been linked to rapid increases in leaf or stem thickness. The
possibility that pressure surges in injured xylem underlie these
events has been evoked frequently. We sought evidence for
insect feeding-induced positive pressure changes in the petioles of
Arabidopsis thaliana. Instead, we found that petiole surfaces of
leaves distal to insect-feeding sites subsided. We also found that
insect damage induced longer-duration downward leaf move-
ments in undamaged leaves. The transient petiole deformations
were contemporary with and dependent on the SWP. We then
investigated if mutants that affect the xylem, which has been
implicated in SWP transmission, might modify SWP architecture.
irregular xylem mutants strongly affected SWP velocity and kinet-
ics and, in parallel, restructured insect damage-induced petiole
deformations. Together, with force change measurements on the
primary vein, the results suggest that extravascular water fluxes
accompany the SWP. Moreover, petiole deformations in Arabidop-
sis mimic parts of the spectacular distal leaf collapse phase seen in
wounded Mimosa pudica. We genetically link electrical signals to
organ movement and deformation and suggest an evolutionary
origin of the large leaf movements seen in wounded Mimosa.
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Over a century ago, J. C. Bose elegantly highlighted the fact
that many plant movements “escape our scrutiny” (1). Bose’s

text refers in part to slow, tropic movements now known to depend
on hormone-controlled differential tissue growth (2). However, a
large part of Bose’s 1906 book concerned more rapid movements
of a different nature. Bose focused much attention on the leaf
motions of the sensitive plant Mimosa pudica and on their re-
lationships to electrical activities in leaves. M. pudica displays a
variety of different movements when touched or wounded. When
touched gently, leaflets on the stimulated leaf fold upwards. These
movements and those of the traps of certain carnivorous plants are
associated with action potentials (3, 4) and are generally restricted
to the stimulated organ. However, woundingM. pudica can trigger
spectacular, turgor-driven movements in leaves distal to wounds,
whereby this plant is thought to become less visible to large her-
bivores (5). These latter interorgan movements correlate with an
electrical signal that is distinct from the action potential and which
was termed the slow wave potential (SWP, otherwise termed the
variation potential). First recognized as distinct signals in M.
pudica (6), SWPs are widespread in plants that appear not to
display obvious leaf movements when damaged (7). These species
include Arabidopsis thaliana (8, 9).
Interested in generalities across the plant kingdom, Bose

compared M. pudica with plants that apparently lacked rapid
movements. Using strong thermal stimuli, Bose indeed detected
heat-induced movement in such plants (1). The use of heating
and, in particular, burning has been perhaps the most common
way of triggering SWPs. Using heat as a stimulus, increases in
the thickness of leaves or stems or increases in xylem pressure
have been detected repeatedly in numerous plants (10–13). These
burn-induced increases in organ thickness have been attributed to

the rapid release of xylem tension distal to damage sites, and it
has been proposed that increases in xylem pressure might acti-
vate SWP production (11, 13). Alternatively, chemical elicitors of
membrane depolarization might be sucked into and along the
xylem to activate electrical signaling in response to wounding (e.g., refs.
14 and 15). Here we ask whether wound-response tissue deformation
occurs in Arabidopsis and, if so, whether this is likely to reflect
rapid increases in xylem pressure that might trigger the SWP.
In Arabidopsis, the propagation of SWPs depends on several

clade 3 GLUTAMATE RECEPTOR-LIKE (GLR) proteins (8).
Leaf-to-leaf electrical signals are abolished in the glr3.3 glr3.6
double-mutant, and recent analyses showed that GLR3.3 local-
ized to phloem sieve elements, whereas GLR3.6 localized to
xylem contact cells. Therefore, 2 nonadjacent cell populations,
xylem and phloem, are necessary for leaf-to-leaf SWP trans-
mission (9). Motivated by the possibility that xylem-associated
tissue pressure changes might be detectable in wounded Arabidopsis
and might provide insights into SWP mechanisms, we monitored
the response of this plant to burning and then, in similar experi-
ments, to insect feeding. To do this, and to obtain quantitative
outputs, we employed sensitive force probes applied to the adaxial
epidermis of leaf petioles.
The experimental designs used herein are based on the fact

that wounding individual leaves can initiate electrical signaling in
distal leaves that share direct vascular connections with the wounded
leaf. For experiments, leaves were labeled in terms of their age, with
leaf 1 being the first true leaf produced. When, for example, leaf
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8 on a 5-wk-old rosette is wounded, electrical signals are de-
tected on leaves 11, 13, and 16, but not on leaf 9 (8). In most
experiments conducted herein, leaf 8 was wounded, and events
(electrical signals and petiole surface force changes) on leaf 13
were recorded. Based on our initial results we then extended the
work to studies of mutants in SWP signaling and xylem integrity.
Finally, we used video microscopy of rosettes to investigate
overall leaf movement in response to feeding insects.

Results and Discussion
The areas of Arabidopsis leaves that need to be damaged by
feeding insects in order to trigger SWPs in distal leaves were
mapped. Pieris brassicae larvae were constrained to leaf 8, sur-
face electrodes were placed on leaves 8 and 13 (Fig. 1A), and
feeding behavior and electrical activity were monitored simul-
taneously (Movie S1). SWPs in leaf 13 were observed when in-
sects severed the midvein (Fig. 1B). This occurred rapidly within
a single feeding sweep, suggesting that both the xylem and
phloem are severed during the activation of SWP propagation.
The primary vein in the region of the leaf base is the region in
which signals causing leaf-to-leaf SWPs are generated by feeding
P. brassicae. Similar behavior was seen with an unrelated insect,
Spodoptera littoralis (Fig. 1C).
Quantitative force probes (SI Appendix, Fig. S1 A and B) were

used to investigate possible tissue deformations in Arabidopsis
due to leaf damage. Leaf 13 was first immobilized, and a force
sensor was placed on the petiole near a surface electrode. In the
absence of any stimulus, force on the probe increased at 20 ± 27 μN
per minute (SI Appendix, Fig. S1C). These force increases
were expected due to growth and diel hyponasty (16). Smaller
force changes of ∼5 μN were also detectable on individual
force traces (SI Appendix, Fig. S1C) but not on averaged traces
(SI Appendix, Fig. S1D). Earlier work using flame wounding repor-
ted either leaf deformation (14) or increases in the thickness of
leaves (10). Previous studies showed that when caterpillars dam-
aged tomato leaves they failed to elicit changes in leaf thick-
ness unless the plants were almost completely defoliated prior to
experiments (17). In our case, we decided against partial de-
foliation of Arabidopsis and kept the plants intact prior to
wounding. We first used a laser to damage leaf 8 within the re-
gion that we had identified as necessary for insect-induced SWPs
(SI Appendix, Fig. S2A). After initiation of a 10-s laser pulse on
leaf 8, the force monitored on leaf 13 decreased abruptly during
the first 3–9 s of stimulation and thereafter increased, reaching a
maximum about 20 s later. The depolarization phase of the SWP
occurred during the rapid force increase on the probe. After
reaching a maximum about 10 s after lasing, a decrease in force
on the probe was apparent (SI Appendix, Fig. S2 B and C). Our

findings were therefore broadly comparable to previous data
from burning leaves (7). We expected similar results when plants
were damaged by insects.

Insect Feeding-Induced Petiole Surface Deformation
To test whether P. brassicae feeding on leaf 8 caused defor-
mations on distal leaf 13, a force sensor and an electrode were
placed on this leaf on WT plants (Fig. 2A). When P. brassicae
severed the leaf 8 petiole, force decreases and SWPs appeared at
leaf 13 (Movie S2). That is, while insect-induced SWPs on leaf 13
had similar structures to those elicited by the laser, lasing elicits
tissue motions of an opposite vector to those generated in re-
sponse to feeding herbivores. We speculate that this difference
may be due to heat-driven water expansion or phase change
during lasing. Averaging both outputs after insect damage revealed
that the decrease of force monitored on leaf 13 started coinci-
dently with the electrical signal (Fig. 2B). Regression analysis in-
dicated that depolarization duration and latency to the
electrical depolarization minimum correlated with force changes
(SI Appendix, Fig. S3). When leaf 8 was wounded we detected no
significant force changes on leaf 9, a leaf that does not display
SWPs when leaf 8 was wounded (8) (Fig. 2C).
To further examine the relationship of P. brassicae-induced

force decreases and electrical activity, measurements were made
on the glutamate receptor-like (glr) glr3.3 glr3.6 double-mutant that
cannot propagate SWPs to distal leaf 13 (8). When electrical ac-
tivity and force changes in response to insect damage to leaf 8
were monitored on leaf 13 (Fig. 2D and SI Appendix, Fig. S4) the
averaged amplitude of force changes in leaf 13 of glr3.3 glr3.6
mutants was 40 ± 20 μN compared to 70 ± 31 in the WT. That is,
the major force changes detectable on the surface of leaves distal
to insect damage sites were GLR-dependent. Quantitative time-
lapse microscopy was used to verify these results. The precision of
the method provided reliable detection of height changes greater
than 2 μm (SI Appendix, Fig. S5 A and B). Using the experimental
design in SI Appendix, Fig. S5C a petiole surface area of 2.1 mm2

was monitored during distal insect feeding (SI Appendix, Fig.
S5D). In the undamaged WT, changes in leaf 13 petiole surface
elevation were below the precision of the method (SI Appendix,
Fig. S6A). When insects fed on leaf 8 of the WT, decreases in leaf
13 petiole elevation were detected (SI Appendix, Fig. S6B). Im-
portantly, similar deformations were undetectable in both un-
damaged or insect-damaged glr3.3 glr3.6 (SI Appendix, Fig. S6 C
and D). Further analyses confirmed that the rate of elevation
decrease on petiole 13 was greater in the insect-damaged WT than
in glr3.3 glr3.6 (SI Appendix, Fig. S6 E and F). SI Appendix, Fig.
S6G shows that the relative petiole surface elevation on leaf 13

Fig. 1. Insect damage to the basipetal leaf midvein triggers leaf-to-leaf electrical signals. (A) Leaves are numbered from oldest (1) to youngest. P. brassicae
larva feed in a chamber surrounding leaf 8. A surface electrode (black dot) on leaf 8 is placed 2–3 mm from the edge of the chamber. A second electrode is
placed on the petiole of leaf 13. (B) Extent of P. brassicae damage on leaf 8 (red-shaded area on the scheme of leaf 8) and corresponding electrical signals in
leaves 8 and 13. One representative set of traces is presented of 4 plants tested for each feeding pattern. (C) Leaf 8, indicating points of induction of surface
potentials (SPs; red circles) in leaf 13 during feeding of P. brassicae and S. littoralis (see Movie S1 as an example).
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decreased by an average of 2.4 μm as a consequence of insect
feeding on leaf 8 in the WT.

Force Measurements on Exposed Veins
Surgically exposed midveins can conduct leaf-to-leaf SWPs (9).
Microgripper force sensors were used to investigate possible distal
vein deformation in response to insect feeding (SI Appendix, Fig.
S7A). These experiments necessitated working on midveins thin-
ner than those in leaf 8. Therefore, we wounded leaf 11 and chose
leaf 6 as the distal target leaf (SI Appendix, Fig. S7B). No vein
deformations were detected in the unwounded WT plant (SI
Appendix, Fig. S7C). Insect damage to leaf 11 caused positive force
changes in the WT (SI Appendix, Fig. S7D) but not in glr3.3 glr3.6
(SI Appendix, Fig. S7E). Data averages from leaf 6 of undamaged
plants (SI Appendix, Fig. S8A) and P. brassicae-damaged plants (SI
Appendix, Fig. S8B) revealed force change rates of ∼0.14 μN per
min in the exposed midvein of insect-damaged plants. These rates
were reduced nearly 3-fold in glr3.3 glr3.6 (SI Appendix, Fig. S8C).
The vein therefore acts in an opposing manner to extravascular
tissues, and GLR-dependent positive pressure in the WT vein
would be expected to be exerted on extravascular tissues in
response to wounding. Petiole surface deformations occurred
in synchrony with SWPs. We assume that these deformations de-
pend on water fluxes associated with membrane depolarization and
repolarization during the SWP. If so, the largest of these water
fluxes might occur outside the vasculature.

Xylem Integrity Mutants Restructure SWPs and Alter Tissue
Deformations
Pressure changes in the xylem have been implicated consistently
in SWP initiation (10–13). Two irregular xylem (irx) mutants (18–
20) were used to test whether vessel wall modification might

affect electrical signaling, thereby affecting damage-stimulated
leaf deformations. The mutants used, irx3 and irx5 (SI Appendix,
Fig. S9A), affect secondary cell wall properties through mutations
in cellulose synthase subunits CesA7 and CesA4, respectively (21).
Transmission electron microscopy of midvein sections revealed
that while the WT and glr3.3 had similar vessel structures, those in
irx5 and irx5 glr3.3 were deformed (SI Appendix, Fig. S9 B and C).
In the WT, vessel-apposed walls of the contact cell bulged slightly
into the vessel. This did not appear to be the case in irx5 (SI
Appendix, Fig. S9C). Monitoring of wound-stimulated electrical
activity and surface force changes in the irx mutants revealed that
SWP architecture was strongly altered relative to the WT. For
example, depolarization spikes (marked with asterisks in Fig. 3 and SI
Appendix, Fig. S10A) were detected prior to the main depolarization
phase in irx3 and irx5. Similar SWP-associated spike signals have been
reported in other species (3, 22). In irx3 and irx5, the slope of the
principal depolarization was reduced to ∼5 mV per second relative to
∼22 mV per second in the WT. In parallel, the rates of force changes
monitored on the surface of leaf 13 were attenuated in the irx mu-
tants relative to the WT (Fig. 3). Summarizing, petiole tissue de-
formations correlated with electrical signals and quantitative analyses
revealed that both were affected by extracellular matrix properties
that were detectable in the xylem (SI Appendix, Fig. S10 B and C).
We did not investigate whether the irx mutants also affected
phloem cell wall properties, and this remains a possibility.
Epistasis studies were then performed with irx and glr mutants

(SI Appendix, Fig. S11A). In irx5, irx5 glr3.3, and irx5 glr3.6 the
SWP apparent velocity was reduced relative to the WT and to the
glr single-mutants. Strikingly, the ∼7 cm per minute apparent velocity
of the SWP in the WT was reduced to 1 cm per minute in irx5 (SI
Appendix, Fig. S11B). Both irx5 glr double-mutants reduced the electrical
signal amplitude to a greater extent than did the single-mutants

Fig. 2. Insect-induced electrical signals correlate with petiole deformations. (A) P. brassicae larva in chamber containing leaf 8. A surface electrode was
placed on leaf 8 (red dot) petiole. The microforce-sensing probe (blue cross) and surface electrode (black dot) on leaf 13 or leaf 9 were placed at an interval of
3 mm. Force measurements and surface-potential recordings were made at 33 Hz, i.e., 6,600 measurements in the 200-s recording period. (B) P. brassicae-
induced mean force changes and associated SPs (solid lines) from leaf 13 of the WT. (C) Mean force traces from leaf 9 (blue solid line) of the WT during
P. brassicae feeding on leaf 8. Mean SPs from leaf 8 (red solid line) and hyperpolarizations from leaf 9 (black solid lines). (D) P. brassicae-induced force changes
on leaf 13 (blue solid line) of the glr3.3 glr3.6 double-mutant. Surface-potential traces from leaf 8 (red solid line) and leaf 13 (black solid lines) in the double-
mutant. For glr3.3 glr3.6, SP depolarization minima on leaf 8 were used for point-to-point averaging of force changes in leaf 13. SD envelopes (shaded area
delimited by dashed lines) were from 9 independent pairs of measurements.
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(SI Appendix, Fig. S11C), whereas combining irx5 with glr3.3 or
glr3.6 did not alter signal duration relative to that seen in the single-
mutants (SI Appendix, Fig. S11D). A feature of plants harboring the
irx5 allele was a reduced slope of the SWP depolarization phase
relative to rapid depolarization in the WT (SI Appendix, Fig. S11E).
A primary role of the SWP in Arabidopsis is to activate the

jasmonate pathway in leaves distal to wounds (8, 9). Although
clade 3 glr double-mutants eliminate the SWP, it is not known
whether less severe restructuring of the SWP using alternative
mutational approaches would affect jasmonate pathway activation.
To test this, the JAZ10 marker gene (23) was used to monitor
jasmonate signaling activity in leaf 13 after insect feeding on leaf 8.
All mutants affected insect-induced JAZ10 levels (SI Appendix, Fig.
S11F) but not JAZ10 levels in undamaged plants (SI Appendix, Fig.
S11G). Even though the irx5 glr3.3 and irx5 glr3.6 strongly attenu-
ated distal SWPs they did not completely suppress JAZ10 induction
following wounding. Together with previous work, these results reveal
features of the SWP that might determine JA pathway activation. The
irx mutants used herein reduced the initial membrane depolarization
rate as well as the overall velocity of the SWP, but relatively high
JAZ10 transcript inductions were still observed. Therefore, depo-
larization slope and SWP velocity do not appear to control jasmonate
pathway induction. Recent work on proton pump mutants (24)
suggests that the duration of the repolarization phase is one of the
factors determining the extent of SWP-activated jasmonate signaling.

Mechanism of SWP Propagation
Two predominant hypotheses have emerged for the role of the
xylem in the SWP. First, fast, injury-associated increases in intra-
vessel fluid pressures might trigger membrane depolarization (e.g.,
refs. 10–13). Although we cannot exclude the possibility that in-
trinsic vessel deformability (25, 26) might attenuate xylem pres-
sure changes in the WT, we did not detect rapid (millisecond)
wound-response force changes in the exposed primary vascula-
ture of these plants. Therefore, our results do not fit models in
which rapid, wound-response changes in xylem water pressure
would propagate at high speeds to activate electrical events in
Arabidopsis (10, 11, 13). A second hypothesis for SWP propaga-
tion is that xylem vessels act as conduits to allow chemical elicitors
produced at wound sites to be carried rapidly to distal sites (e.g.,
ref. 15). Our results are compatible with this hypothesis, since a
loss of vessel integrity as seen in irx mutants might reduce leaf-to-
leaf elicitor transport. However, we do not rule out additional
roles of the xylem, for example, in water potential or cell/tissue

pressure maintenance which might affect electrical signaling. We
note that the primary pulvini of M. pudica contain a highly special-
ized xylem that is thought to have high hydraulic conductance and
which is flexible, allowing pulvinar bending during the SWP (27).

Parallels with Mimosa pudica
One cannot fail to notice an overall similarity between the ar-
chitecture of SWPs in A. thaliana and damage-induced distal
petiole movements inM. pudica. In woundedM. pudica, both the
collapse of membrane potential and the collapse of distal primary
pulvini occur rapidly, while membrane potentials and the resto-
ration of petiole angle relative to the stem recover slowly (28). We
monitored damage-induced M. pudica leaf movement and SWPs
simultaneously (Fig. 4 A and B and Movie S3), noting that col-
lapsed leaves began to regain their original elevations in less than
10 min after wounding a distal leaf. We next looked for free-leaf
motions in insect-damaged wild-type A. thaliana. To do this, leaves
distal to wounds were video-monitored. Unlike in experiments
with force probes in which a leaf distal to a wound was immobi-
lized, this allowed whole-leaf movement. Slow, downward motions
lasting at least 15 min were detected in Arabidopsis leaves distal to
feeding insects (Fig. 4 C andD, SI Appendix, Fig. S12 A and B, and
Movie S4). These movements were observed in the WT but
appeared to be reduced in glr3.3 glr3.6 (SI Appendix, Fig. S12C).
Distal leaves of theWT that share direct vascular connections with
leaves on which insects are feeding accurately report this damage.
Indeed, inspection of Movie S4 shows that each electrical signal
reaching leaf 13 causes movement in this leaf: the longer the
membrane depolarization event, the clearer the downward leaf
movement. However, the Arabidopsis leaves did not begin to regain
their original elevations 15 min after beginning to collapse. That is,
we find a stronger parallel between petiole tissue deformation in
Arabidopsis (Fig. 2B) and whole-leaf movement in Mimosa (Fig.
4B) than in whole-leaf movements in the 2 plants (Fig. 4 B and D).

Herbivory Alters Daily Leaf Motions
Plants are in motion as they grow and compete for light, water,
or pollinators in an ever-changing environment. These daily move-
ments include nutations, nasties, and tropisms. Tropic movements
rely on differential growth (2), and the mechanisms underlying
certain nastic movements (29–31) and those of some nutations (32)
are emerging. As exemplified in Arabidopsis, the movements of
bilateral organs such as leaves can be particularly complex. The
leaves of 2- to 3-wk-old plants show diel nastic movements at

Fig. 3. Xylem morphology mutants affect electrical signals and deformation kinetics in leaf 13. Comparison of force changes and associated SPs (solid lines)
for WT, irx3, and irx5 mutants. Experimental setup as in Fig. 2A. P. brassicae larvae were allowed to feed on leaf 8, and force changes and surface potential
were measured on leaf 13. Both parameters were measured at 33 Hz. Individual traces were averaged according to the first SP depolarization minimum. For
irx mutants, mean (solid lines) and SD envelopes (shaded area limited by dashed lines) were from at least 11 independent pairs of measurements. Asterisks
indicate depolarization spikes in irx mutants.
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petiole bases and at lamina/petiole junctions as well as nutations
during periods of upward leaf movement (16). In addition, there
are overlapping diel leaf growth phases that depend on the
length of the photoperiod (16). Adding further complexity, when
Arabidopsis leaves encounter obstacles (such as other leaves),
auxin-driven hyponastic movements are accentuated (30, 31).
We show that these daily leaf movements can be interrupted
abruptly when feeding insects trigger slow wave potentials. As

the electrical signal passes through the plant, the petiole deforms
transiently over several minutes reflecting the duration of the
SWP. Then, a slow downward motion of the whole leaf is detect-
able, possibly reflecting a cessation of growth and a commitment to
defense. The petiole deformation phase (and possibly the more
sustained whole-leaf movements) is likely to be driven by trans-
membrane water fluxes that are linked to ion currents during
electrical signaling. We assume that SWP-associated water fluxes
occur in extravascular tissues, since, unlike petiole surface de-
formation, primary vein deformation was found to be slow and did
not reflect the SWP architecture.
Herbivores cause leaf vibrations as they feed. Previous work

using Pieris rapae (which is closely related to P. brassicae used in
our study) employed Doppler vibrometry to detect feeding-induced
vibrations in Arabidopsis (33). Using this technique, the authors
were able to capture rapid bursts of vibration in the attacked leaf.
These vibration bursts occurred ∼4 times per second and probably
correlate with rapid mandible movements (chewing). In the same
study, similar, albeit highly attenuated movements were detected
on a distal leaf positioned roughly opposite to the leaf under at-
tack. As expected due to their rapid propagation, these vibrations
occurred almost simultaneously with those on the attacked leaf
(33). The methods we used in the present study did not detect
these rapid volleys of feeding-associated vibration. Instead, we
picked up petiole deformations that correspond with the SWP and
whole-leaf movements that occurred after arrival of the electrical
signal. We therefore detected processes that are both different to
and much slower than those detected by Appel and Cocroft (33).
In summary, 2 wound-associated motions were discovered in

Arabidopsis leaves. We conclude that it is the cryptic petiole
deformation and not the whole-leaf movement that most closely
resembles wound-induced leaf movement in the sensitive plant
M. pudica. While the physical basis of plant tissue deformation is
increasingly well known (34), the genetic bases of these phenom-
ena in leaves are less understood. In this respect, it is notable that
that the deformations were attenuated in glr3.3 glr3.6 mutants.
Studying insect-triggered deformations and movements in plants
like Arabidopsis has the potential to yield mechanistic insights into
electrical signaling. The further study of electrical signal-associated
tissue deformations in different mutant backgrounds (for example,
cell wall integrity mutants that affect various classes of polysac-
charides rather than lignification) will be informative. We note that
local heat damage and insect feeding cause different tissue de-
formations. To trigger slow wave potentials, it will be important to
use stimuli similar to those that might be encountered naturally
during the life of the plant in question.

Materials and Methods
Arabidopsis used were in the Col background. Methodology for plant cul-
ture, insect assays, deformation and surface potential measurement, video
recording, and electron microscopy are presented in SI Appendix, Materials
and Methods.

Data and Materials Availability. All data underlying the study are available in
the paper or SI Appendix.
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