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Sap is driven through phloem sieve tubes by an osmotically generated pressure gradient between source and sink tissues. In
many plants, source pressure results from thermodynamically active loading in which energy is used to transfer sucrose (Suc)
from mesophyll cells to the phloem of leaf minor veins against a concentration gradient. However, in some species, almost all
trees, correlative evidence suggests that sugar migrates passively through plasmodesmata from mesophyll cells into the sieve
elements. The possibility of alternate loading mechanisms has important ramifications for the regulation of phloem transport
and source-sink interactions. Here, we provide experimental evidence that, in gray poplar (Populus tremula X Populus alba), Suc
enters the phloem through plasmodesmata. Transgenic plants were generated with yeast invertase in the cell walls to prevent
Suc loading by this route. The constructs were driven either by the constitutive 35S promoter or the minor vein-specific galactinol
synthase promoter. Transgenic plants grew at the same rate as the wild type without symptoms of loading inhibition, such
as accumulation of carbohydrates or leaf chlorosis. Rates of photosynthesis were normal. In contrast, alfalfa (Medicago sativa)
plants, which have limited numbers of plasmodesmata between mesophyll and phloem, displayed typical symptoms of
loading inhibition when transformed with the same DNA constructs. The results are consistent with passive loading of Suc
through plasmodesmata in poplar. We also noted defense-related symptoms in leaves of transgenic poplar when the plants
were abruptly exposed to excessively high temperatures, adding to evidence that hexose is involved in triggering the

hypersensitive response.

In the mid-1930s, several laboratories discovered
that sugar concentrations are higher in the phloem
than in mesophyll cells, where the sugar is synthesized
(Crafts, 1961). These findings led to the concept of
thermodynamically active phloem loading, in which
Suc and other transport compounds are transferred
into the sieve tubes against a concentration gradient.
The idea was rapidly accepted, in part because it was
consistent with the pressure flow hypothesis proposed
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earlier by Miinch (1930). Miinch (1930) had suggested
that sap is propelled through the sieve tubes by a
pressure gradient between the leaves (sources) and
sinks (Patrick, 2012; De Schepper et al., 2013; Stroock
et al., 2014), and because elevated solute levels increase
hydrostatic pressure, it was reasonable to assume that
the energy used to load the phloem generates the
pressure at the source end of the transport stream
needed to drive long-distance transport.

However, it is important to note that the hypothesis
by Miinch (1930) predated the discovery of active
phloem loading. Miinch (1930) assumed that the up-
stream pressure is generated in the mesophyll cells and
not the phloem and that carbohydrate is carried pas-
sively from the mesophyll into the sieve tubes (Miinch,
1930). The two hypotheses, active and passive loading,
lead to different perspectives on several important
aspects of phloem physiology, including the regulated
entry of ionic and molecular species into the transport
system and the mechanisms of source-sink signaling.

We provide evidence here that phloem loading of
Suc in poplar (Populus tremula X Populus alba) is pas-
sive, as envisioned by Miinch (1930). The reason for
choosing poplar for study is that there is correlative
evidence consistent with a passive loading mechanism
in this species. First, the mesophyll cells and minor
vein phloem of poplar are linked by plasmodesmata
that are much more dense than those at the same in-
terfaces in plants known to load through the apoplast
(Russin and Evert, 1985). Second, the osmotic potential
of the sieve element-companion cell complex in the
minor veins, estimated by plasmolysis, is lower than
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commonly found in herbaceous plants and in the same
range as that of the mesophyll cells (Russin and Evert,
1985). In species that load actively, the osmotic po-
tential in the phloem is generally, but not always, well
above that in the photosynthetic cells.

Although these data are suggestive, they are only
correlative and for several reasons, inconclusive (see
“Discussion”). In the studies reported here, we exper-
imentally tested the hypothesis of passive loading in
poplar by introducing yeast invertase to the apoplast
of transgenic plants. Invertase in the cell walls inhibits
apoplastic loading by hydrolyzing Suc en route to the
phloem (von Schaewen et al., 1990; Dickinson et al.,
1991; Heineke et al., 1992). For comparison, we conducted
the same experiments on alfalfa (Medicago sativa),
which on the basis of low plasmodesmata numbers in
the minor vein phloem (Gamalei, 1991), loads from the
apoplast. Invertase-expressing alfalfa exhibited well-
documented symptoms of loading inhibition: elevated
foliar sugar and starch, leaf chlorosis, and slow growth.
In contrast, transgenic poplar grew normally and ac-
cumulated little, if any, excess sugar and starch in the
leaves, and it did so even under high light conditions,
where sugar synthesis is most active and the loading
mechanism is most challenged. The results are consis-
tent with passive, symplastic (through plasmodesmata)
phloem loading in poplar.

RESULTS
Effects of Cell Wall Invertase on Alfalfa

In previous studies, it has been shown that the
proteinase inhibitor II signal peptide fused to yeast
invertase (PI-INV) targets the translated enzyme to cell
walls (von Schaewen et al., 1990; Dickinson et al., 1991;
Heineke et al., 1992). A construct of this nature, using
the constitutive Cauliflower mosaic virus 35S promoter
to drive expression (355::PI-INV), was used to generate
transgenic alfalfa plants.

Cell wall invertase enzyme activity was assayed
using a simple leaf disc procedure. Leaf discs (4.0-mm
diameter) were washed extensively in buffer to remove
contamination from cut cells and then placed indivi-
dually on 200-uL drops of Suc (100 mm). Hexose in the
drops was measured 30 min later. Total invertase was
also measured by conventional methods in leaf tissue
ground to a fine powder in liquid nitrogen.

Of 35 alfalfa plants transformed with 35S::PI-INV, 17
plants had invertase activities higher than those mea-
sured in mature leaves of wild-type plants using both
assay techniques (Fig. 1). The highest enzyme levels
based on the leaf disc assay were approximately 42-fold
greater than the wild type values (Fig. 1A). Alfalfa
plants with the highest invertase levels in the leaf disc
assay also had the highest total invertase levels (Fig.
1C), and both parameters correlated well with the
amount of yeast invertase mRNA (Supplemental Fig.
S1A). As expected if the transgenic invertase resides
in the cell walls, the proportional increase in enzyme
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Figure 1. Cell wall invertase activity in wild-type (WT) and transgenic
(35S::PI-INV) alfalfa (A and C) and poplar (B and D) lines. Cell wall
invertase in A and C is measured by the leaf disc assay. Total invertase
activity in C and D is measured in pulverized leaf tissue. Error bars are
sems (n =10 in A and B; n =3 in C and D). fr.wt, Fresh weight.

levels compared with the wild type was more pro-
nounced in the leaf disc assay than in the assay mea-
suring total invertase activity.

When grown in a greenhouse or a chamber under
low (300 Mmol photons m™ " s I or high (800 umol
photons m 2 s7") light conditions, 13 of 35 transgenic al-
falfa plants exhibited leaf chlorosis. Chlorosis is a pheno-
type associated with the inhibition of phloem loading. The
alfalfa plants that did not develop chlorosis were those
with the lowest invertase levels. As noted in other
studies of this type (von Schaewen et al., 1990; Dickinson
et al., 1991; Heineke et al.,, 1992), chlorosis developed
basipetally in growing leaves in the same direction as
the sink-source transition and became progressively
more acute with leaf age. In transgenic alfalfa growmg
in a high light chamber (800 umol photons m 2571, the
sugar and starch concentrations increased many fold
compared with wild-type plants (Fig. 2A). Residual
starch in leaves of alfalfa kept in the dark for 72 h was
still visible after staining with iodine-potassium iodide
(Fig. 3). Photosynthesis was also severely inhibited in
the transgenic plants (Fig. 4A).

Effects of Cell Wall Invertase on Poplar

Poplar leaf tissue was transformed with 355::PI-INV,
and regenerated plants were screened by reverse
transcription-PCR and the leaf disc assay. Invertase
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Figure 2. NSCs in mature leaves of wild-type (WT) and transgenic
(355::PI-INV) alfalfa (A) and poplar (B) lines measured at the end of the
day (D) and night (N). Error bars are sems (n = 3).

levels were lower in wild-type poplar than in wild-
type alfalfa. Of more than 200 independently trans-
formed poplar plants, approximately 50% exhibited
invertase levels greater than the levels detected in
wild-type plants. As with alfalfa, enzyme activities
were elevated as much as 42-fold in many of the
transgenics measured either by the leaf disc assay (Fig.
1B) or in ground tissue (Fig. 1D). Increases in invertase
activities correlated well with yeast invertase mRNA
levels (Supplemental Fig. S1B). To determine the cell
types in which the 35S promoter is active, we trans-
formed additional plants with 355:GUS. As in other
species, the 355 promoter is constitutive in poplar leaves,
with higher activity levels in the veins (Supplemental
Fig. S2).

None of more than 200 poplar trees transformed
with the 355::PI-INV construct displayed evidence of
leaf chlorosis when grown under stable conditions (see
below), even in the greenhouse in the middle of the
summer at photon flux densities exceeding 1,000 umol
photons m™ 2 s™! in the middle of the day. For phe-
notypic characterization, four independent transgenic
poplar lines with the highest levels of invertase activity
were selected. There were no discernable differences
in the overall morphology of the transgenic and wild-
type plants. Heights were the same, and leaves
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reached the same dry weights over the same devel-
opmental periods (Fig. 5). Leaf initiation periods, de-
termined by the leaf plastochron index (Erickson and
Michelini, 1957), were the same (1.12 * 0.07 [sE; n = 4]
and 1.14 = 0.06 [sE; n = 4] d/leaf) for wild-type and
transgenic plants, respectively.

Sugars and starch were measured in mature leaves
to determine if these nonstructural carbohydrates
(NSCs) accumulate in the transgenics (Fig. 2B). In
contrast to alfalfa, where NSC concentrations were far
higher in transgenics than the wild type, NSC levels in
transgenic poplar lines did not differ substantially
from those in wild-type plants. Although starch levels
tended to be slightly higher than in the wild type in
some lines at the end of the day, this was not always
the case (e.g. line Pta-35510), and by the end of the
night, starch in all lines except Pta-3558 declined to the
levels measured in wild-type plants. The rate of pho-
tosynthesis was the same in wild-type and transgenic
poplar lines, except Pta-35S8, in which the rate was
10% lower than in wild-type leaves of the same age
(Fig. 4B). In Pta-3559 and Pta-35510, two transgenic
lines with similar levels of invertase activity as Pta-
3558, both photosynthesis and carbohydrate content
were comparable with the wild type (Figs. 2B and 4B).

Figure 3. Photographs (A and C) and starch staining (B and D) of
mature wild-type (A and B) and transgenic (C and D; 35S5:PI-INV;Ms-
35571) alfalfa leaves. The plants were placed in the dark at the end of
the light period, and leaves were photographed and stained 72 h later.
Transgenic leaves retain their starch, even after this prolonged dark-
ness. Note the chlorosis at the edges of the leaves in C. Bars = 1 cm.

Plant Physiol. Vol. 166, 2014
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Note the substantially higher concentration of foliar
Suc in wild-type poplar (Fig. 2B) compared with wild-
type alfalfa (Fig. 2A). In poplar, the difference in NSC
at the end of the day and night is almost entirely
accounted for by starch, whereas Suc concentrations
remain almost constant over the 24-h period.

To determine whether overexpression of apoplastic
invertase alters the composition of sugars transported
in the phloem, mature leaves were exposed to *CO,
for 15 min, and 45 min later, the petioles were collected
for analysis. *C-hexose proportions in the petioles
were slightly elevated in the transgenics, but approx-
imately 85% to 90% of the radiolabel was in the form of
["*C]Suc (Supplemental Fig. S3).

To test the effect of introducing cell wall invertase
directly to the companion cells of minor veins, addi-
tional poplar plants were transformed with the PI-INV
gene fusion, which was driven in this case by the
melon galactinol synthase promoter (CmGAS::PI-INV).
The CmGAS promoter activates expression specifically
in minor veins in the species that have been tested, and
this is also the pattern in poplar (Slewinski et al., 2013).
Two lines (Pta-GAS5 and Pta-GAS8) were determined
to have significantly higher activities of apoplastic in-
vertase than wild-type poplar. Invertase activities and
mRNA levels in these lines were considerably lower
than in plants transformed with the 35S-driven con-
struct, which was expected given the restriction of the
CmGAS promoter activity to minor vein phloem that
constitutes approximately 1% of leaf tissue. Nonethe-
less, these levels were consistently higher than in the
leaves of wild-type plants (Supplemental Fig. S4A). In
these lines, there was no evidence of leaf chlorosis or a
reduction in growth rate, and starch disappeared com-
pletely by the end of the night (Supplemental Fig. S5E).
Rates of photosynthesis were indistinguishable from
those of wild-type plants (Supplemental Fig. S4B). NSCs
did not accumulate; indeed, Suc levels in Pta-GAS5
leaves (those with the highest invertase levels) were sig-
nificantly lower than in wild-type plants at both the
end of the day and the end of the night (Supplemental
Fig. 54C).

Plant Physiol. Vol. 166, 2014

Because the invertase levels in CmGAS:PI-INV
plants were considerably lower than in those in which
expression was driven by the 355 promoter, we
transformed tobacco (Nicotiana tabacum), known to
load apoplastically (von Schaewen et al., 1990), with
the CmGAS::PI-INV construct. Again, cell wall inver-
tase levels were only 2 to 4 times higher than back-
ground, comparable with the overexpression in poplar,
but the transgenic tobacco plants displayed clear indi-
cations of transport inhibition, including chlorosis and
carbohydrate overaccumulation in leaves (Supplemental
Fig. S5B).

Hypersensitivity of Transgenic Poplar to
High Temperature

As described above, transgenic poplar plants with
the highest levels of apoplastic invertase grew nor-
mally, even under high photon flux densities in the

600 - — T
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Figure 5. Leaf dry weight in wild-type (WT; solid lines) and transgenic
(35S::PI-INV; dashed lines) poplar plants. Leaf number 1 is the oldest
leaf with a petiole shorter than 1.0 cm. Three wild-type and transgenic
lines were used in the measurements.
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greenhouse in the middle of the summer. However,
on one occasion, we noted the appearance of severe
chlorotic symptoms in the leaves of 35S::PI-INV
transgenic but not wild-type or CmGAS::PI-INV
transgenic poplar 2 d after a period of extreme green-
house temperatures exceeding 40°C in the middle of the
day. This chlorosis did not develop in the basipetal
direction in maturing leaves. Rather, it appeared
uniformly and rapidly in both immature and mature
leaves. In subsequent control experiments, we were
able to induce sudden necrosis in 35S::PI-INV trans-
genic but not wild-type or CmGAS::PI-INV transgenic
plants by transferring them between growth chambers
held at 28°C/23°C and 40°C/35°C day-night cycles.
The leaves developed necrotic lesions within 2 d.
When the temperature was lowered to a 28°C/23°C
day-night cycle and held constant, the new leaves that
developed in that temperature regime were normal in
appearance.

These observations suggested to us that the trans-
genic plants had suffered from the activation of
defense-related responses as described by Herbers
et al. (1996) in invertase-expressing tobacco. Other
studies have also shown that constitutive expression of
apoplast-localized invertase may activate the defense
status of the plant (von Schaewen et al., 1990; Roitsch
and Gonzalez, 2004; Berger et al., 2007). To test this
hypothesis, we analyzed the expression of three
pathogenesis-related (PR) genes (PR-Q, PR-1b, and
Phe ammonia lyase [PAL]) in leaf tissue harvested
from plants growing under high temperature or nor-
mal temperature in both wild-type and transgenic
plants (Fig. 6, A and B). The PR genes were expressed
in all transgenic plants, even those growing under
stable conditions (28°C/23°C day-night cycle), but
expression was considerably higher in the leaves of
plants exposed to an abrupt transfer to high temper-
ature (40°C/35°C day-night cycle).

Because callose accumulates in various tissues of
plants under stress, we stained leaf tissue of plants
grown under different conditions with the callose-
specific stain aniline blue. Callose staining was stron-
ger in veins of 355::PI-INV transgenic plants (Fig. 6E)
than in wild-type plants (Fig. 6C) when grown under
stable conditions (28°C/23°C day-night cycle). Four
days after transfer to 40°C/35°C day-night cycle,
staining was increased (Fig. 6, D and F), especially in
the transgenic tissue (Fig. 6F).

DISCUSSION

Thermodynamically active Suc loading by the
phloem can take two forms: one apoplastic and the
other symplastic. In apoplastic loading, a proton gra-
dient drives Suc from the cell wall space into the minor
vein phloem through transporter proteins located on
the plasma membranes (Patrick, 2012; De Schepper
et al., 2013; Stroock et al., 2014). In polymer trapping,
Suc is hydrolyzed in the companion cells, allowing it
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Figure 6. Responses of wild-type and transgenic (355::PI-INV) poplar
to elevated temperatures. A and B, Expression of defense-related genes
in leaves of the wild type (Pta-WT) and four transgenic lines. Plants
were grown at a 28°C/23°C day-night cycle and then exposed for 4 d to
either the same temperature regime (A) or a40°C/35°C day-night cycle
(B). C-F, Callose staining in leaf tissue of the wild type (C and D) and
the transgenic line Pta-35S2 (E and F). Plants were grown at a 28°C/
23°C day-night cycle and then exposed for 4 d to either the same
temperature regime (C and E) or a 40°C/35°C day-night cycle (D and F).
Tissue is stained for callose (blue) against a background of chlorophyll
fluorescence (red). PR-Q, PR-1b, and PAL are defense-related genes (in
the text). EF, Elongation factor.

to enter the phloem through plasmodesmata down its
concentration gradient; the synthesis of larger mole-
cules, raffinose and stachyose, prevents backflow into
the mesophyll (De Schepper et al., 2013). Polymer
trapping is also an active loading mechanism in the
sense that energy used to synthesize raffinose and
stachyose elevates phloem sugar concentrations to
levels above those in the mesophyll.

On the basis of plasmodesmatal numbers, it is rea-
sonable to postulate a symplastic phloem loading
pathway in poplar (Russin and Evert, 1985). However,
poplar does not use the polymer trap mechanism; it
transports raffinose and stachyose but in much lower
concentrations relative to Suc than polymer trap spe-
cies (Zimmermann and Ziegler, 1975). Also, the plas-
modesmata linking the mesophyll to the phloem,

Plant Physiol. Vol. 166, 2014



although numerous, do not have the characteristic
asymmetric branching pattern seen in the cucurbits and
other plants that load by polymer trapping (Russin and
Evert, 1985).

If poplar loads symplastically but does not have a
trapping mechanism, it is reasonable to postulate that
the process is passive in the sense that Suc diffuses or
flows through plasmodesmata into the phloem with-
out a concentration step. This hypothesis is supported
by plasmolysis data indicating that the osmotic po-
tentials of the mesophyll and the phloem are approx-
imately the same (500-600 mosmol L™'; Russin and
Evert, 1985). In active phloem loaders, the osmotic
potential of the minor vein phloem approaches or ex-
ceeds 1000 mosmol L' (Beebe and Evert, 1992). A
passive loading mechanism, driven by high Suc levels,
is also consistent with the much greater standing
concentration of Suc in poplar leaves than alfalfa (Fig. 2),
a concentration that changes little throughout the day
and night.

However, these data are correlative only; they do
not prove that loading is passive. The physical pres-
ence of plasmodesmata does not necessarily mean that
they are open to the passage of Suc, because plasmo-
desmata are highly regulated and, in some circum-
stances, closed to small molecules (Maule et al., 2011).
Also, although the osmotic potentials of the mesophyll
cells and the minor vein phloem cells are approxi-
mately the same in poplar, this does not rule out active
loading. There could still be an uphill concentration
gradient of Suc between the mesophyll cell cytosol and
the phloem that is not detected by the plasmolysis
technique, which only measures total osmotic poten-
tial. Even if the Suc concentration gradient is shown
to be downhill into the phloem, this does not neces-
sarily rule out active loading, which can take place no
matter the concentration on the proximal side of the
transporter.

Apoplastic loading has to be ruled out by experi-
mentation. One strategy that has been used to test the
apoplastic loading hypothesis is to down-regulate or
eliminate Suc transporter function, which results in
symptoms of transport inhibition, including hyper-
accumulation of carbohydrate, foliar chlorosis, and
slow growth (Riesmeier et al., 1994; Kiihn et al., 1996;
Biuirkle et al., 1998; Gottwald et al., 2000; Hackel et al.,
2006; Slewinski et al., 2009; Srivasava et al., 2009). The
difficulty in using this strategy in poplar is that six Suc
transporters have been identified in the poplar ge-
nome, and their sites of expression and the functions of
the proteins are only partially understood (Payyavula
et al., 2011; Mahboubi et al., 2013). To show convinc-
ingly that transporters are not directly involved in
loading, it would be necessary to down-regulate all
of them simultaneously to avoid the possibility of
redundancy. Given that down-regulating even the
vacuolar transporter Suc transporter4 (SUT4) results
in the reduction of Suc export in source leaves
(Payyavula et al., 2011), it seems very likely that this
approach would result in pleotropic effects.
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Another strategy that has been used to test the
apoplastic loading model is to express invertase in the
apoplast. In the presence of invertase, Suc is hydro-
lyzed as it crosses the cell walls, depriving the Suc
transporter of its substrate. This experimental approach
has been used in tobacco, potato (Solanum tuberosum),
and tomato (Solanum lycopersicum), and in each case the
plants showed obvious symptoms of transport inhibi-
tion as described above (von Schaewen et al., 1990;
Dickinson et al., 1991; Heineke et al., 1992).

We used the invertase strategy to test the concept of
apoplastic loading in alfalfa and poplar using the same
construct described in the above studies in tobacco,
potato, and tomato. Yeast invertase, which is active
over a broad pH range, was targeted to the apoplast by
a potato proteinase inhibitor II signal peptide.

We included alfalfa as a control, because it is a putative
apoplastic loader based on limited symplastic continuity
between the mesophyll and minor vein phloem (Gamalei,
1991). Studying alfalfa also extends the range of plant
families analyzed by the invertase strategy beyond the
two families (Solanaceae spp. and Brassicaceae spp.) used to
date. As expected, transformed alfalfa plants expressing
yeast invertase in the apoplast suffered classical symp-
toms of loading inhibition.

Strikingly, phloem loading was not inhibited in
transgenic poplar plants, even those with the highest
levels of yeast invertase. Two lines of evidence indicate
that yeast invertase activity was restricted to the cell
walls of transgenic poplar. First, exogenous Suc was
readily hydrolyzed to hexose when leaf discs were
floated on Suc solution (Fig. 1). Second, if the exoge-
nous Suc provided in the leaf disc assay was actually
cleaved inside the leaf cells to come back out as hexose,
then the endogenous Suc in the cells, present in high
concentrations, should do the same. However, almost
no hexose was detected in the leaf disc assay unless
exogenous Suc was provided.

As long as the transgenic poplar plants were kept in
stable environmental conditions, they grew normally,
even in high light, with little or no evidence of
abnormal carbohydrate accumulation and without
chlorosis. Photosynthesis was not inhibited. The same
results were obtained whether the construct was
driven by the constitutive 35S or the CmGAS promoter.
We included experiments using the GAS promoter to
be certain that cell wall invertase is not inhibited spe-
cifically in the minor vein phloem, a conclusion that is
difficult to make with constructs driven by the con-
stitutive 355 promoter. Enzyme activity was detected
in the leaf disc assay, but this activity did not result in
inhibition of phloem loading. A similar up-regulation
of cell wall invertase activity in tobacco minor vein
phloem using the same construct did inhibit loading.

It has been reported that overexpression of yeast
invertase in the companion cell cytosol of potato re-
sults in the synthesis and transport of a novel trisac-
charide, 6-kestose (Zuther et al., 2004). To test whether
overexpression of cell wall invertase modifies the trans-
port sugars in poplar, we analyzed sugars extracted from
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the petioles of leaves exposed to '*CO,. No 6-kestose
was identified, and the experiment confirmed that Suc
is still the major transported sugar in the transgenic
poplar.

Although the transgenic poplar plants grew nor-
mally, they nonetheless reacted in certain ways to the
overexpression of invertase. This is to be expected,
because any transgenic modification has pleotropic
potential. When we provided '“CO, to leaves, we
noted more **C-hexose in the leaf blades and petioles
of transgenic plants than the wild type. Although it is
difficult to trace the origin of the additional radiola-
beled hexose, it could have resulted from hydrolysis of
[**C]Suc in the apoplast. Suc is constantly being leaked
into and retrieved from the apoplast (Srivastava et al.,
2008), and it is presumably cleaved to hexoses when it
encounters the abundant invertase present in the cell
walls of the transgenics.

The other more profound effect of invertase over-
expression is that the transgenic plants express
defense-related genes to a limited extent and are
primed to react to adverse environmental conditions
by further up-regulating these genes accompanied by
severe leaf chlorosis and necrosis. In apoplastic
loaders, no such environmental shock is required:
chlorosis is induced under even mild and stable con-
ditions. Herbers et al. (1996) ascribed this response in
tobacco to the activation of defense-related genes by
hexose sensing. Indeed, invertase has long been im-
plicated in plant-pathogen interactions (Keunen et al.,
2013). Subsequent to the article by Herbers et al. (1996),
Essmann et al. (2008) asked whether cell wall invertase
“is of any significance for successful plant defense in
cases where the apoplastic system is not involved in
the allocation of carbohydrates” (Essmann et al., 2008).
Our work with poplar provides an answer to that
question: cell wall invertase is still part of the defense
response in symplastic loaders, but the plants do not
react as readily as apoplastic loaders. Presumably,
some Suc leaks to the apoplast from the phloem and
other cells, which it does in all plants (see above). In
transgenic poplar, this leads to a minor up-regulation
of defense-related genes and limited callose deposition
in veins, although loading is unimpaired. Although
the plants appear normal, they are poised on the edge
of the hypersensitive response and can be driven to it
by an external shock, such as sudden exposure to high
temperature. It is possible that a high-temperature
shock causes leaf chlorosis by inducing the deposi-
tion of callose, which in turn, blocks phloem transport,
but this hypothesis will require additional testing.

In conclusion, the expression of cell wall invertase in
poplar impacts sugar metabolism, at least to a minimal
extent, and primes defense responses, but the plants
grow normally, with no measurable effects on photo-
synthesis or phloem transport. The results, especially
when considered against the backdrop of abundant
plasmodesmatal connections between cells and similar
osmotic potential along the loading pathway, are
incompatible with an apoplastic mode of phloem
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loading. The data support the concept that, in poplar,
Suc migrates passively through plasmodesmata from
the mesophyll cells to the minor vein sieve tubes.

MATERIALS AND METHODS
Plant Materials

Wild-type and transgenic hybrid poplar (Populus tremula X Populus alba)
and alfalfa (Medicago sativa) plants were grown in either a greenhouse at 800 to
1,400 pumol photons m 2 s™! or a growth chamber on 12-h/12-h day-night
cycles under two light conditions: low light (approximately 350 wmol photons
m~?s7") or high light (approximately 800 pmol photons m ™2 s™") with day-
night temperatures of 28°C/23°C. Individual poplar or alfalfa plants were
propagated by cuttings to make clonal plants used as technical replicates.

Apoplastic Invertase Vector Construction and
Plant Transformation

All plasmid constructions were by standard procedures. Enzymes and
reagents were from New England Biolabs, Invitrogen, and TaKaRa and used
according to the manufacturers’ instructions. The Cornell BioResource Center
performed sequencing reactions. Detailed procedures for construction of the
GAS-PILINV and 35S-PI-INV plasmids are in Supplemental Text S1. These
constructs were used for plant transformation to generate plants with elevated
invertase in the cell wall area of poplar and alfalfa. Poplar transformation
followed the procedure in Han et al., 2000. Alfalfa transformation followed the
procedure in Austin et al., 1995.

Invertase mRNA and Activity Measurement

To measure the mRNA expression of exogenous apoplast yeast invertase,
three samples were collected from each line for both wild-type and trans-
genic alfalfa and poplar. Primers used for quantitative analysis are listed in
Supplemental Table S1.

Total invertase activity in ground tissue was measured by standard
methodology (Dickinson et al., 1991). Liberated hexose was measured by the
bicinchoninate assay (Waffenschmidt and Jaenicke, 1987). To measure cell wall
invertase activity, 10 leaf discs (4.0-mm diameter) were randomly punched
from mature leaf tissue with a cork borer, avoiding major veins. The discs
were washed three times for a total of 10 min in sodium acetate buffer
(100 mm) at pH 5.0 to remove the contents of damaged cells and placed in-
dividually on 200-uL drops of Suc (100 mm) in the same buffer. Hexose was
measured by the bicinchoninate assay after 30 min of incubation in a shaker
(37°C) at 50 rpm.

Photosynthesis Measurement, Sugar Analysis, and
Starch Staining

A LI-COR 6400 (LI-COR Biotechnology) was used to analyze CO, uptake in
the first three fully expanded leaves of each plant at 800 umol m 2 s™! with a
CO, concentration of 360 umol m 2 s™". Sugars and starch were analyzed as in
Li et al., 2012. To stain the starch in the leaves of alfalfa and poplar, the har-
vested leaves were cleared in 70% (v/v) ethanol and stained by Lugol’s iodine.

Semiquantitative Analysis of the Expression of PR
Gene and Callose Staining

To analyze the expression of PR genes (i.e. PR-Q, PR-1B, and PAL), total
RNA from leaves was extracted from both wild-type and transgenic poplar
plants growing in a growth chamber with the constant growth condition
described as above or in a greenhouse. The primers used for quantification are
listed in Supplemental Table S2. Callose staining followed the procedure in
Slewinski et al., 2012.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Semiquantitative gene expression analysis of
yeast invertase in wild-type and transgenic alfalfa and poplar.
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Supplemental Figure S2. GUS staining driven by the 355 promoter in
wild-type and transgenic poplar.

Supplemental Figure S3. Distribution of radiolabel in different sugars in
the leaf blades and petioles of wild-type and transgenic poplar after
exposure of the leaf blades to *CO,.

Supplemental Figure S4. Cell wall invertase, photosynthesis, and sugar
concentrations in leaves of poplar plants transformed with the CmGAS::
PI-INV construct.

Supplemental Figure S5. Starch-stained leaves of tobacco and poplar
plants transformed with the CmGAS:PI-INV construct at the end of
the day and night.

Supplemental Table S1. Primers used for the quantification of yeast in-
vertase gene expression in transgenic alfalfa and poplar.

Supplemental Table S2. Primers used for the quantification of the expres-
sion of defense-related genes.

Supplemental Text S1. Construction of the GAS-PI-INV and 35S-PI-INV
plasmids.
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