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FIGURE 5 | Soluble carbohydrates in rosettes and roots of WT and
GRS47 and GRS63 grown for 16 and 21 d on sterile MS media in
vertically oriented plants. (A) Glc, Fru, and Suc in the rosettes of each line
at the indicated number of days, (B) Gol, Raf, and Sta in the same rosettes as
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indicated for (A); note the difference in Y-axis scale. (C) Glc, Fru, and Suc in
the roots of the same plants indicated in (A), and (D) Gol, Raf, and Sta in the
roots of the same plants indicated in (A). All sugar values are averages
expressed as pmol/mg fresh weight, n = 4, and variation is expressed as SE.

RFO in the translocation stream of GRS47 and GRS63, we tested
for an impact on the behavior of a prevalent phloem-feeding
insect, green peach aphid (Myzus persicae Sulzer). To determine
if transgenic plants producing RFOs influence aphid growth,
growth on WT and transgenic plants was compared in “no-
choice” bioassays, in which 20 mature individuals were placed
directly on well-separated control or experimental plants, and
aphids counted 48h later. The aphid population was smaller
on plants producing RFOs than the WT plants (Figure 7A). To
determine if RFO accumulation impacts aphid settling on the
transgenic plants, “choice” experiments were conducted in which
20 aphids were placed equidistant between a WT control and a
transgenic plant growing in the same pot, and the number of
adult aphids settling on each plant determined after 8 and 24 h.
As controls for the choice bioassays, aphids were given a choice
between two WT plants or two GRS63 plants growing in the same
pot. Aphids had a strong preference for WT plants over RFO-
producing plants after 24 h (Figure 7B), but importantly, there
was no significant preference after 8 h (Figure 7C). Since green
peach aphid begins feeding from sieve elements within 1-3h
of release on Arabidopsis (Pegadaraju et al., 2007; Louis et al.,
2010), these results indicate that aphids did not show prefer-
ence until after they began feeding on different plants and that
there is no difference in the initial attraction to either plant.
These results from choice and no-choice feeding experiments
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indicate that RFO-producing plants negatively impact aphid
colonization.

To test if this resistance to the green peach aphid is a direct or
indirect effect of the engineered sugars, aphid fecundity was mea-
sured on artificial media consisting of amino-acids, mineral salts,
vitamins and 500 mM Suc (Mittler and Dadd, 1965), and supple-
mented with 50 mM of individual test sugars (Glc, Fru, Suc, Gol,
Raf, of Sta). After 4 days, no differences in aphid populations were
observed among treatments (Figure 8). These results indicate that
the resistance to aphid colonization among the RFO-producing
plants is not a direct toxic effect of the engineered sugars. The
synthesis of RFOs may contribute to other defense responses
that reduce the suitability of these plants as hosts for aphid
pests.

DISCUSSION

In these studies, symplasmic phloem-loading biochemistry was
engineer into the phloem of a plant that employs SUTs to load
Suc from the apoplasm. The aims of these experiments were
2-fold: (1) to assess the efficiency of RFO synthesis in the phloem
and (2) to gauge the efficiency with which RFO from the com-
panion cells enters the translocation stream for long-distance
transport. In addition, the growth and development of the engi-
neered plants were monitored, and since the intent was to alter the
contents of the translocation stream, the impact on the feeding
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behavior of green peach aphids (Myzus persicae Sulzer) was also
tested.

Arabidopsis phloem loads from the apoplasm using a SUT
encoded by AtSUC2. Metabolic engineering of the RFO pathway
in the phloem, after SUT-mediated loading, was accomplished
by introducing genes encoding GolS, RafS, and StaS driven by
minor-vein and companion-cell specific promoters. Transgenic
Arabidopsis lines GRS47 and GRS63 did not show alterations
in rosette area at 18 dag but both flowered earlier than WT. It
is possible that increasing sugar export in the transgenic plants
caused earlier flowering since it is well-known that elevated sugar-
levels, either endogenous to the plant or added exogenously, can
accelerate the transition to flowering (Bernier, 1988; Corbesier
et al., 1998). Manipulating SUT expression, and presumably
sugar distribution, is shown to lead to earlier flowering (Sivitz
et al., 2007; Chincinska et al., 2008), and similarly, manipulating
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the sugar content through metabolic engineering may impact
flowering.

Despite the use of promoters specific to the companion cells
of minor veins, RFO accumulated to greater than 50% of the
total soluble carbohydrate without a compensating decrease in
Glc, Fru, Sug, or starch. Although RFO accumulated to 50% of
total soluble sugars (~2 nmol/mg fwt combined Gol, Raf, and Sta
compared to ~3.5 nmol/mg fwt total soluble sugar in GRS47, 8 h
into the illuminated period, Figure 1A), this is a relatively small
amount of total, non-structural carbohydrate in leaves: Starch,
as measured here, ranged from just below 10 nmol/mg fwt (Glc
equivalents) at the end of the dark period to over 50 nmol/mg fwt
8h into the light period, which is consistent with work by oth-
ers (Blasing et al., 2005; Lunn et al., 2006). This normal cycling
of carbohydrate pools is ~25-fold more than the RFO found in
these lines.
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FIGURE 8 | The impact of the indicated sugar on aphid populations fed
an artificial diet for 96 h. Three adult aphids were released into the
feeding chamber and allowed to feed on the diet through the sachet. The
total number of aphids (adults + nymphs) were determined 96 h later.
Average and SE, n = 3 replicates; t-test p-values, relative to diet without
supplemental sugar are indicated on the graph.

Glc, Fru and starch showed increases between the dark and
light period consistent with published results (Lunn et al., 2006).
In WT plants, Suc also showed a modest (2-fold) increase
between the dark and light period, consistent with published
results (Blasing et al., 2005; Lunn et al., 2006), but changes
were not observed in either transgenic line. It is intriguing that
the transgenic lines exuded more Glc, Fru and Suc than WT
(Figures 4, A1), but a lack of increase in rosette Suc cannot be
directly linked to sugar increases in exudations with the experi-
ments reported here, and the significance of neither phenomenon
is clear. RFO levels in the transgenic plants did not vary from the
end of the night period to 8 h into the light period, arguing they
are not influenced directly by photosynthesis or by fluctuations in
other carbohydrates.

Furthermore, photosynthetic radiolabeling with 14CO,
revealed that C flux through the engineered pathway is very low:
The highest incorporation was only 2% of the total, whereas
hexose sugars had as much as 30% of the total and Suc had
as much as 80%. Suc is the first non-phosphorylated sugar of
photosynthesis and high incorporation is expected, whereas
much of the non-phosphorylated hexose is in the vacuole and
removed from central metabolism. The low specific activity
of the RFOs (i.e., low C incorporation during 20 min but
high levels of unlabeled product) argues that RFO synthesis
and turnover are low—Ilower than flux through the non-
phosphorylated hexose pool—and that the high amounts result
from gradual accumulation. Similar conclusions were drawn
from transgenic tobacco expressing CrnGASI and producing low
specific-activity Gol (Ayre et al., 2003b). The results presented
here extend those findings and also argue that Raf and Sta
in the transgenic plants are not created from stored Gol and
recently photosynthesized Suc. These findings are also similar to
those of Hannah and colleagues who showed poor Raf synthesis
in the companion cells of potato (see below) (Hannah et al,
2006). However, this is in sharp contrast to plants that naturally
transport RFO such as coleus (Turgeon and Gowan, 1992),
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cucurbits (Beebe and Turgeon, 1992), and catalpa (Turgeon
and Medville, 2004), in which RFOs become quickly labeled to
high specific activity, and in the case of catalpa, the galactose
moiety becomes more strongly labeled faster than sucrose (Otto,
1968).

That RFOs in natural symplasmic loaders have high specific
activity but that these engineered plants do not, and that these
engineered plants do not have higher levels of RFO in the phloem,
are puzzling. Apoplasmic loaders should have ample reduced car-
bon in the companion-cell cytoplasm, the engineered proteins are
thought to localize to the cytoplasm (Keller and Pharr, 1996), and
the plasmodesmata-pore units between companion cells and sieve
elements are open to diffusion of 10 kDa dextrans (Kempers and
van Bel, 1997; Knoblauch and van Bel, 1998) and 67 kDa pro-
teins (Stadler et al., 2005). Based on these principles, there should
not have been a limitation to RFO production or transport.
Further work on the biochemistry occurring in the companion
cells of apoplasmic loaders and the intermediary cells of symplas-
mic loaders is required to resolve why apoplasmic loaders do not
effectively produce and transport RFOs. Hannah and colleagues
came to a similar conclusion in their study (Hannah et al., 2006).
The precursors for galactinol, UDP-Gal and myo-inositol, or flux
through the pathways leading to these, may be insufficient for
higher level production. These studies would be worthwhile since
beyond the pursuit of basic science, there is substantial inter-
est in engineering sugars and sugar derivatives for biotechnology
(Patrick et al., 2013).

A probable cause of the high levels of RFO in both rosettes
and roots, despite the low-specific activity, is diffusion away from
both the source and sink phloem and gradual sequestration in
inactive metabolite pools. In rosettes, estimates of minor-vein
volume and leaf micro-dissection show that the RFOs were dis-
tributed throughout the leaves, and prior work with transgenic
tobacco producing Gol in the minor veins showed similar distri-
bution of Gol, including an equal spread between the apoplasm
and cellular compartments (Ayre et al., 2003b). In roots, RFO
accumulation equaled or exceeded that in rosettes, and likely had
similar distribution away from the phloem. This, however, is not
as surprising as the distribution in the leaves, since symplasmic
solute distribution in sink organs is well-known (Lalonde et al.,
2003).

How are the sugars moving from the sites of synthesis to
be distributed through the entire leaf? The frequency of plas-
modesmata connecting SECCCs to surrounding cells (phloem
parenchyma or bundle sheath) has been used to represent how
“open” the phloem is to symplasmic nutrient transport (Turgeon
et al.,, 2001). Phloem anatomy was grouped by plasmodesmata
abundance by Gamalei (1989, 1991) as abundant (Type 1), rel-
atively abundant (Type 1-2a), and infrequent (Type 2a and
Type 2b if they have transfer cell morphology). Surveys of
this nature place Arabidopsis as Type 1-2a (relatively abun-
dant plasmodesmata, 1-10 pwm~?) (Haritatos et al., 2000b) and
these relatively abundant plasmodesmata are strong candidates
for allowing RFO movement from the veins to surrounding
mesophyll.

Related to this, Hannah and colleagues produced Gol
and Raf in potato companion cells using the rolC promoter
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(Hannah et al., 2006). Gol accumulated to 4.55 = 0.56 nmol/mg
fwt, but Raf only accumulated to 0.02 4= 0.00 nmol/mg fwt. When
the Cauliflower mosaic virus 35S promoter was used for metabolic
engineering, Raf accumulated to 35-fold greater levels, showing
that there was not an intrinsic block to Raf accumulation in
the leaves. Solanaceae species (e.g., potato) are classified as Type
2a (infrequent plasmodesmata; 0.1-1.0 wm~2) (Turgeon et al,
2001). Minor vein anatomy and plasmodesmata frequency there-
fore correlate with RFO accumulation in the source leaves of
these engineered plants: relatively-open-Arabidopsis accumulates
Gol, Raf, and to a lesser extent Sta, whereas relatively-closed
tobacco and potato accumulate only Gol. Perhaps the open archi-
tecture of Arabidopsis allows Raf and Sta to diffuse more freely
from the phloem to surrounding cells than the closed architec-
ture of the Solanaceae. Gol movement may be by a different
mechanism, such as broad specificity channels, as previously pro-
posed (Ayre et al., 2003b). An important caveat to this is that
plasmodesmata frequency as described by Gamalei does not mea-
sure porosity, and plasmodesmata are dynamic in their ability to
open and close (Maule et al., 2011; Burch-Smith and Zambryski,
2012).

Although GRS47 and GRS63 had low levels of RFO in the
phloem translocation stream, there was a strong impact on green
peach aphid vitality and colonization. Aphids are phloem-feeding
insects that constitute a biotic stress since they extract nutrients
and reduce plant vigor. To test for an impact of RFO produc-
tion on aphid feeding, “no choice” fecundity tests and “choice”
feeding preferences were conducted. Transgenic Arabidopsis pro-
ducing RFOs were a less preferred host for aphids and aphid
reproduction was reduced. There were no significant preferences
between WT and transgenic plants 8 h after aphid release, sug-
gesting that the resistance to aphids is unlikely to result from
chemicals released at the surface of plants. The preferences after
24 h could have resulted directly from the RFOs in the transgenic
plants. It is worth noting that many animals cannot digest the
aGall-6 linkage of RFOs, and RFOs can cause bloating, partic-
ularly in mammals (Martinez-Villaluenga et al., 2008). On the

other hand, green peach aphid is a significant pest on cucurbit
crops that translocate much higher levels of RFO than observed
in the phloem sap of these transgenic Arabidopsis plants. Aphid
feeding on synthetic media was used to test if RFOs directly
impacted aphid behavior. Aphids did not show differences in
reproduction 4 days after they were fed on synthetic media with
or without RFOs and this indicates that the non-preference of
aphids for the transgenic plants is not a result of a toxic effect of
the RFO.

These results that RFO do not directly deter feeding, are con-
sistent with those of Hewer et al. (2010) in which choice feeding
behavior for several aphid species was tested on synthetic media
against an extensive array of sugar concentrations, combina-
tions, viscosities, and pH. In these studies, M. persicae preferred
nutrient media with amino acids and Suc over a broad range
(~10-25%, or 292-730mM), and in the absence of Suc, Raf
was the preferred tested sugar. With Suc and Raf equally com-
bined (219 mM total), M. persicae preferred pure Suc (219 mM),
but this was attributed to an attraction to high concentrations
of Suc rather than a deterrence by Raf. High concentrations of
Suc is an important cue for aphid probing and feeding behav-
ior (Hewer et al., 2011). The deterrence observed on GRS47 and
GRS63 relative to WT is therefore unlikely to be a direct effect
of the exotic sugars, or the apparent differences in sugar con-
centration suggested by the exudation studies. Rather, the RFOs
may act as signaling components of the systemic resistance pro-
tecting plants against aphids. Another possibility is that RFO
accumulation in the transgenic plants may promote a general
stress response which in turn results in compounds that deter
aphids.
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APPENDIX
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FIGURE A1 | Soluble carbohydrates in phloem exudates from wild type
and transgenic plants. This representative experiment is similar to that
presented in Figure 4 except that they were conducted on 16 d-old whole
rosettes with only the cut hypocotyl in EDTA to minimize exposure during
exudations. In addition, EDTA was reduced to 5 mM. Similar to other
exudation experiments, exudations were performed in dim conditions and
100% humidity to minimize EDFTA uptake through the xylem. (A)
Exudation rates for Glc, Fru, and Suc. (B) Exudation rates for Gol, Raf, and
Sta. Note the difference scales of the Y axis between (A) and (B). Variation
is expressed as SE; n = 6 sibling plants.
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