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Immunodetection of Cell Wall Pectin Galactan Opens up
New Avenues for Phloem Research1[OPEN]

Dear Editor,
Carbon transport in the phloem is necessary to sup-

port growth, but questions remain about phloem
physiology, such as how it changes seasonally and re-
lates to shifts in allocation (De Schepper et al., 2013).
One way to understand seasonal changes in carbon
transport is through modeling. However, this requires
that active sieve elements be identified, and their lumen
areas measured to determine phloem conductive area
(Thompson, 2006; Savage et al., 2016; Jensen, 2018).
Current methods to identify active sieve elements are
time consuming, requiring special sample preparation
(transmission electron microscopy; Prislan et al., 2013),
complex staining protocols (Cheadle et al., 1953), or
assumptions about sieve element functionality based
on callose accumulation (Montwé et al., 2019). Here we
present another option using immunodetection of ab-1,6-
galactosyl substitution of b-1,4-galactan, a branched
pectin present in sieve element cell walls that is recognized
by theLM26monoclonal antibody (mAb). TheLM26mAb
was previously tested with herbaceous species (Torode
et al., 2018), but we report detection of the glycan epi-
tope in two woody species and one vine by immuno-
fluorescence (Table 1; Fig. 1). We also provide evidence
that in Populus, the presence of the glycan epitope could
be seasonal, that is, only detected in actively transporting
sieve elements.
We conducted immunofluorescence labelingwith the

LM26 mAb as the primary antibody according to Xue
et al. (2013), but used fresh, rather than fixed, tissue to
ensure maximal antigenicity (Supplemental Material
S1). We also fixed liquid nitrogen-frozen tissue from the
two Populus species by freeze-substitution in ethanol
(McDonald, Webb, 2011) and freeze drying at –50°C in
a benchtop freeze dryer. Both methods using fixed tis-
sue resulted in immunodetection comparable with that
obtained using fresh tissue and appeared to reduce the
amount of xylem autofluorescence detected at fluores-
cein excitation wavelengths (Fig. 1C). In future studies,
xylem autofluorescence could also be reduced by

staining with Toluidine Blue after immunofluorescence
labeling (O’Brien et al., 1964; Xue et al., 2013). Prelimi-
nary sampling of P. tremuloides leaves and stems sug-
gested that if sieve element walls contained the epitope
recognized by the LM26 mAb, it would be present in
multiple organs within the plant body, consistent with
Torode et al. (2018). Negative controls contained little
fluorescence from nonspecific binding of the secondary
antibody controls (no primary antibody; Supplemental
Fig. S1).
We followed the course ofP. tremuloides andP. balsamifera

sieve elements throughout the growing season (May,
June, July, October, November, and December 2019)
to determine if there was seasonality associated with
detection of the epitope (Fig. 1). We observed immu-
nofluorescence in the cell walls of all mature sieve
elements until November 2019, after which it was only
detected in the walls of the most recently matured
sieve elements nearest the cambial zone (Fig. 1, E and
F). The fluorescent signal associated with the presence
of the epitope was only observed in scattered sections
of the sieve tube walls of both species in December
2019 (Fig. 1, G and H). The timing of this absence of
fluorescence in the sieve elements after immunolabel-
ing with the LM26 antibody coincides with the timing
of loss of sieve element function in Populus (Davis
and Evert, 1968; Montwé et al., 2019), suggesting
that the epitope associates with walls of functional
sieve elements.
We quantified the sieve element area as a fraction of

the measured phloem tissue area (sieve element frac-
tion; Fig. 2) in micrographs from May, July, and No-
vember (Fig. 1, A–F) to quantify changes in conducting
area over time. Consistent with a previous study (Davis
and Evert, 1968), the sieve element area fraction peaked

Table 1. Immunodetection of the LM26 mAb epitope and location of
sampling.

Plus symbols indicate immunodetection of the epitope in the sieve
element walls, and minus symbols indicate absence of detection. As-
terisks indicate species that were grown in a greenhouse or growth
chamber.

Species LM26 Staining Sample

Acer negundo – Stem
Acer saccharum – Stem
Arabidopsis thaliana* 1 Floral stem, petiole
Cornus sericea – Stem
Cucurbita spp. (seedling)* 1 Hypocotyl, petiole
Fraxinus pennsylvanica – Stem
Pelargonium x hortorum* – Petiole, peduncle
Populus balsamifera 1 Stem, petiole
Populus tremuloides 1 Stem, petiole
Salix interior (female) – Stem
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in the summer after the majority of sieve elements had
formed. The sieve element area fraction in July was 0.10
for P. balsamifera and 0.12 for P. tremuloides (Fig. 2),
which are lower than the value of 0.2 originally repor-
ted by Crafts (1931). Canny (1973) suggested that sieve
tube area fractions vary between species, an idea that is
supported by more recent studies (Khan et al., 1992).
Unlike Crafts (1931), we measured the areas only of the
sieve element lumens and did not include the cell walls.
Although our data are subsampled and not replicated,
our measurements suggest that the presence of the
branched pectic glycan in the cell walls of the sieve tube
elements might be linked to functionality. If this is the
case, our results indicate an increase in transport ca-
pacity in the spring and a decrease in the fall.

It is unclear why the fluorescence signal associated
with the glycan epitope recognized by the LM26 mAb
appears to be seasonal in the sieve tube elements of

Populus. The epitope has been linked to cell wall elas-
ticity (Torode et al., 2018); however, this elasticity may
change seasonally (Wright and Fisher, 1983). Previous
research indicates that pectin composition can change
seasonally in the vascular cambium and newly formed
vascular tissue (Catesson, 1994; Viëtor et al., 1995);
therefore, this glycan epitope may not be present in the
walls of inactive sieve elements, or wall composition
and architecture may change such that detection by the
LM26mAb is physically restricted. If loss of detection of
this particular epitope reflects a change in pectin com-
position, when sieve elements lose function during the
transition to winter, species that retain open sieve ele-
ments and/or reuse them the following year may retain
this specific b-1,6-galactosyl substitution of the b-1,4-
galactan year-round. Broader screening of species with
knowledge of their sieve tube overwintering strategy
would test this hypothesis.

Figure 1. Seasonal series of Populus
tremuloides (A, C, E, and G) and Pop-
ulus balsamifera (B, D, F, and H) stems
representative of three biological rep-
licates (n5 3) for each time period and
species. In late May, fluorescence was
detected in the rows of sieve elements
closest to the cambial zone (A and B).
More rows of sieve elements had ma-
tured when sampled in July (C and D).
In the samples from early November
(E and F), fluorescencewas only detected
in some sieve elements within the row
closest to the vascular cambium. In
early December (G and H), fluores-
cence was only detected in portions
of a small number of cell walls within
the phloem. Representative sieve el-
ements within the phloem tissue (P)
are indicated by arrowheads in all
panels. The cambial zone (CZ) and
xylem tissue (X) are also labeled in
each panel. Freeze-substitution (C)
reduced autofluorescence in the fluo-
rescein channel from the xylem, com-
pared with staining of fresh tissue (A, B,
D, E, F, G, and H). Micrographs were
captured using a Photometrics Coolsnap
Dyno charge-coupled device (CCD)
camera attached to a Nikon Eclipse Ts2-
2-FL inverted microscope. All scale bars
5 30 mm.
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Use of the LM26 mAb, combined with secondary
antibodies tagged with fluorescent compounds in sea-
sonal studies, will allow for objective quantification of
sieve elements without the need to stain callose, sub-
jective interpretation of active sieve tubes from bright-
field micrographs, or the time-consuming use of
electron microscopy. We are currently screening more
woody and herbaceous species to determine common
characteristics that underlie the presence of the glycan
epitope in sieve tube walls and the factors that affect its
seasonality.

Supplemental Data

The following supplemental materials are available.

Supplemental Material S1. Immunostaining methods.

Supplemental Figure S1. Representative negative control image.
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Figure 2. Sieve element lumen area as a fraction of the measured
phloem area for the May, July, and November 2019 images in Figure 1.
Sieve tube fractions for P. tremuloides (black bars) and P. balsamifera
(gray bars) were 0.05 and 0.03, respectively, in May. Those fractions
increased to 0.12 and 0.10 in July, before both decreasing to 0.013 in
November as the sieve tubes began to collapse. We quantified the
change in sieve element areas between May, July, and November by
measuring the sieve element lumen areas within a 3 cm2 (P. balsami-
fera) or 4 cm2 (P. tremuloides) area of the current season phloem tissue
shown, using ImageJ (Schindelin et al., 2012). Sieve element area
fraction was the quotient of sieve tube lumen and the total measured
phloem area. Populus tremuloides phloemhadmore tissue between the
vascular cambium and the phloem fibers that are formed between
seasons, resulting in more total phloem area in that species. We note
that we only quantified sieve tubes that fluoresced, indicating the
presence of the pectic galactan epitope; therefore, our observation of
fewer sieve tubes in November reflects detection of the epitope and not
necessarily whether the sieve tubes were actively transporting. No error
bars are shown because these measurements were made without rep-
lication from the images in Figure 1.
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