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In the case of TIP1;2, expression seems to be exclusively
limited to the root cap and the columella (Fig. 1B). A very
limited YFP signal can also be detected in the same region
of the young lateral root (Fig 1N, arrowhead) and in older
lateral roots (Additional file 1A).

Perhaps the most remarkable expression pattern observed
is that of TIP2;1, which in 8-day old roots is only detecta-
ble in a small region at the base of the lateral roots (Fig.
10, arrowhead).

Having identified the general patterns of expression of the
different isoforms at low magnification, we then studied
the cell-specificity of TIP-YFP expression in more detail.
We analysed propidium iodide -stained roots by CLSM by
performing optical z-sections through differentiation
zones at 63x magnification (Fig. 2).

TIP1;1-YFP is clearly expressed in epidermis and cortex,
but its expression is particularly strong in the endodermis
and pericycle (Fig. 2A). Here TIP1;1-YFP highlights
numerous bright circular structures in the lumen of the
central vacuole. We hypothesise these are vacuolar 'bulbs’,
which have previously been described as tonoplast invagi-
nations, which occur independently of the ectopic expres-
sion of XFP-tagged membrane proteins, and where
TIP1;1-GFP is concentrated [18,19]. It is however difficult
in some cases to observe a continuity between these struc-
tures and the central vacuole tonoplast.

At higher magnification, the overlapping patterns of
expression of TIP2;2-YFP and TIP2;3-YFP are confirmed.
Both are present in pericycle cells, particularly in the rows
of pericycle cells that form the xylem poles [20]. Both TIP-
YFPs tend to be absent from the endodermis (Fig. 2, pan-
els B and D), although we could detect discontinuous
endodermal expression at various positions along most
root axes (Fig. 2, panels C and E; and highlighted in blue
in panels G and H).

In contrast to the previous isoforms labelling inner root
cell layers, TIP4;1 expression is clearly restricted to the
root epidermis and cortex, with no signal detectable in the
inner layers (Fig. 2F).

Localisation of TIPI;I and TIPI;2

Having analysed the TIPs with the broadest expression
patterns, we focussed on the two TIPs which seem to have
a more limited expression range in roots. TIP1;2-YFP pre-
sented a patchy distribution in cells of the root cap (Fig
1B). To ascertain that this was not an artefact due to
expression of our chimeric gene, we also generated a con-
struct (YFP-TIP1;2) where YFP was fused downstream of
the promoter and 5'UTR and in frame with the 5' of the
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Figure 2

Cell-type specificity of TIP-YFP expression in the
root axis. 8-day old roots from the indicated transgenic
lines were excised, stained with propidium iodide for 2 min
and visualised by CLSM. Stacks of 80 optical z sections (I um
step-size) were collected from root axes at the differentia-
tion zone. The images show representative results for each
construct. A to F: for each panel, the top section shows a sin-
gle xy optical section, and the bottom section shows the xz
projection of the whole image stack, revealing the cross sec-
tion of the root axis. The signals from YFP fluorescence
(green) and propidium iodide fluorescence (red) are merged.
G and H: the YFP fluorescence trace from representative
image stacks for the indicated transgenic lines was recon-
structed, segmented and rendered in 3D with Mimics 12.1.
The different tissues are colour-coded as follows: brown,
epidermis; red, cortex; blue, endodermis; green, pericycle.
Ep, epidermis; ¢, cortex; e, endodermis; p, pericycle; X,
xylem. Scale bar: 20 um.
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TIP coding sequence. In transgenic plants, YFP-TIP1;2
presents a similar expression pattern to TIP1;2-YFP, thus
ruling out YFP fusion artefacts (compare Fig. 3A with Fig.
1B). Expression is confined to the columella and the lat-
eral root cap [21], with the labelled cells disappearing at
the boundary with the elongation zone (Fig. 3A). Some of

Figure 3

YFP-TIPI;2 is expressed in the root cap. 8-day old
roots from the indicated transgenic lines were excised,
stained with propidium iodide for 2 min and visualised by
CLSM. Stacks of 80 optical z sections (| pum step-size) were
collected from root tips. The images show a representative
result for this construct. The signals from YFP fluorescence
(green) and propidium iodide fluorescence (red) are merged.
A: maximal 3D projection of the root tip at the base of the
elongation zone. The image shows two adjacent z-stacks of
the same root, separated by a black line. B and C: xz projec-
tions of the image stack in panel a, revealing two cross-sec-
tions of the root axis, taken in the regions of the root
indicated by the arrowheads in A. D and E: the regions indi-
cated by dotted boxes in A were observed at high magnifica-
tion. Single optical sections are shown. Note YFP-TIPI;2 in
the ER of young root cap cells and in the tonoplast of root
cap cells closer to the elongation zone. F: The fluorescent
traces from YFP (green) and propidium iodide (red) from the
image stack in panels A were reconstructed, segmented and
rendered in 3D with Mimics 12.1. Scale bars: (a), 20 um; (d)

and (e), 10 um.
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the labelled cells are in the process of detaching from the
root (Fig. 3, panels C and F, arrowheads), suggesting that
they may correspond to 'border-like' cells [22]. The distri-
bution of YFP-TIP1;2 is therefore radically different to that
observed for its paralogue, TIP1;1-YFP, which has the wid-
est pattern of expression but is excluded from the root tip,
including the root cap (Fig. 1, panels A to M).

At the subcellular level, YFP-TIP1;2 localises to the endo-
plasmic reticulum (ER) of young root cap cells (Fig 3e:
note the characteristic reticular pattern and the nuclear
envelope; see also Additional file 1B). The chimeric pro-
tein is mostly found on the tonoplast of elongated lateral
root cap cells (Fig. 3D). This is likely to reflect different
stages of TIP1;2 trafficking in cells of different ages, rather
than impaired capacity to reach the tonoplast. This is fur-
ther demonstrated by the fact that in the epidermis of cot-
yledonary cells, where TIP1;2 is uniformly expressed, the
fusion protein appears to localise to the tonoplast (Addi-
tional file 1C-D).

TIP2;1 is localised in lateral root primordia

We have previously shown that TIP2;1 expression
becomes detectable in old root regions nearing the
hypocotyl, and is then widespread in hypocotyl and coty-
ledonary leaves [14]. We did not initially notice expres-
sion in young roots, but closer analysis revealed that in 8-
day old roots TIP2;1-YFP has a very specialised expression
pattern (Fig. 4). The YFP signal is detected in a ring-like
cluster at the base of emerging lateral roots (Fig. 4, panels
A-D). In very early lateral root primordia (LRP), TIP2;1
expression is detectable in 2-4 cells at the LRP. As the LRP
grows further, the number of cells expressing TIP2;1-YFP
increases but remains confined to a cluster underlying the
base the lateral root (Fig. 4, panels F-I). In rare cases, when
the lateral root is fully emerged, the expression of TIP2;1-
YFP can extend to some cells within the lateral root axis
(Fig 41). Co-labelling with propidium iodide shows that
the TIP2;1 expressing cells are located in close proximity
to the xylem (fig. 4E), suggesting a pericycle localisation.
Co-expression with TIP2;3-RFP, which we found to be
enriched in the pericycle (Fig. 2, panels D, E, H) confirms
that TIP2;1-YFP expression originates from pericycle cells
(Fig. 4, panels F-1). This indicates that the initial expres-
sion of TIP2;1-YFP is likely to occur in the LRP founder
cells. Remarkably, the expression of TIP2;1-YFP and
TIP2;3-RFP appears to be mutually exclusive, with a clear
boundary between cells expressing one or the other iso-
form (Fig. 4H, inset; see Additional file 2 for individual
channels).

Overlapping TIP isoforms are mostly detectable at the
central vacuole tonoplast

We have shown that the various TIP isoforms under study
present diverse tissue specificity within roots. Several iso-
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Figure 4

TIP 2;1-YFP expression in lateral root primordia. A-E:
8-day old roots from TIP2;1-YFP transgenic seedlings were
excised, stained with propidium iodide and visualised by
CLSM. Stacks of 80 optical z sections (I um step-size) were
collected from mature root axes. The images show repre-
sentative results for this construct. Maximal projections of
the z-stacks are shown, with the individual signals for YFP
(A\), propidium iodide (B) or the merged signals (C and D). E:
The fluorescent traces from YFP (green) and propidium
iodide (red) from the image stack in panels (A-C) was recon-
structed, segmented and rendered in 3D with Mimics 12.1.
Note that the TIP2;|-YFP-expressing cells are in close prox-
imity to the xylem (labelled with x). F-I: Roots from 8-day old
transgenic seedlings expressing TIP2;1-YFP (green) and
TIP2;3-RFP (red) were imaged. Sequential stages of lateral
root development are shown. Inset in H: note the boundary
between pericycle cells expressing TIP2;3-RFP (top) and
TIP2;1-YFP (bottom). Scale bars: 20 um.

forms, however, are co-expressed in certain tissues,
namely TIP1;1, TIP2;2, TIP2;3, and TIP4;1. In order to
ascertain whether these isoforms were specific to distinct
vacuolar compartments, we focused on the subcellular
localisation of selected pairs of the above isoforms, tagged
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with different spectral variants of fluorescent proteins and
co-expressed in transgenic Arabidopsis (Fig. 5).

The individual TIP expression patterns in double trans-
genic lines mirrored those observed in the lines expressing
individual isoforms (Additional file 3). The widespread

TIP1;1-YFP TIP2;3-RFP merge
TIP2;2-YFP TIP1;1-RFP
TIP2;2-YFP TIP2;3-RFP
TIP4;1-YFP TIP2;3-RFP

Figure 5

Overlapping TIP isoforms are mainly detected at the
tonoplast of the central vacuole. Transgenic seedlings
co-expressing the indicated TIP-YFP and TIP-RFP constructs
were grown for 8 days on MS medium--agar plates. Roots
were excised and visualised by CLSM. (A, D, G, J): YFP fluo-
rescence (green); (B, E, H, K): RFP fluorescence (red); (C, F,
I, L): merged images. Arrowheads in panel | indicate struc-
tures labelled by TIP2;3-RFP but not TIP2;2-YFP. Scale
bars:10 um.
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