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Symplasmicly connected cells called sieve elements form a net-
work of tubes in the phloem of vascular plants. Sieve elements
have essential functions as they provide routes for photoassimi-
late distribution, the exchange of developmental signals, and the
coordination of defense responses. Nonetheless, they are the least
understood main type of plant cells. They are extremely sensitive,
possess a reduced endomembrane system without Golgi appara-
tus, and lack nuclei and translation machineries, so that transcrip-
tomics and similar techniques cannot be applied. Moreover, the
analysis of phloem exudates as a proxy for sieve element composi-
tion is marred by methodological problems. We developed a sim-
ple protocol for the isolation of sieve elements from leaves and
stems of Nicotiana tabacum at sufficient amounts for large-scale
proteome analysis. By quantifying the enrichment of individual
proteins in purified sieve element relative to bulk phloem prepara-
tions, proteins of increased likelyhood to function specifically in
sieve elements were identified. To evaluate the validity of this
approach, yellow fluorescent protein constructs of genes encoding
three of the candidate proteins were expressed in plants. Tagged
proteins occurred exclusively in sieve elements. Two of them, a
putative cytochrome b561/ferric reductase and a reticulon-like
protein, appeared restricted to segments of the endoplasmic
reticulum (ER) that were inaccessible to green fluorescent pro-
tein dissolved in the ER lumen, suggesting a previously
unknown differentiation of the endomembrane system in sieve
elements. Evidently, our list of promising candidate proteins
(SI Appendix, Table S1) provides a valuable exploratory tool for
sieve element biology.
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Organic substances serving as materials and energy sources
for humans and terrestrial life generally originate from

photosynthesis in vascular plants. In these autotrophs, prod-
ucts of photosynthesis are transported from photosynthetic
source organs to distant sinks, where they drive growth and
development or are stored for later usage (1–4). Photoassimi-
late translocation proceeds as bulk flow in the sieve tubes of
the phloem. Sieve tubes are coherent arrays of cells called sieve
elements, which in angiosperms form symplasmic units with
adjacent companion cells (5–7). Immature sieve elements turn
the cell walls between them into the characteristic sieve plates
through partial resorption and disband vacuoles, Golgi appara-
tus, cytoskeleton, and nuclei to create a network of continuous
tubes of low hydraulic resistance (7–9). In addition to the mov-
ing, photoassimilate-rich cytosol, active sieve elements contain
stationary, peripheral endoplasmic reticulum and mitochon-
dria, as well as sieve element plastids and phloem-specific or
P-proteins of obscure functional significance (10–12). With
gene expression being impossible in mature sieve elements,
any functional proteins in these cells must either have been
imported or represent remainders of translational activities in

undifferentiated sieve element precursor cells (13). In the latter
case, the proteins have to remain functional for the lifetime of
the sieve elements.

Our current understanding of the roles sieve tube compo-
nents such as plastids and P-proteins play in phloem function is
lamentably poor, for which there are two main reasons. The first
one is exemplified by a recent large-scale study that revealed the
“distinct identities of leaf phloem cells by single cell tran-
scriptomics” (14). In fact, all vascular cell types were character-
ized, except for sieve elements—hardly surprising, as analyses of
gene activity and protein synthesis cannot elucidate the func-
tion(s) of cells that lack nuclei and translation machineries. The
second problem is the notorious noncooperativeness of sieve
elements as study objects (11, 12, 15). Functional tubes are hard
to observe, as they contribute only a small proportion of the vas-
cular tissues and are embedded in multiple layers of other cell
types (5). Because active tubes form symplasmic networks that
are under high turgor pressure (16), the excision of organs or
tissue segments for detailed investigation causes immediate ces-
sation of sieve tube function. For the same reason, any tissue
wounding induces structural artifacts in the entire system (17),
such as the deposition of proteinaceous slime on sieve plates
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(18, 19), the “explosion” of sieve element plastids (19), and the
constriction of sieve tubes by cell wall swelling (20).

Severed vascular tissues of several species expel fluid, in some
cases over prolonged periods. These exudates, presumed equiva-
lents of the fluids flowing through the sieve tubes of the living
plant, can be collected and analyzed (21). Numerous investiga-
tions into the composition of exudates have focused on proteins
(e.g., refs. 22–29), but the interpretation of the results is compli-
cated by two problems. First, because injuries inflicted to provoke
phloem exudation always affect a variety of cell types, exudates
cannot be expected to be pure. Significant portions of the “phloem
exudates” collected from the frequently studied cucurbits were
reported to originate from nonphloem cells (30). Similarly, exu-
dates from Arabidopsis were found to contain proteins with known
functions in the cell wall, “demonstrating contamination of the
exudate” (27). Second, even if the assumption of an exclusive sieve
element origin for a given exudate protein were reasonable, the
protein’s presence in exudates would not necessarily imply a phys-
iological function in these cells (31). For example, phloem exu-
dates often contain G-actin [monomeric actin (24�27)], although
there is no convincing evidence for an actin-based cytoskeleton
operating in mature sieve elements (13). Therefore, the occur-
rence of G-actin in sieve tubes is explained best by the leakage of
this ubiquitous protein into transporting tubes from companion
cells and differentiating, immature sieve elements (13, 24). Simi-
larly, the detection in phloem exudates of proteins known to func-
tion in translation prompted the conclusion that “protein synthesis
likely occurs within the angiosperm phloem translocation stream”
(22). However, subsequent studies indicated that the observed
ribosomal fragments rather represented molecular debris from
the breakdown of the protein synthesis machinery in differentiat-
ing sieve element precursor cells (29).

A different problem is that even the purest exudates deliver
an incomplete picture of the composition of sieve elements at
best because nonsoluble cellular components seem to never
join the exuding fluid (32). For example, sieve elements in legu-
minous plants harbor contractile forisomes, protein bodies that
may occlude the tubes reversibly in a Ca2+-dependent fashion
(33, 34). Forisomes consist of SEO (sieve element occlusion) pro-
teins (35). No traces of these proteins were detected in phloem
exudates from two legumes, Lupinus albus (26) and Lupinus tex-
ensis (28), although forisomes have been documented in seven
Lupinus spp., including L. albus (36). The similar but noncontrac-
tile SEOR (SEO-related) proteins are common and often abun-
dant P-proteins in angiosperms including legumes, cucurbits,
and model species such as Populus trichocarpa and Arabidopsis
(12, 35, 37, 38). Nonetheless, SEORs are conspicuously absent
from phloem exudates; we are aware of only one detection of
apparent SEOR proteins, namely several putative homologs of the
Arabidopsis SEOR1 (At3G01680) in exudates from Cucurbita max-
ima (supplemental table 1 in ref. 21).

Some disadvantages of using exudates to study phloem proteins
could be minimized if it were possible to isolate and purify sieve
tubes. In fact, the comparison of the protein contents of assumed
phloem exudates on one hand and that of microsurgically isolated
fascicular phloem on the other has been instrumental in clarifying
that the two anatomically distinguishable phloem types of the
cucurbits, fascicular and extrafascicular phloem, are physiologi-
cally distinct (39, 40). In one of these studies (40), several putative
homologs of the two Arabidopsis SEOR proteins (At3G01670 and
At3G01680) were detected in the fascicular phloem of both C.
maxima and Cucumis sativus. This suggests that phloem isolation
by microdissection might enable the recovery of sieve element
proteins that are absent from phloem exudates.

We reasoned that macroscopic procedures enabling the prepa-
ration of comparatively large amounts of isolated sieve elements
could facilitate the application of large-scale proteomics analysis
to these cells. We developed methods for the production of

isolated phloem as well as purified sieve element samples of
over 40 μg from Nicotiana tabacum stems and leaves, enabling
the identification of proteins enriched in sieve elements com-
pared to bulk phloem. Here, we demonstrate the feasibility of
our approach by identifying sieve element–specific proteins
through which a previously unknown (sub)compartment of the
reduced endomembrane system of these cells can be defined.

Results
Tissue Preparation. In preliminary tests of a variety of species, we
had found N. tabacum particularly well suited for the manual iso-
lation of large amounts of phloem tissues from stems as well as
leaves (SI Appendix, Fig. S1). Using anN. tabacum line expressing
GFP (green fluorescent protein) targeted to the ER (endoplas-
mic reticulum) by the HDEL retention signal specifically in sieve
tubes (pMtSEO2-HDEL-GFP; Fig. 1A) enabled the identifica-
tion of sieve elements throughout the preparation procedure.
This facilitated the development of a cell type–specific enzymatic
degradation protocol for the purification of sieve elements from
bulk phloem preparations (Fig. 1 B–D). As a result, we could pro-
duce bulk phloem and sieve element samples from both stems
and leaves that were sufficient for large-scale comparative prote-
ome analyses. The ability to quantitatively compare the pro-
teomes of bulk phloem and purified sieve elements was essential
for our further analyses, in which we aimed at identifying proteins
with specific roles in sieve elements through their relative enrich-
ment in purified sieve element preparations.

Proteome Analysis. We analyzed our samples by three-stage mass
spectrometry (MS3) and identified proteins using the protein
database derived from the N. tabacum reference genome (41),
available at https://solgenomics.net. The analysis of three biologi-
cal replicates each of bulk phloem and sieve element prepara-
tions from leaves and stems yielded 3,573 (leaf) and 6,419 (stem)
unambiguously identified proteins (complete lists in Dataset S1).
Because 2,894 proteins were present in both organs, the total
count was 7,098 (Fig. 1E). Reproducibility of detection was high;
counting protein numbers individually for the four treatments
(stem or leaf, bulk phloem or purified sieve elements), the
detected protein was found in all three biological replicates in
92.5% of the cases. The vast majority of proteins, 98.3% in
leaves and 97.8% in stems, were detectable in both bulk phloem
and purified sieve elements (Fig. 1E). The differences between
bulk phloem and purified sieve elements in the amounts of 35.
3% (leaves) and 35.8% (stems) of these proteins were consid-
ered insignificant (P > 0.05; Student’s t test, two-tailed, unequal
variance). Of those proteins showing more substantial differ-
ences between bulk phloem and sieve element preparations
(P ≤ 0.05), minorities of 28.1% in leaves and only 13.8% in stems
were enriched in sieve elements (Fig. 1F); 217 of these proteins
were detected in both organs. Interestingly, the absolute counts
of proteins satisfying these criteria (enriched in sieve elements,
P ≤ 0.05) were rather similar in stems (557) and leaves (639).
Thus, the greater total number of proteins in stem as compared
to leaf preparations seemed largely due to a greater variety of cell
types in stem preparations. In other words, phloem preparations
from leaves were “cleaner.”

In samples from stems and leaves, 129 (2.0%) and 42 (1.2%)
proteins, respectively, were detected in bulk phloem prepara-
tions but not in purified sieve elements. The opposite was true
for 14 (0.2%) of the proteins in stem samples and 18 (0.5%) in
samples from leaves. One might assume that proteins found
exclusively in sieve element preparations were likely to possess
sieve tube–specific functions. However, none of the proteins that
appeared sieve element-exclusive in one organ (leaf or stem)
was sieve element-exclusive also in the other. Half of the 32 pro-
teins found exclusively in sieve element preparations from one
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of the two organs were not found at all in any samples, bulk
phloem or purified sieve elements, from the other organ. More-
over, 24 of the 32 proteins were not present consistently in all
three biological replicates. Thus, we concluded that the small
proportion of proteins that were detected exclusively in sieve ele-
ment preparations represented statistical noise rather than
meaningful discoveries.

Distribution of Selected Proteins of Interest. Next, we evaluated
the distributions of selected proteins between bulk phloem and
purified sieve element preparations, starting with the sieve
element–specific SEORs. Two tobacco SEORs, NtSEOR1 and
-2, had been studied previously in living plants (42). However,
the N. tabacum reference genome (41) has eight gene products
annotated as "sieve element occlusion"(SI Appendix, Table S2),
all sharing high sequence similarities with the two well-
characterized SEORs of Arabidopsis (SI Appendix, Fig. S2).
Our stem and leaf samples all contained six of the tobacco
SEOR proteins, which were enriched in sieve element relative to
bulk phloem preparations. In all but one case, the enrichment
was 10-fold or larger (Fig. 2A). These results agreed with the
cell biologically established sieve element–specific localization
of SEORs. The reverse distribution pattern was expected for
tubulins, as sieve elements lack microtubules. We detected the
same three α-tubulins and two β-tubulins in all samples, with
one and three additional β-tubulins present specifically in leaf
and stem samples, respectively (SI Appendix, Table S3; classifica-
tion of the tobacco tubulins was based on their similarities to Ara-
bidopsis α- and β-tubulins; SI Appendix, Fig. S3). All tubulins

were depleted in sieve element preparations compared to bulk
phloem by factors between 0.69 and 0.12 (Fig. 2A).

A number of proteins exhibited comparable distribution pat-
terns. For instance, we found six actin isoforms in our prepara-
tions (SI Appendix, Table S4 and Fig. S4), all of which were
depleted in purified sieve elements (Fig. 2B) similarly as tubulins
were (Fig. 2A). An example of a SEOR-like distribution was pro-
vided by the putative homologs of the callose synthase, CalS7
(GSL7). In Arabidopsis, this sieve element–specific enzyme is
involved in generating the callose collars of sieve plate pores
and thus in the regulation of the hydraulic resistance of sieve
tubes (43, 44). Blasting its amino acid sequence against the
N. tabacum protein database (41) identified a number of puta-
tive homologs. We detected seven of these proteins in our prep-
arations, and two of them were accumulated in sieve elements
like SEORs were (Fig. 2B and SI Appendix, Table S5). These
two also were the most similar to AtCalS7 of all the putative
homologs (SI Appendix, Fig. S5) and therefore appeared likely
to represent functional equivalents of the Arabidopsis enzyme in
N. tabacum. The presence in N. tabacum of two homologs of a
single Arabidopsis protein was not surprising due to the allote-
traploid character of the former species.

Potential problems of generalizing insights gained in Arabi-
dopsis were exemplified by the 10 sucrose synthases (SuSy) pre-
sent in all our leaf and stem samples (SI Appendix, Table S6).
Two of the six isoforms known from Arabidopsis, SuSy5 and -6,
recently were reported to occur exclusively in sieve elements of
this species (45). Sequence comparison suggested one pair of
the putative N. tabacum SuSys as homologs of each of the sieve

Fig. 1. Tissue preparation and proteomics analysis. (A) Functional sieve tube in a transgenic N. tabacum leaf with sieve elements specifically marked by
fluorescence from ER-localized GFP (yellow; arrowheads: sieve plates). (B) Bulk phloem preparation from a stem, showing the sieve element–specific GFP
signal (yellow) and chlorophyll autofluorescence (blue) originating from chloroplasts. (C) Purified sieve element preparation exhibiting strongly reduced
chlorophyll fluorescence. (D) Individual sieve element in purified sample. A sieve plate is marked by arrowheads. (E) Protein diversity in preparations of
phloem tissues from leaves and stems; rectangle areas correspond to protein numbers. Small squares with asterisks: proteins found in purified sieve ele-
ment samples but not in bulk phloem; crossed squares: proteins found only in bulk phloem. All other proteins were detected in both bulk phloem and
purified sieve elements. (F) Bar graphs visualizing the distribution of proteins between bulk phloem and purified sieve element preparations from stems
(Top) and leaves (Bottom). Log2 of the ratio of the amounts of each protein detected in sieve elements and bulk phloem (means of three biological repli-
cations) is indicated on the horizontal axis; each bar covers 0.1 of this parameter. Distributions of proteins for which the difference between sieve ele-
ment and bulk phloem yielded P ≤ 0.05 in Student’s t test are shown in color; other proteins appear in gray.
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Fig. 2. Volcano plots visualizing the enrichment or depletion of proteins detected in purified sieve elements relative to bulk phloem preparations from
leaves (n = 3,573; Left) and stems (n = 6,419; Right). Factors of enrichment or depletion (means of three biological replications) are presented on a loga-
rithmic (log2) scale on the abscissae; ordinates show the statistical significance of the observed changes (as �10 log p, where p is derived from Student’s
t tests). (A) Typical distributions of proteins known exclusively from sieve elements (SEOR) and proteins without known function in these cells (tubulins).
(B) Distributions of callose synthases (CalS; putative homologs of the sieve element–specific Arabidopsis CalS7 are highlighted) and actins. The datapoint
plotted onto the vertical axis of the stem figure represents an actin isoform that was found only in bulk phloem preparations. (C) Organ-specific distri-
butions of sucrose synthases (SuSy); putative homologs of the sieve element–specific Susy5 and -6 exhibit enrichment in purified sieve elements from
stems but not leaves. (D) None of the putative homologs of reportedly phloem-specific CYPs from B. napus showed consistent enrichment in sieve ele-
ments. SEOR-like distributions were exhibited by two putative ferric reductases and one reticulon-like protein, which were further characterized
cytologically.
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element–specific AtSuSy5 and -6, while the other six tobacco
proteins we had detected were more closely related to AtSuSy1
to 4 (SI Appendix, Fig. S6). Unexpectedly, none of the NtSuSys
was significantly enriched in purified sieve elements compared to
bulk phloem in leaf preparations (Fig. 2C). In stems, however,
the putative homologs of AtSuSy1 to 4 and AtSuSy5/6 were
depleted and enriched, respectively, in sieve elements (Fig. 2C).
Statistically, the sieve element enrichment of each of the four
AtSuSy5/6 homologs by itself was only weakly supported, but
the overall pattern (Fig. 2C) was suggestive of an organ depen-
dence of the tissue specificity of these proteins.

Cyclophilins (CYPs), ubiquitous proteins involved in a variety
of cellular processes, provided an example of the general prob-
lems involved in assigning phloem-specific functions to proteins
detected in potentially contaminated phloem exudates. In Bras-
sica napus, a group of structurally similar CYPs had been found
exclusively in phloem exudates, prompting the hypothesis that
they served a specific and fundamental role in this tissue (46).
Comparing the sequence of one of these proteins, BnCYP19-1,
to the proteins in our samples, we identified a number of puta-
tive homologs (SI Appendix, Table S7). Almost all of these puta-
tive NtCYPs were significantly depleted in sieve element relative
to bulk phloem preparations, while the only notable exception
showed a significant but moderate twofold enrichment (Fig. 2D
and SI Appendix, Table S7). This distribution, which resembled
that observed for tubulin and actin, did not necessarily exclude a
specific function of CYPs in sieve elements but was at least equally
well in line with the idea that the presence of CYPs in sieve tube
exudates was due to unspecific leakage from neighboring, non-
transporting phloem cells into the translocation stream.

Confirmation of Sieve Element Specificity in Selected Proteins.
Searching for potentially sieve element–specific proteins, we
focused on cases with similar distribution patterns between bulk
phloem and sieve element preparations as those observed for
SEOR proteins and established a short list of promising candi-
dates (SI Appendix, Table S1). We selected three proteins from
this list, identified as Nitab4.5_0017493g0010.1, Nitab4.5_
0020149g0010.1, and Nitab4.5_0000007g0250.1 in the reference
database, which had never been characterized before. Uniprot
domain searches revealed that the Nitab4.5_0017493g0010.1
protein (about 20 kDa) resembled reticulon-like proteins, while
Nitab4.5_0020149g0010.1 (38 kDa) and Nitab4.5_0000007g0250.1
(45 kDa) were predicted to possess cytochrome b561/ferric reduc-
tase transmembrane domains. The distribution patterns of the
reticulon-like protein and the putative ferric reductases 1 and 2
are shown in Fig. 2D (compare SI Appendix, Table S8).

To confirm that the three selected proteins were preferentially
located in sieve elements, we transformed tobacco with constructs
consisting of the endogenous promoter of the gene of interest
(1,500 base pairs upstream of the coding region), the correspond-
ing cDNA, and the sequence encoding the yellow fluorescent
protein (YFP). The occurrence of YFP fluorescence in the
transformed plants was observed by confocal microscopy. All
three YFP-tagged proteins—putative ferric reductases 1 and 2,
and the reticulon-like protein—were detected exclusively in sieve
elements, where they were restricted to thin layers in the periph-
ery of the cells (Fig. 3). The expression levels under the native
promoters were weak in some lines. Especially in the lines pro-
ducing the YFP-tagged reticulon-like protein, the fluorescence
could not be seen with epifluorescence microscopes but was
clearly detectable by confocal microscopy.

Subcellular Localization of Sieve Element–Specific Proteins. The
peripheral localization of the three sieve element–specific pro-
teins (Fig. 3) seemed to correspond to that reported for the ER
in sieve elements. To see whether the proteins were in fact located
in or at the ER, we crossed each of the three transgenic lines

producing the YFP-tagged protein of interest with the
pMtSEO2-HDEL-GFP line, in which the ER is marked specifi-
cally in sieve elements. The signal originating from the YFP-
tagged putative ferric reductase 1 overlapped with the GFP signal
from the ER only partly; numerous discrete foci were clearly sep-
arate from the ER (Fig. 4). Attempts to generate viable crosses
producing YFP-tagged putative ferric reductase 2 together with
GFP-tagged ER have remained unsuccessful so far, for unclear
reasons. However, analogous crossing experiments with plants
producing the YFP-tagged reticulon-like protein yielded similar
results as with putative ferric reductase 1 (Fig. 5).

To further characterize the behavior of the proteins in live
cells, we performed FRAP (fluorescence recovery after photo-
bleaching) experiments. When we photobleached small rectan-
gular zones in sieve elements exhibiting YFP fluorescence linked
to the putative ferric reductase 1 and to the reticulon-like pro-
tein, no significant fluorescence recovery became evident over a
period of 20 min (Fig. 6 A and B). Evidently, the diffusion of
these two proteins was significantly restricted compared to that
of the luminal HDEL-GFP, which showed complete fluorescence
recovery in under 10 min (Fig. 6C).

Discussion
Since sieve elements are not amenable to analytical approaches
based on analyses of gene activity, transcriptomics, or protein
synthesis, we aimed at isolating sieve tubes to provide sufficient
material for large-scale proteomics analyses of sieve elements.
Among easily cultivated species with known whole-genome
sequence data, N. tabacum proved the most suitable one for the
manual isolation of phloem tissues from stems as well as leaves.
Using a line expressing the GFP gene linked to the HDEL

Fig. 3. Three sieve element–specific proteins are located predominantly
in the periphery of mature sieve tubes. Transgenic N. tabacum producing
YFP-tagged versions of either putative ferric reductase 1 (A), putative fer-
ric reductase 2 (B), or reticulon-like protein (C) under the control of the
native promoters showed YFP signals only in sieve elements (Upper micro-
graphs in A, B, and C). Optical sections revealed that the signal originated
almost exclusively from a thin peripheral layer in these cells (Lower micro-
graphs in A, B, and C).
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ER-retention signal under the control of a sieve element–specific
promoter (Fig. 1A) greatly facilitated quality control during the
enzymatic isolation of the fluorescently marked sieve elements
from bulk phloem (Fig. 1 B–D). We were able to produce puri-
fied sieve element samples with masses in the range of a few
10�5 g. Consequently, we could quantitatively compare the pro-
teomes of bulk phloem and purified sieve elements, providing us
with a criterion for selecting promising candidate proteins with
sieve element–specific functions. This is a significant step forward
from the microdissection method of Anstead et al. (32), who iso-
lated bulk phloem from broccoli (B. napus) but did not purify
sieve elements. Our simple protocol does not rely on complex
preparative technologies and can be performed in any laboratory.
In some contexts, this can be a decisive advantage over laser dis-
section (39, 40) and methods requiring the individual recognition
of sieve element–derived protoplasts (47), for these approaches
depend on advanced equipment and specialized skills to produce
comparatively tiny amounts of materials for analysis.

The development of our enzymatic method, which degrades
the walls of all cells but sieve elements, occurred by accident. In
the context of a different project, we had attempted to produce
sieve element protoplasts by exposing vascular tissues of N. taba-
cum to a standard cell wall–degrading enzyme mixture. The utter
failure of this approach was the basis for the discovery of the puri-
fication technique for sieve elements presented here. While the
underlying molecular mechanisms remain obscure, it is obvious
that the composition and/or structure of sieve element cell walls
differ in some important respect(s) from those of all neighboring
cells.

Using the amino acid sequences predicted from the most
recent genome sequences for N. tabacum (41), we identified
thousands of proteins in bulk phloem and purified sieve element
preparations from stems and leaves (Fig. 1E and Dataset S1).
Evaluation of these data in terms of protein enrichment or deple-
tion in purified sieve elements relative to bulk phloem yielded the
expected results for the few proteins for which independent cyto-
logical information concerning their presence in sieve tubes was

available. SEOR proteins are sieve element–specific P-proteins
(12), and CalS7 is a sieve tube–specific callose synthase in
Arabidopsis (43, 44). All six SEORs and the two apparent homo-
logs of CalS7 included in our dataset of N. tabacum proteins
were strongly enriched in purified sieve element samples from
both stems and leaves (Fig. 2 A and B). In contrast, ubiquitous
proteins without apparent function in sieve tubes such as the cyto-
skeletal components tubulin and actin were depleted in sieve tube
samples from both organs (Fig. 2 A and B). The similarity of the
distributions of actins and tubulins was in agreement with the
reported absence of a functional actin cytoskeleton in sieve tubes
(13) but not with claims to the opposite (48). We concluded that
proteins showing distributions between bulk phloem and purified
sieve element samples that resembled those of SEORs and CalS7
were likely to be sieve element-specific, leading us to select a short
list of the most promising candidates (SI Appendix, Table S1).

On the other hand, we deliberately refrained from the usual
large-scale in silico analyses of our set of detected proteins with
respect to hypothetical protein function, predicted intracellular
localization, putative binding partners, etc. Since only a vanish-
ingly small proportion of the predicted proteins in tobacco plants
has been characterized functionally and cytologically, almost all
attributions of putative protein characters have to be deduced
from sequence similarities with proteins from better known spe-
cies, especially Arabidopsis. The assumptions involved in such an
analysis are not unproblematic in the best case, and even more
so in N. tabacum, a recently evolved allotetraploid (49). Due to
increased rates of genome and gene evolution in polyploids
(50, 51), the probability for a tobacco protein to not have the
same physiological characteristics as its Arabidopsis homolog(s)
must be expected to be comparatively high.

To highlight the validity of our approach, we here reported
the first candidate proteins from our short list (SI Appendix,
Table S1) for which we were able to generate transgenic tobacco
plants expressing the YFP-tagged protein under the control of
the native promoter. We had selected two of these proteins
because they were annotated as possessing similarities to cyto-
chrome b561/ferric reductases. Cytochromes b561 are mem-
brane proteins involved in redox regulatory processes including
ascorbate recycling and ion homeostasis (52–55). Functional

Fig. 5. The intracellular localization of a sieve element–specific reticulon-
like protein overlaps only partly with the ER in transgenic N. tabacum.
Dual fluorescence micrographs show the signals from the HDEL-GFP in the
lumen of the ER and the YFP-tagged reticulon-like protein in the same
sieve element (Top and Center). The combined image (Bottom) confirms
that the overlap (white) of the two signals (HDEL-GFP, red; reticulon-like
protein, cyan) is not complete. A sieve plate is visible on the Right.

Fig. 4. The intracellular localization of a sieve element–specific putative
ferric reductase does overlap with but is not restricted to the ER in trans-
genic N. tabacum. Dual fluorescence micrographs show the signals from
the HDEL-GFP in the lumen of the ER and the YFP-tagged putative ferric
reductase 1 in the same sieve element (Top and Center). The combined
image (Bottom) confirms that the two signals (HDEL-GFP, red; ferric reduc-
tase 1, cyan) overlap partly (white). At higher magnification, it becomes
evident that domains with exclusive HDEL-GFP signal (example in circle 1),
domains with both signals (circle 2), and domains with exclusive ferric
reductase 1-YFP signal in the ER (circle 3) exist.
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phloem tissues experience very low oxygen levels and reducing
redox potentials (56, 57). As a consequence, phloem-specific
proteins are expected to be adapted to reducing conditions,
and for forisomes, this has been experimentally verified (34).
Sieve element–specific proteins potentially involved in redox reg-
ulation therefore appeared of particular interest. Both putative
cytochrome b561/ferric reductases localized specifically to the
periphery of sieve elements (Fig. 3 A and B). For one of them,
we could directly show that its localization did not generally coin-
cide with the ER, which also is restricted to a thin peripheral
layer in these cells (Fig. 4). To explain these findings, we hypoth-
esize that the peripheral endomembrane system of sieve ele-
ments is subdivided into two components (Fig. 7). First, the ER
proper as identified in our transgenic plants by luminal GFP
carrying the HDEL signal, a classical ER-retention sequence
(58). Second, a (sub)compartment defined by the presence of a
membrane protein, the sieve element–specific putative ferric
reductase 1. This compartment seems to be connected to the
ER proper (see zones of partially overlapping fluorescence sig-
nals in Fig. 4) but appears inaccessible to GFP diffusing in the
ER lumen. The much reduced FRAP of the tagged putative
ferric reductase 1 (Fig. 6A) indicates significant constraints on
the diffusion of membrane components in the (sub)compart-
ment characterized by this protein.

The ER is a polymorphic, highly dynamic structure. In plant
cells, its mobility depends on the actin-myosin cytoskeleton (59).
This implies severely reduced ER mobility in sieve elements,
which lack actin filaments (13). On the other hand, the structural
differentiation of the ER into tubular or sheet-like portions is at
least partly independent of actin and requires reticulons, proteins

that interact with the ER membrane (60, 61). Reticulons are
abundant in plants (62) and are able to induce constrictions that
restrict the diffusion of proteins in the ER (63, 64). Because retic-
ulons could be responsible for the postulated differentiation of
the ER, we further analyzed one of the two reticulon-like pro-
teins included in our short list of promising candidates with sieve
element–specific functions. The reticulon-like protein was clearly
sieve element-specific and restricted to the cell periphery (Fig.
3C). Moreover, it showed reduced diffusivity in FRAP experi-
ments (Fig. 6B), resembling the putative ferric reductase 1 in this
respect. These findings could be explained by a revised working
hypothesis, in which the inaccessibility of the second (sub)com-
partment for luminal GFP as well as the reduced diffusivity of
membrane proteins in that (sub)compartment are interpreted as
effects of reticulon action on the ER membrane (Fig. 7).

The ultrastructure of sieve elements deviates from the textbook
stereotype of a plant cell and is difficult to study (11). Froelich
et al. (65) described electron-dense vesicles in sieve tubes of
Arabidopsis that seemed distinct from all known cellular com-
partments including the ER. It is tempting to speculate that these
vesicles represent the compartment characterized by the pres-
ence of the putative ferric reductase 1 and/or the reticulon-like
protein in tobacco. Unfortunately, the advanced preparation
techniques for electron microscopy that were essential in dis-
covering the unusual vesicles in Arabidopsis cannot easily be
transferred to larger species such as N. tabacum, making it dif-
ficult to combine ultrastructural and molecular approaches to
test the idea in tobacco. We can go the opposite way, though.
The Arabidopsis genome includes 21 genes for reticulons (66). A
single one of them, AtRTNLB9 (At3g18260), is by far the most
similar of all Arabidopsis proteins to both reticulon-like proteins
in our short list of potentially sieve element–specific N. tabacum

Fig. 7. Hypothetical explanation of the observations reported. The reduced
endomembrane system of sieve elements consists of two parts (compare
Fig. 4). First, the ER proper (yellow), which can be identified by fluorescence
originating from GFP carrying the ER-retention signal HDEL (circle 1). Second,
a previously uncharacterized compartment (blue) identifiable by fluores-
cence from YFP-tagged reticulon-like protein and putative ferric reductase 1
(circle 3). Generally, luminal GFP diffuses freely in the ER proper but is steri-
cally excluded from the second compartment due to constrictions generated
by reticulons acting on the organelle membrane. Transition zones, however,
exist (circle 2). Redox enzymes such as the putative ferric reductase 1, which
are involved in controlling the reducing redox potential in active sieve ele-
ments, are located in the membrane between the reticulons, where they
experience reduced diffusivity. This model is to be understood as a simplify-
ing working hypothesis intended to guide the next research steps.

Fig. 6. FRAP experiments with sieve elements exhibiting fluorescence from
YFP-tagged putative ferric reductase 1 (A), YFP-tagged reticulon-like protein
(B), and GFP in the lumen of the ER (C; a sieve plate is marked by arrowheads).
Rectangular fields (under the scale bars) were photobleached, and the recov-
ery of the fluorescence was observed over 20 min. No or very weak recovery
was detected over this period with the YFP-tagged proteins (A and B), while
the signal from the luminal GFP recovered completely in under 10 min
(C). Times marked on the images refer to the period that passed after the
end of the photobleaching treatment. The tests shown are representative of
at least four independent repetitions each.
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proteins (SI Appendix, Table S1). The inference that AtRTNLB9
might be a sieve element–specific reticulon therefore is plausible.
If corroborated, the whole battery of molecular, cell biological,
and ultrastructural techniques established in the Arabidopsis
model will become available for studying the unusual endomem-
brane system of sieve elements.

Due to the lack of a nucleus and translational machinery in
sieve elements, and because of the difficulties to isolate sufficient
amounts of these cells, only a handful of sieve tube–specific pro-
teins have been functionally characterized. Consequently, the
functions of major sieve element organelles such as the ER
and the sieve element plastids have remained obscure. This is
in stark contrast to other cell types. Here, we produced evi-
dence suggesting a division of the sieve element ER into at
least two subcompartments, distinguishable by characteristic, sieve
element–specific proteins. This further emphasizes that sieve
elements are far from being empty tubes. Our preparation pro-
tocols permit the identification of large numbers of highly
enriched sieve element–specific proteins. As sieve tubes are
involved in crucial physiological processes including plant/patho-
gen interactions, assimilate transport, long distance signaling,
etc., our short list of sieve element–specific proteins (SI
Appendix, Table S1) provides an exploratory tool that paves the
way to a much clearer understanding of sieve tube biology.

Materials and Methods
Plant Material. Transgenic N. tabacum expressing GFP tagged to the sieve
element endoplasmic reticulum under the control of the sieve element
precursor–specific SEO2 promoter of Medicago truncatula was available in
our laboratory (11). Wild-type and pMtSEO2-ER-GFP transgenic N. tabacum
var. Petit Havana plants were maintained in a greenhouse at 25 °C with a
16/8-h photoperiod.

Preparation of Bulk Phloem and Purified Sieve Elements. To obtain phloem
tissue from young, rapidly growing stems, the cortex was peeled exposing
phloem on the inner side of the peel (SI Appendix, Fig. S1). The phloem was
scratched off with scalpels or razor blades and sectioned into small fragments.
Phloem from leaves was isolated from the midrib. When the midrib of a
tobacco leaf is bent in the adaxial direction, the cortex cracks and can be
peeled off to expose the phloem on the vascular bundle (SI Appendix, Fig. S1).
The phloem layer can then be scratched off.

To isolate sieve elements from phloem tissues, samples were incubated
overnight in 0.5% (wt/vol) cellulase Onozuka R-10 (Serva), 0.05% (wt/vol)
pectolyase Y23 (Seishin Corp.), 0.5% (wt/vol) macerozyme R10 (Serva), 1%
(wt/vol) bovine serum albumin (Sigma-Aldrich), 1 mM CaCl2, and 10 mM
Hepes/Tris (pH 5.6). The enzyme solution was adjusted to 800 mosmol � kg�1

with D-sorbitol (Sigma-Aldrich). This treatment preserved sieve element cell
walls while the walls of all other cell types were digested. The resulting pro-
toplast suspension was filtered through a nylon mesh (50 μm) and washed
with 800 mM D-sorbitol and 1 mM CaCl2. The remaining samples containing
complete sieve elements were shock-frozen in liquid nitrogen, freeze-dried,
and stored at room temperature.

Proteomics Analysis by Mass Spectrometry. The freeze-dried samples were
denatured at 95 °C for 20 min in a buffer containing 2% SDS (sodium
dodecyl sulfate), 50 mM Tris (pH 8.0), and 40 mM DTT (dithiothreitol). After
samples had cooled to room temperature, 50 mM chloroacetamide were
added for alkylation before samples were centrifuged to remove cell debris.
The protein concentration in the supernatant was determined by SDS-PAGE
(sodium dodecyl sulfate–polyacrylamide gel electrophoresis) followed by Coo-
massie staining. Up to 40 μg protein were extracted from the gel and washed
with precooled 80% acetone. The proteins were dried and digested in 6 M
urea and 50 mM Tris (pH 8.0) with 2 μg Lys-C protease at 37 °C for 3 h. The
samples were digested further with 1 M urea, 50 mM Tris (pH 8.0), and 2 μg
trypsin overnight, and then were acidified with 0.5% trifluoroacetic acid to

stop the digestion reactions. The peptide mixtures were labeled with tandem
mass tag multiplex kits (Thermo Fisher Scientific) for deep proteomic compar-
ison. Quantitative liquid chromatography-mass spectroscopy (LC-MS/MS/MS,
MS3) analysis was performed with a nano-flow RP-HPLC (reversed-phase-high
performance liquid chromatography) apparatus combined with a Tribrid
Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific); see SI
Appendix, Table S9 for details. The datasets obtained were analyzed with
PEAKS 8.5 (Bioinformatics Solutions Inc.).

Selection of Proteins of Potential Interest. Selection of proteins of interest
among the 6,419 and 3,573 proteins unambiguously identified in stem and
leaf samples, respectively (Dataset S1), proceeded in three steps. First, a statis-
tical measure for the reliability of the protein identification provided by the
PEAKS 8.5 software (“significance”) was evaluated (67). Setting a threshold at
10 reduced the numbers of proteins from stems and leaves to 4,668 and 2,657,
respectively. Second, using a fivefold enrichment factor in purified sieve ele-
ments compared to bulk phloem as a threshold further reduced the protein
numbers to 237 and 320 in stems and leaves, respectively, with 123 proteins
being present in samples from both organs. These 123 proteins were con-
sidered prime candidates for proteins with sieve element–specific functions
(SI Appendix, Table S1).

Cloning and Design of Promoter–Reporter Constructs. Genomic DNA (gDNA)
and cDNA sequences for the N. tabacum genes Nitab4.5_0017493g0010.1,
Nitab4.5_0020149g0010.1, and Nitab4.5_0000007g0250.1 were obtained from
the Solgenomics database (https://solgenomics.net); for amino acid sequences
of the three proteins, see SI Appendix, Table S10. We selected 1,500-bp puta-
tive promoter sequences extending in the 50 direction from but not including
the translation start codons of the genes. The promoters were amplified from
tobacco gDNA, and the cDNAs were amplified from a tobacco cDNA pool
generated from RNAs extracted from sieve elements of wild-type tobacco
plants. Promoter-cDNA-YFP constructs were generated using Gibson assem-
bly (New England BioLabs), combining an amplified promoter, cDNA, and
the YFP sequence with a linker in the binary vector AKK1426 containing a
glufosinate resistance gene.

Stable Transformation of N. tabacum. Binary vectors used for stable plant
transformation were introduced into Agrobacterium tumefaciens strain
LBA4404 by the freeze–thaw method (68). Tobacco plants were transformed
following established protocols (69).

Microscopy. The phloem in the midribs of leaves of transgenic plants express-
ing YFP-tagged, potentially sieve element–specific proteins was examined
with a Leica SP8 confocal laser-scanning microscope (Leica Microsystems).
YFP was excited with the 514-nm line of a white light laser, and emission was
collected between 518 and 555 nm with a time gating setting of 0.3 to 5 ns.
In case of weak fluorescence, a line accumulation between 6 and 12 was used
to increase image quality. Images were processed with the Leica LAS AF Lite
software and ImageJ (Fiji) version 1.52p (https://imagej.nih.gov/ij). FRAP was
performed with the same settings . To bleach a specific area, the laser power
was increased to 100% and the zoomwas increased to 12× . After bleaching,
the power was reduced to 10% and the zoom was set to 1× . An xyt movie
was taken to document fluorescent protein diffusion. Imaging and FRAP
experiments with GFP were performed with the 405-nm excitation line of a
pulsed diode laser. The higher intensity of the laser allows faster bleaching,
which is especially important for fast-diffusing probes. GFP emission was col-
lected between 490 and 540 nm. Otherwise, the experiments were per-
formed as described for YFP.

Data Availability. The mass spectrometry proteomics data have been depos-
ited in the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD030457. All other relevant data are available
within the article text and the supporting information.
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