
The receptor-like kinases BAM1 and BAM2 are
required for root xylem patterning
Pengfei Fana,b,1

, Emmanuel Aguilara,c,1, Mariem Bradaia,2, Hao Xuea,b,2, Hua Wangd, Tabata Rosas-Diaza,
Weihua Tangd

, Sebastian Wolfe, Heng Zhanga
, Lin Xud

, and Rosa Lozano-Durána,f,3


aShanghai Center for Plant Stress Biology, CAS Center for Excellence in Molecular Plant Sciences, Chinese Academy of Sciences, Shanghai 201602, China;
bUniversity of the Chinese Academy of Sciences, 100049 Beijing, China; cInstituto de Hortofruticultura Subtropical y Mediterránea “La Mayora,” Area de
Genética, Facultad de Ciencias, Universidad de Málaga, E-29071 Málaga, Spain; dNational Laboratory of Plant Molecular Genetics, CAS Center for Excellence
in Molecular Plant Sciences, Shanghai Institute of Plant Physiology and Ecology, Chinese Academy of Sciences, Shanghai 200032, China; eDepartment of
Plant Developmental Biology, Centre for Organismal Studies, Heidelberg University, 69120 Heidelberg, Germany; and fDepartment of Plant Biochemistry,
Centre for Plant Molecular Biology, Eberhard Karls University, D-72076 Tübingen, Germany

Edited by Ykä Helariutta, University of Cambridge, Cambridge, United Kingdom, and accepted by Editorial Board Member Philip N. Benfey February 18, 2021
(received for review November 29, 2020)

Xylem patterning in the root is established through the creation of
opposing gradients of miRNAs and their targets, transcripts of the
HD-ZIP III family of transcriptions factors, enabled by the cell-to-cell
spread of the former. The miRNAs regulating xylem patterning,
miR165/6, move through plasmodesmata, but how their trafficking is
regulated remains elusive. Here, we describe that simultaneous muta-
tion of the plasma membrane- and plasmodesmata-localized receptor-
like kinases (RLKs) BARELYANYMERISTEM (BAM) 1 and 2 or expression
of the geminivirus-encoded BAM1/2-interactor C4 results in higher ac-
cumulation and broader distribution of the HD-ZIP III transcripts despite
normal total accumulation of miR165/6, and ultimately causes defects
in xylem patterning, which depend on the function of the aforemen-
tionedmiRNA targets. Taken together, our results show that BAM1 and
BAM2 are redundantly required for proper xylem patterning in the
Arabidopsis root, by ensuring the proper distribution and accumu-
lation of miR165/6-targeted transcripts.
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Tissue patterning in plant organ development depends pri-
marily on positional information, which must be communi-

cated between cells. Different mobile molecules can mediate
cell-to-cell communication, including phytohormones, transcrip-
tion factors, or peptides. In the past decade, multiple studies have
uncovered the relevance of small noncoding RNAs (sRNAs) as
mobile molecules capable of acting as morphogens in plant de-
velopment, determining leaf polarity, root vascular patterning,
embryo meristem formation, female gametogenesis, and main-
tenance of the shoot apical meristem, regulating the acquisition
of cell fate in a dose-dependent fashion (reviewed in refs. 1–3).
Interestingly, it has been recently shown that the cell-to-cell
movement of microRNAs (miRNAs) is directional (4), indicat-
ing that this process must be precisely regulated.
An elegant example of how sRNAs can determine pattern

formation is provided by the study of xylem patterning in the root
of Arabidopsis thaliana (hereafter referred to as Arabidopsis). Xylem
patterning is established by a robust regulatory pathway comprising
the action of miRNAs 165 and 166 (miR165/6) and the transcrip-
tion factors SHORT ROOT (SHR) and SCARECROW (SCR)
(5). Xylem precursors differentiate into two types of xylem ves-
sels: metaxylem cells, with pitted secondary cell walls, in the
center of the vascular cylinder, and protoxylem cells, distinguishable
by their spiral wall thickenings, in a peripheral position (Fig. 1A).
SHR is produced in the stele, and moves from cell to cell to the
endodermis, where it induces SCR expression and, together with the
latter, that of MIR165a and MIR166b. The resulting miR165 and
miR166 move into the stele, restricting the accumulation of the class
III HOMEODOMAIN-LEUCIN ZIPPER (HD-ZIP III) mRNA,
particularly that of PHABULOSA (PHB), to the center of the stele,
which results in correct xylem patterning with formation of both
metaxylem (high HD-ZIP III activity) and protoxylem (low HD-ZIP

III activity) (5, 6). Although miR165/6 have been shown to move
symplastically through plasmodesmata (7), how their trafficking
is regulated remains elusive.
The plasma membrane- and plasmodesmata-localized receptor-

like kinases (RLKs) BARELY ANYMERISTEM (BAM) 1 and 2
have been recently described as required, directly or indirectly, for
the cell-to-cell spread of RNA silencing in the reporter SUC-SUL
plants (8), in which production of mobile small interfering RNA
(siRNA) against the endogenous At4g18480 gene (encoding the
CHLI subunit of the magnesium chelatase) in phloem companion
cells causes non–cell-autonomous silencing observable as a chlo-
rotic phenotype around the leaf veins (9). The underlying mo-
lecular mechanism of this potential function of BAM1/2, and
whether they might also play a role in the cell-to-cell movement of
other sRNAs, such as miRNAs, is yet to be determined.
In Arabidopsis roots, BAM1 is strongly expressed in the stele

(SI Appendix, Fig. S1) (10). We reasoned that, considering this
expression pattern, if BAM1 regulates movement of miRNAs, it
could mediate the cell-to-cell spread of miR165/6, hence acting

Significance

Plant miRNAs can move from cell to cell through cytoplasmic
channels called plasmodesmata, transmitting positional infor-
mation that is decoded to make developmental decisions; one
well-studied example of this is xylem patterning in the root of
the model plant Arabidopsis thaliana, which depends on the
formation of opposing gradients of two miRNAs and their
target transcripts. Here, we show that two plasma membrane-
and plasmodesmata-localized proteins, BAM1 and BAM2, are
required for maintaining appropriate levels and distribution of
the miRNA target transcripts, and hence for proper root xylem
patterning, uncovering additional players in the regulation of
this developmental process and adding one more function,
direct or indirect, to the ever-growing portfolio of BAM1
and BAM2.

Author contributions: P.F., E.A., S.W., and R.L.-D. designed research; P.F., E.A., M.B., H.X.,
H.W., T.R.-D., and S.W. performed research; H.W., W.T., and L.X. contributed new re-
agents/analytic tools; P.F., E.A., M.B., H.X., S.W., H.Z., and R.L.-D. analyzed data; and
R.L.-D. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission. Y.H. is a guest editor invited by the
Editorial Board.

Published under the PNAS license.
1P.F. and E.A. contributed equally to this work.
2M.B. and H.X. contributed equally to this work.
3To whom correspondence may be addressed. Email: lozano-duran@psc.ac.cn.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2022547118/-/DCSupplemental.

Published March 15, 2021.

PNAS 2021 Vol. 118 No. 12 e2022547118 https://doi.org/10.1073/pnas.2022547118 | 1 of 6

PL
A
N
T
BI
O
LO

G
Y

https://orcid.org/0000-0002-7924-6745
https://orcid.org/0000-0002-0474-220X
https://orcid.org/0000-0002-6167-7870
https://orcid.org/0000-0002-1541-3890
https://orcid.org/0000-0003-4718-1286
https://orcid.org/0000-0001-7348-8842
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022547118/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2022547118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:lozano-duran@psc.ac.cn
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022547118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022547118/-/DCSupplemental
https://doi.org/10.1073/pnas.2022547118
https://doi.org/10.1073/pnas.2022547118


as a regulator of xylem patterning. In order to determine whether
BAM1/2 are required for correct xylem formation in the root, we
observed xylem patterning in bam1/2 mutants (9, 11). Interest-
ingly, bam1 bam2 double mutants, but not bam1 or bam2 single
mutants, display shorter roots (SI Appendix, Fig. S2) and show
discontinuous xylem defects consistent with a malfunction of
miR165/6-mediated patterning, namely absence of protoxylem
files and differentiation of metaxylem in place of protoxylem
(Fig. 1 and SI Appendix, Fig. S3). This phenotype can also be
observed in a bam1 bam2 bam3 mutant (12) (SI Appendix, Fig.
S3). At the molecular level, bam1 bam2 mutants display increased
accumulation of HD-ZIP III transcripts, targets of miR165/6;
however, these mutants are not affected in regulatory processes
upstream of the action of the miRNAs, namely expression of
MIR166b, SHR, or SCR, accumulation of miR165/6 (Fig. 2 A–C
and SI Appendix, Fig. S4), and a triple bam1 bam2 bam3 mutant is
not affected in SHR trafficking (10). The HD-ZIP III family
member PHB is a major regulator of xylem patterning; miRNA-
resistant mutant versions of PHB (phb-1d, phb-7d) display a xylem
patterning phenotype reminiscent of that observed in bam1 bam2
mutants (5). In situ hybridization shows that the spatial distribu-
tion of the PHB transcript is less restricted in the root stele in the
absence of BAM1/2 (Fig. 2D; negative hybridization control in SI
Appendix, Fig. S5), while lower levels of miR166 seem to be de-
tected in this area (Fig. 2E). Confirming that the altered xylem
patterning in bam1 bam2 results from the increased accumulation
of HD-ZIP III transcription factors, mutations in either PHB and/or
PHV are sufficient to partially restore normal xylem patterning
(Fig. 2F and SI Appendix, Fig. S6). Considering that in the bam1
bam2 mutant there is a wild-type (WT)-like accumulation of
miR165/6 (Fig. 2C) but a wider spatial distribution of its target
transcript PHB, our results suggest that it is the action of the
miRNA that is affected by the lack of BAM1/2, either cell-
autonomously or non–cell-autonomously. Transgenic plants over-
expressing BAM1 have normal xylem and WT-like accumulation of
the HD-ZIP III transcripts (SI Appendix, Fig. S7, Right), suggesting
that either BAM1 is not rate-limiting in this process, or an addi-
tional element, e.g., a ligand peptide, is required.

The C4 protein from the geminivirus Tomato yellow leaf curl
virus (TYLCV) interacts with the intracellular domain of BAM1/
2 at the plasma membrane and has a negative impact on the
cell-to-cell spread of RNA silencing (9). In order to test whether
the activity of C4 can have an effect on xylem patterning, we
observed the xylem in roots of transgenic Arabidopsis plants
expressing C4 under the control of the constitutive 35S promoter
(9). Strikingly, expression of C4 led to defects in xylem patterning
similar to those observed in bam1 bam2 mutants (Fig. 3 A and C).
Plasma membrane localization of C4 is essential for this phenotype,
since plants expressing the mutated version C4G2A, which loses its
membrane association and localizes to chloroplasts (9, 13), have
WT-like xylem (Fig. 3A). Transgenic plants expressing C4, but not
those expressing C4G2A, show increased accumulation of HD-ZIP
III transcripts (Fig. 4 A and B). However, similarly to the lack of
BAM1 and BAM2, C4 does not negatively affect the expression of
MIR166b, SHR, or SCR, or the accumulation of miR165/6 (Fig. 4 D
and E and SI Appendix, Fig. S8 A and C). As observed for bam1
bam2 mutants, the distribution of the PHB transcript in the stele is
broader in the C4-expressing plants (Fig. 4F), and lower levels of
miR166 seem to be detected in this part of the root (Fig. 4G).
Taken together, these results support the idea that C4 affects xylem
patterning through its interaction with BAM1/2. Importantly, root
length in transgenic 35S:C4 seedlings is comparable to that of WT
seedlings (SI Appendix, Fig. S9), ruling out a general effect on root
development.
Since miR165/6 are produced in the endodermis, and from

here traffic inwards into the stele establishing a gradient that
determines HD-ZIP III dosage (5), we reasoned that if C4 is exerting
its effect on xylem patterning through the interference with the
cell-to-cell movement of miRNAs, then expressing C4 in the endo-
dermal layer should have a non–cell-autonomous effect and be suf-
ficient to cause the observed phenotype. Indeed, transgenic plants
expressing C4 under the control of the endodermis-specific SCR
promoter display xylem patterning and related molecular phenotypes
similar to those previously described for bam1 bam2 and 35S:C4
transgenic lines (Figs. 3 B and C and 4 C andD), including a broader
PHB domain and lower miR166 in the root stele (Fig. 4 F and G).

Fig. 1. BAM1 and BAM2 play a redundant role in xylem patterning. (A) Typical structure of protoxylem (P) and metaxylem (M) in a longitudinal section of the
root; on the right, confocal image of a longitudinal section of the root showing basic fuchsin-stained protoxylem (P) and metaxylem (M), and brightfield
image of the same region. (Scale bar, 3 μm.) (B) Confocal micrographs of basic fuchsin-stained xylem in the roots of 6-d-old control and bam1 bam2 seedlings.
Empty arrowheads indicate protoxylem; filled arrowheads indicate metaxylem. WT: wild type (Ler); S-S: SUC:SUL; EV: empty vector. (Scale bar, 3 μm.) (C)
Quantification of the number of protoxylem (P) and metaxylem files (M) in the roots of listed genotypes. Phenotypic categories are displayed in vertical
sequence. Statistical differences in the distribution of % of xylem phenotypes (normal patterning = 2P vs. abnormal patterning <2P) between each genotype
and its respective control (WT Ler or Col-0 S-S/EV) were assessed by applying Fisher’s exact test; asterisks in parentheses indicate significant differences at P <
0.05. n = number of roots.
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Moreover, despite its localization to plasmodesmata (9), C4 does
not disturb the movement of SHR-GFP (SI Appendix, Fig. S10);
all other upstream regulatory steps analyzed are similarly unaf-
fected (SI Appendix, Fig. S8 B and D). This is consistent with the
finding that SHR trafficking is not altered in a bam1 bam2 bam3
mutant (10). Of note, transgenic plants expressing C4 under the
SCR promoter display wild-type-like rosettes, but abnormal flo-
ral stems (SI Appendix, Fig. S11); as previously described for the
35S:C4 transgenic lines, root length is not altered in SCR:C4
seedlings (SI Appendix, Fig. S9).
Transgenic 35S:C4 or SCR:C4 plants exhibit normal promoter

activity of the xylem markers AHP6, ATHB8, and TMO5 (14–16)
(SI Appendix, Fig. S12) as well as of MIR165a (5) (SI Appendix,
Fig. S13); reconstructions of the cross-view of roots from z-stack
images from Col-0, Ler, bam1-3 bam2-3, 35S:C4 (L7), and SCR:C4
(L18) are available as Movies S1–S5. qRT-PCR analyses of the

transcript accumulation of these xylem markers show an increase
in 35S:C4 plants, and a tendency toward higher accumulation in
SCR:C4 and bam1-3 bam2-3 plants, when compared to their WT
controls (SI Appendix, Fig. S14). Thus, cell type specification in
the C4-expressing lines and the bam1 bam2 mutant seems to be
largely unaffected, despite the altered xylem patterning, in agree-
ment with a role of HD-ZIP III transcription factors in xylem dif-
ferentiation (17–19). These observations are in contrast with results
obtained with the gain-of-function mutants phb-1d and phb-7d,
as well as with the shr mutant, where increased PHB transcript
levels correlated with the activation of cytokinin signaling and
inhibition of the expression of AHP6 (5). It is worth noting that
both C4-expressing plants and bam1 bam2 mutants show an
overall weaker xylem phenotype compared with phb-1d and phb-
7d (5). Nevertheless, the bam1 bam2 mutants present additional
developmental phenotypes similar to those observed concomitant

Fig. 2. miR165/6 activity, but not accumulation, is impaired in bam1 bam2 mutants, leading to increased levels of HD-ZIPIII factors and altered xylem
patterning. (A and B) Accumulation of transcripts of the HD-ZIPIII family genes (A), transcripts of the MIR166b gene, and mature miR165/6 (B) in the roots of
6-d-old WT and bam1-3 bam2-3 double mutant seedlings as measured by qRT-PCR. Results are the average of three biological replicates. Error bars indicate
SD. Statistical comparisons of means relative to the control group (WT) were assessed by applying Student’s t test; asterisks indicate significant differences
with P < 0.05 (*) and P < 0.01 (**). (C) miR165/6 accumulation in SUC-SUL/bam1 bam2 double mutants and SUC-SUL/EV control as measured by sRNA-seq. S-S:
SUC:SUL; PHB: PHABULOSA; MIR: pri-miRNA species; miR: mature miRNA species. (D) In situ hybridization with a PHB mRNA specific probe on cross-sections of
WT and bam1-3 bam2-3 roots. Seven roots were checked per genotype; all roots showed a similar PHBmRNA spatial distribution. (E) In situ hybridization with
a miRNA166-specific LNA probe on cross-sections of WT, bam1-3 bam2-3 roots. Ten roots were checked per genotype; five bam1-3 bam2-3 roots showed the
miR166 distribution pattern displayed in this figure. (Scale bar, 6 μm.) Asterisks indicate the position of the endodermis. (F) Quantification of the number of
protoxylem (P) and metaxylem (M) files in fuchsin-stained roots of bam1-3 bam2-3 and phb-6 phv-5 double mutants, bam1-3 bam2-3 phb-6 and bam1-3 bam2-
3 phv-5 triple mutants, and the bam1-3 bam2-3 phb-6 phv-5 quadruple mutant. The graph shows the aggregate data obtained in two independent replicates,
each of them with similar results. WT: wild type (Ler); n: number of roots analyzed; “other” includes rare (low represented) xylem patterning phenotypes such
as 3P 2M and 2P 1M. Statistical differences in the distribution of % of xylem phenotypes (normal patterning = 2P vs. abnormal patterning <2P) between
different genotypes were assessed by applying Fisher’s exact test; letters in parentheses indicate significant differences at P < 0.0018 (Bonferroni’s adjusted
level for multiple comparisons). n = number of roots.
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to the broadening of the PHB domain (20), namely a decrease in
the number of cells in the stele and alterations in the endoder-
mis/cortex architecture (SI Appendix, Fig. S15). C4-expressing
plants also exhibit abnormalities in the endodermis layout, but
a clear trend in the number of cells in the stele could not be
detected (SI Appendix, Fig. S15).
Recently, BAM1 was shown to act as a receptor for the CLE9/

10 peptides to regulate periclinal cell division of xylem precursor
cells, but not xylem identity (21); BAM-CLE signaling has also
been demonstrated to mediate formative cell divisions in the
Arabidopsis root (10). Importantly, the cle9 cle10 mutant displays
WT-like xylem patterning, and transgenic plants expressing C4
under the 35S or the SCR promoters respond normally to CLE9/
10 in root growth inhibition assays (SI Appendix, Fig. S16). The
results presented here unveil an additional, redundant role of
BAM1 and BAM2 in the regulation of xylem cell fate in the root
stele; whether the activity of BAM1/2 in this pathway also de-
pends on the presence of a peptide ligand, as previously shown
for the regulation of cell division in xylem precursor cells (21) or
cortex/endodermis initials (10), remains to be determined. bam1
bam2 double mutants display defects in xylem patterning, which
are mimicked cell-autonomously and non–cell-autonomously by
the expression of the viral BAM1/2-interactor C4; however, all
regulatory steps occurring upstream of the action of miR165/6
appear to be unaltered in the absence of BAM1/2 or in the
presence of C4. Despite normal accumulation of miR165/6, the
activity of these miRNAs on their target PHB is compromised in
the bam1 bam2 mutant or C4 transgenic lines, which correlates
with an apparently reduced distribution of miR166 in the root

stele, underpinning the observed defective xylem patterning. Im-
portantly, although the bam1 bam2 double mutant has shorter roots
than the wild type (SI Appendix, Fig. S2), root length is not severely
and consistently affected in plants expressing C4 between days 6 and
11 (SI Appendix, Fig. S9), despite these plants displaying defects in
xylem patterning comparable to those observed in the mutant.
These results indicate that the two developmental phenotypes can
be uncoupled, and suggest that the altered root length in the bam1
bam2 mutant may result from other functions of these RLKs; this
would be in agreement with the observation that not all BAM1-
mediated responses are hampered by C4 (9).
Taken together, our results uncover the plasma membrane-

and plasmodesmata-localized BAM1 and BAM2 as novel regu-
lators of root xylem patterning in Arabidopsis, adding one more
function to the ever-growing portfolio of these RLKs.

Methods
Plant Materials and Growth Conditions. Mutants and transgenic plants used in
this study are summarized in SI Appendix, Table S1. Seedlings used for qRT-
PCR, xylem phenotype analysis, CLE9/10 treatment, and confocal imaging
were grown on half strength Murashige and Skoog (1/2 MS) medium con-
taining 1% sucrose and 1% agar. Plates were placed vertically in a growth
chamber with a photoperiod of 16 h light/8 h dark at 22 °C. SCR:C4 plants
used for phenotyping were grown in soil under the same environmental
conditions described above. For CLE9/10 peptide treatments, SCR:C4 line 2
(L2) and line 18 (L18), 35S:C4 line 3 (L3) and line 7 (L7), and WT Col-0 seeds
were sterilized and sown in 1% agar 1% sucrose 1/2 MS medium, and grown
for 3 d in vertical plates in a chamber with a photoperiod of 16 h light/8 h
dark at 22 °C. After 3 d, the seedlings were transferred to new 1/2 MS me-
dium supplemented with 0, 100 nM, or 1 μM of CLE9/10 peptide solution,
and grown for 3 more days in vertical plates. Finally, 6-d-old seedlings were

Fig. 3. Ubiquitous or endodermis-specific expression of the viral BAM1/2 interactor C4 interferes with xylem patterning. (A) Schematic representation of the
35S:C4 expression pattern in a cross-section of the root stele (Left) and confocal micrographs of basic fuchsin-stained xylem in the roots of 5-d-old WT, 35S:C4,
and 35S:C4G2A seedlings (Right). (B) Schematic representation of the SCR:C4 expression pattern in a cross-section of the root stele (Left) and confocal mi-
crographs of basic fuchsin-stained xylem in the roots of 5-d-old SCR:C4 seedlings (Right). Empty arrowheads indicate protoxylem; filled arrowheads indicate
metaxylem. (Scale bar, 4 μm.) (C) Quantification of the number of protoxylem (P) and metaxylem files (M) in the roots of listed genotypes. Asterisks indicate
the position of endodermis. Empty arrowheads indicate protoxylem; filled arrowheads indicate metaxylem. Phenotypic categories are displayed in vertical
sequence. WT: wild type (Col-0). Statistical differences in the distribution of % of xylem phenotypes (normal patterning = 2P vs. abnormal patterning <2P)
between each genotype and theWT control (Col-0) were assessed by applying Fisher’s exact test; asterisks in parentheses indicate significant differences at P <
0.05. n = number of roots.
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imaged and root length was quantified by using ImageJ software. The av-
erage and SD of at least 6 to 10 seedlings was calculated per genotype and
treatment. This experiment was repeated three times with similar results.

qRT-PCR. For qRT-PCR, total RNA was extracted using Plant RNA Kit (Omega)
and reverse transcribed by First Chain cDNA Synthesis Kit (TonkBio, China).
qPCR was performed using C1000 Touch Thermal Cycler (Bio-Rad); 20 μL of
PCR mixture contained 10 μL of SYBR Green mix (Bio-Rad), 1 μL of primer mix
(10 μM), 1 μL reverse-transcribed product, and 8 μL of water. ACTIN (ACT2)
was used as normalizer. Data were analyzed using the 2ΔΔCT method. To
quantify the accumulation of miR165/6 mature forms, stem-loop qPCR was
conducted as previously described (22). The primers used in these experi-
ments amplify all the mature forms of both miRNA165 and miR166 (miR165/
6). To quantify the accumulation of the pri-miRNA166b (MIR166b), primers
annealing specifically in the noncommon regions of this transcript were
designed. All primers used for qRT-PCR are listed in SI Appendix, Table S2.

Generation of Transgenic and Mutant Lines. To generate the pSCR:C4 construct, the
coding sequence of C4 was cloned into pENTR/D-TOPO (Invitrogen) and subse-
quently Gateway cloned into the pSCR:GW vector (23) through an LR reaction
(Invitrogen). A. thaliana plants were transformed using the floral dipping method
(24). To generate multiple mutants containing phb-6 and phv-5 (the triple mutants

bam1-3 bam2-3 phb-6 and bam1-3 bam2-3 phv-5 and the quadruple mutant
bam1-3 bam2-3 phb-6 phv-5), parental lines phb-6 phv-5 and bam1-3 bam2-3+/−

were crossed, and rounds of genotyping and selection were carried out until
reaching F3, when the isolation of homozygous bam1-3 bam2-3 phb-6 phv-5
seedlings was possible. To introduce the phb-13 mutation into CRISPR-Cas9-de-
rived bam1 bam2 mutants, parental lines phb-13 er-2 and S-S/CRISPR-Cas9 bam1
bam2+/− (L1.41) were crossed; rounds of genotyping and selection were performed
until reaching F3 in order to segregate S-S (SUC2:SUL cassette) and Cas9, obtaining
the bam1 bam2 doublemutant and bam1 bam2 phb-13 triplemutant. The primers
used for genotyping are listed in SI Appendix, Table S2. To analyze xylem precursor
cells in C4-expressing backgrounds, the marker lines pAHP6 > GR > mTurquoise2,
pATHB8 SAND line, and pTMO5:n3GFP (14–16) were crossed with Col-0, 35S:C4 L7,
and SCR:C4 L18, and fluorescence was analyzed under the confocal microscope in
the F1 generation. To induce the expression of mTurquoise2 in the pAHP6 > GR >
mTurquoise2 line, transgenic seedlings were grown in 1/2 MS supplemented with
dexamethasone (DEX) 50 μM (in dimethyl sulfoxide, DMSO). The different geno-
types used in this study are listed in SI Appendix, Table S1. To generate pSHR:
SHR-GFP/SCR:C4 lines, the marker line pSHR:SHR-GFP (25) was crossed with Col-0,
SCR:C4 L2, and SCR:C4 L18. To generate MIR165a:GFP/35S:C4 and MIR165a:GFP/
SCR:C4, themarker line pMIR165a:GFP (5) was crossedwith 35S:C4 L7 and SCR:C4 L18.

In Situ Hybridization. In situ hybridization was performed as previously de-
scribed (26, 27). The probe for PHB detection (or its negative hybridization

Fig. 4. miR165/6 cell-to-cell movement, but not accumulation, is impaired in C4-expressing plants. (A–D) Accumulation of transcripts of the HD-ZIP III family
genes (A, B, and C), and mature miR165/6 (D) in the roots of 11-d-old WT, 35S:C4 (A and D), or 35S:C4G2A (B) seedlings and in the roots of 5-d-old WT or SCR:C4
(C and D) seedlings as measured by qRT-PCR. Results are the average of three biological replicates. Error bars indicate SD. Statistical comparisons of means
relative to the control group (WT) were assessed by applying Dunnett’s test; asterisks indicate significant differences with P < 0.05 (*) and P < 0.01 (**). (E)
miR165/6 accumulation in SUC-SUL/35S:C4 and SUC-SUL/EV control as measured by sRNA-seq. (F) In situ hybridization with a PHB mRNA specific probe on
cross-sections of WT, 35S:C4, and SCR:C4 roots. Five 35S:C4 roots and eight SCR:C4 roots were checked, together with the same number of WT roots; all roots
showed a similar PHB mRNA spatial distribution. (G) In situ hybridization with a miRNA166-specific LNA probe on cross-sections of WT, 35S:C4, and SCR:C4
roots. Thirteen 35S:C4 roots and 17 SCR:C4 roots were checked; 5 35S:C4 roots and 7 SCR:C4 roots showed the miR166 distribution pattern displayed in this
figure. (Scale bar, 6 μm.) Asterisks indicate the position of endodermis. WT: wild type (Col-0); PHB: PHABULOSA; MIR: pri-miRNA species; miR: miRNA species.
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control) was cloned into the pGEM-T Easy vector (Promega), using the pri-
mers listed in SI Appendix, Table S2. For microRNA in situ hybridization, a
specific miR166 locked nucleic acid (LNA) probe (QIAGEN) was used. A total
of 100 ng probe were used per slide. The hybridization temperature was
52 °C for PHB detection, and 58 °C for miR166 detection. Note that miR165
and miR166 mature forms only differ in one nucleotide (nt 17), so cross-
reactivity may occur (5).

sRNA Sequencing. sRNA data analyses were performed using a pipeline pre-
viously described (28). Briefly, raw reads were trimmed using trim_galore
v0.4.0 (https://www. bioinformatics.babraham.ac.uk/projects/trim_galore/) to
remove the adapter sequences and bases that have a quality score lower than
10. Reads that could not be aligned to structural RNA sequences (rRNA, tRNA,
snoRNA, snRNA, etc.) were aligned to the TAIR10 genome using the Burrows–
Wheeler aligner by allowing one mismatch per read (28). The Tair10 genome
was divided into nonoverlapping 200-bp bins. The number of sRNA reads (with
different lengths) in each 200-bp bin or specific genes were summarized and
normalized to the structural RNA-removed library size (reads per 10 million)
using bedtools v2.26.0 (https://bedtools.readthedocs.io/en/latest/). Results from
two independent transgenic lines per construct were pooled.

Confocal Imaging. Confocal images were acquired using a Leica TCS SP8 point
scanning confocal microscope or a Leica TCS SMD FLCS single molecule detection
system. For basic fuchsin staining, 5- or 6-d-old seedlings were first treated with
1 M KOH solution for 6 h at 37 °C. Seedlings were then stained with 0.01% basic
fuchsin solution in water for 5 min and subsequently destained in 70% ethanol
for 10 min. To check BAM1 expression pattern and SHR-GFP movement in the
root tip, 5-d-old seedlings were imaged after propidium iodide (PI) staining.
Marker lines for AHP6, ATHB8, TMO5, and MIR165 (5, 14–16) were stained with
FM4-64 (1 μMFM4-64 solution, 15 min) before imaging. The settings used for the
laser scanning are as follows: excitation (Ex):561 nm, emission (Em):600 to
700 nm for basic fuchsin staining; Ex:488 nm, Em:500 to 550 nm for GFP; Ex:514
nm, Em:525 to 570 nm for YFP; Ex:561 nm, Em:630 to 680 nm for PI staining; and
Ex:561 nm, Em:650 to 695 nm for FM4-64 staining. ImageJ and IMARIS 7.7.0 were
used for the imaging processing. For root cross-view reconstruction, modified
pseudo Schiff propidium iodide (mPS-PI) staining was performed in the roots of
5- or 6-d-old seedlings (29), and the Z-stack images were captured using the

Andor Spinning Disk RevolutionWD system with a 561-nm laser. Root cross-view
reconstructions were made in Fiji. To quantify stele and endodermal cells, 5- or
6-d-old seedlings were fixed with 4% paraformaldehyde, then treated with
ClearSee solution as previously described (30), and finally stained with calcofluor-
white and analyzed in a Spinning Disk microscope with a 561-nm laser. Root
cross-view reconstructions were made in Fiji.

Statistical Analysis. Statistical comparisons between pairs of means were
performed by applying Student’s t test (with equal variances) or Welch’s t test
(assuming unequal variances). Statistical multiple comparisons of means were
made by one-way ANOVA followed by Dunnett’s test (comparisons of multiple
groups to one reference group) or Scheffé’s multiple range test (comparisons
between multiple groups). Statistical analyses of xylem and endodermal
phenotypes (%) relative to the control plants were performed by applying
Fisher’s exact test. For xylem phenotypes, multiple comparisons (%) between
genotypes were done by applying Fisher’s exact test with the Bonferroni’s
correction of significance level. Statistical analyses were performed with IBM
SPSS Statistics v.20 software.

Data Availability. All study data are included in the article and/or supporting
information.
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