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Preface to "Molecular Mechanisms of Leaf
Morphogenesis”

Leaf morphology is obviously determined in a plant. By contrast, its morphology is often
changeable when the plant copes with various environmental changes. We can speculate that leaf
morphogenesis is based on the regulatory mechanisms with remarkable robustness and flexibility.
Recent research has increasingly investigated the regulatory network of leaf morphogenesis and
revealed some important regulators functioning in the leaf development but not obtained its full
view of the molecular mechanisms of leaf morphogenesis.

To update our understanding of the leaf morphogenesis, this book contains nine academic
papers that focus on the regulation of genes, proteins, hormones, and other metabolites for leaf
morphogenesis in various plant species. It further provides important insights in biochemical,
developmental, evolutional, and physiological events operating during morphogenesis. Emphasis
is also placed on the perspective views of how these molecular mechanisms contribute to the survival
of plants and are applicable to improve plant traits. I hope readers will be fascinated and interested

to find beautiful mechanisms in leaf morphogenesis.

Tomotsugu Koyama
Editor
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Abstract: The shoot meristem, a stem-cell-containing tissue initiated during plant embryogenesis, is
responsible for continuous shoot organ production in postembryonic development. Although key
regulatory factors including KNOX genes are responsible for stem cell maintenance in the shoot
meristem, how the onset of such factors is regulated during embryogenesis is elusive. Here, we present
evidence that the two KNOX genes STM and KNAT6 together with the two other regulatory genes BLR
and LAS are functionally important downstream genes of CUCI and CUC2, which are a redundant
pair of genes that specify the embryonic shoot organ boundary. Combined expression of STM with
any of KNAT6, BLR, and LAS can efficiently rescue the defects of shoot meristem formation and/or
separation of cotyledons in cucl cuc2 double mutants. In addition, CUCI and CUC2 are also required
for the activation of KLU, a cytochrome P450-encoding gene known to restrict organ production,
and KLU counteracts STM in the promotion of meristem activity, providing a possible balancing
mechanism for shoot meristem maintenance. Together, these results establish the roles for CUC1
and CUC2 in coordinating the activation of two classes of genes with opposite effects on shoot
meristem activity.

Keywords: shoot meristem; embryogenesis; stem cell; boundary; transcription factor;
cytochrome P450; CUC; STM; LAS; BLR; KNAT6; KLU; CYP78A5

1. Introduction

Primary growth in plant shoots depends on the activity of stem-cell-containing tissue called the
shoot meristem, which is located at the tip of the stem [1]. The shoot meristem is initially formed
during embryogenesis and is activated upon germination to produce shoot organs such as leaves,
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stems, and floral organs, while it maintains an undifferentiated stem cell population at its center.
Once activated, the shoot meristem keeps the balance between cell proliferation and differentiation to
maintain an appropriate size of the stem cell population within it; factors essential for this process
have been identified [2,3]. Although activation of these maintenance factors is associated with shoot
meristem initiation during embryogenesis, how the process is coordinated is unknown.

Several key regulators for shoot meristem initiation have been reported [4-11]. Among them,
the NAM/CUCS3 type of NAC-domain transcription factors represents a class of regulators that are
required for specification of shoot organ boundaries, which are sites for shoot meristem formation in
embryonic and postembryonic development [12-16]. In Arabidopsis thaliana, the three NAM/CUC3
genes CUC1, CUC2, and CUC3 are expressed in cells along the boundary between two cotyledon
primordia and promote shoot meristem formation and the separation of cotyledons [5,6,17]. As shoot
meristem formation proceeds, expression of these genes is downregulated from the meristem center and
becomes restricted to the adaxial and lateral boundaries of cotyledons. In postembryonic development,
the three CUC genes are expressed at the adaxial and lateral boundaries of leaf primordia and are
required for the formation of axillary shoot meristem as well as for the separation of leaves [6,18].

Several genes whose expression is dependent on CUC gene activities have been identified.
Expression of the two KNOTTED1-like homeobox (KNOX) genes SHOOT MERISTEMLESS (STM)
and KNOTTED1-like from Arabidopsis thaliana 6 (KNAT6), which are required for shoot meristem
maintenance, is absent from the cucl cuc2 double mutant [17,19] and ectopic expression of the CUC
genes induces STM expression [5,20,21]. The LIGHT-DEPENDENT SHORT HYPOCOTYLS (LSH) genes
LSH3 and LSH4, which encode nuclear proteins of the Arabidopsis LSH1 and Oryza G1 (ALOG) family,
have been identified as direct transcriptional targets of the CUC1 protein and their overexpression
induces ectopic shoot meristem formation [22]. Genome-wide mapping of protein—-DNA interactions
among boundary-enriched genes has identified the GRAS family gene LATERAL SUPPRESSOR (LAS)
and the microRNA gene MIR164C as direct transcriptional targets of CUC2 [23]. LAS encodes a
putative transcriptional regulator and is required for axillary shoot meristem formation [24]. Together,
these analyses indicate that CUC genes regulate multiple genes involved in shoot meristem activity
or boundary specification, or both. However, the functional relationship between these downstream
genes and CUC gene activity remains elusive.

Here, we selected a set of genes whose expression is dependent on CUCI and CUC2 during
embryogenesis and demonstrated that the combined activities of STM, KNAT6, BLR, and LAS
are important for promoting shoot meristem formation and cotyledon separation downstream
of CUCI and CUC2. Moreover, CUCI and CUC2 are also required for the expression of KLUH
(KLU)/CYP78A5, a cytochrome P450-encoding gene involved in the rate of shoot organ production and
organ size [25,26]. Genetic analysis indicates that KLU restricts shoot meristem activity and counteracts
STM function. Our results thus indicate that the activation of two classes of genes with opposing
functions, one positively and the other negatively affecting meristem activity, is an important step for
shoot meristem formation.

2. Results

2.1. Selection of Candidate CUC1 and CUC2 Downstream Genes

It has been reported that the two KNOX genes STM and KNAT6, the GRAS gene LAS, and the
two ALOG genes LSH3 and LSH4 show overlapping expression patterns to those of CUC1 and
CUC2 in the boundary region of cotyledons, and their expression is absent in the corresponding
region of cucl cuc2 double-mutant embryos [5,6,17,19,22]. We identified six additional candidate
downstream genes positively regulated by CUCI and/or CUC2 from microarray-based screening
combined with quantitative real-time polymerase chain reaction (QRT-PCR) and in situ hybridization
experiments (Supplementary Text S1; Supplementary Tables S1-53). These genes were expressed in the
boundary region that overlapped with the CUC gene expression domain [5,17] and were downregulated
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specifically in the corresponding region of cucl cuc2 embryos (Figure 1A-D; Supplementary Figure S1),
indicating the dependence of their expression on CUCI and CUC2 activities during embryogenesis.
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Figure 1. Regulation of candidate downstream genes by CUC1 and CUC2. (A-D) In situ hybridization
of newly identified candidate downstream genes. Four of the six candidates are shown. Three serial
longitudinal sections of wild-type Ler (left) and cucl-1 cuc2-1 double-mutant (right) embryos at the
late heart stage. Arrowheads indicate the position of the cotyledon boundary region. Brackets in (A),
(B), and (D) indicate the position of expression outside the boundary region. Bars = 50 um. (EF)
Transcriptional responses of candidate downstream genes upon dexamethasone (DEX) treatment in
CUCI1-GR (E) and non-transgenic (F) plants in the absence (left) or presence (right) of the protein
synthesis inhibitor cycloheximide (CHX). Three biological replicates of 7-day-old seedlings. Single and
double asterisks indicate p < 0.05 and p < 0.01, respectively, in comparisons between samples with and
without DEX (Welch'’s t-test).

To gain insight into how CUCI regulates expression of these candidate genes, we used the
glucocorticoid receptor (GR) system, in which the activity of CUC1 is induced by the exogenous
application of dexamethasone (DEX) [27]. Using this system, we previously found evidence for the
direct activation of the LSH3, LSH4, and STM genes by CUC1 [22,28]. Among the remaining eight
genes, we found that only LAS and PAN were significantly upregulated upon DEX treatment alone
in CUCI-GR plants (Figure 1E, left panel). By contrast, treating with both DEX and the protein
synthesis inhibitor cycloheximide (CHX), which blocks secondary transcriptional responses caused
by genes directly activated by CUC1, significantly upregulated not only LAS and PAN, but also four
additional genes among the eight tested. Treatment with CHX alone did not alter their expression levels
(Figure 1E, right panel). Together, the results suggest that the six genes are under direct transcriptional
regulation by the CUC1-GR protein, but that the action of CUC1 is counteracted by a CHX-sensitive
negative factor with respect to activation of four of the genes (KLUH, KNAT6, UFO, and SAI-LLPI).
Another possibility is that DEX treatment alone indirectly promotes expression of genes that negatively
affect CUC1-dependant activation of the four genes. In control non-transgenic plants, which do not
express CUC1-GR, none of the genes were upregulated by DEX treatment in the presence or absence of
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CHX (Figure 1F), indicating that the induction of the downstream genes was not a secondary effect of
DEX or CHX.

2.2. Combined Expression of STM with LAS, BLR, and KNATG6 is Sufficient to Rescue the Embryonic Shoot
Phenotypes of cucl cuc2

To examine the functional significance of the candidate genes in processes downstream of
CUC1I and CUC2, we expressed each gene in the cucl cuc2 double-mutant background under the
control of the CUC2 promoter (ProCUC2), which drives expression in the boundary region in both
wild-type and double-mutant embryos (Figure 2A,B). In wild type, seedlings develop a shoot that
continuously produces leaves immediately after germination and have two completely separated
cotyledons (Figure 2C). By contrast, the cucl cuc2 double mutant has two cotyledons fused along their
margins and fails to form a shoot, and this phenotype is fully penetrant (Figure 2D) [4]. When the
coding sequence of CUC2 was used as a positive control (ProCUC2:CUC2), 41.7% of the T1 seedlings
showed a strongly rescued phenotype with no or slight delay in shoot formation and with completely
separated cotyledons, 50.0% showed a mildly rescued phenotype with delayed or no shoot formation
and half-separated cotyledons, and the remaining 8.3% showed non-rescued phenotype identical to
that of cucl cuc2 (Table 1, Supplementary Figure S2A,B).

Among the 10 downstream genes, the ProCUC2:STM and ProCUC2:LAS transgenes were able
to mildly rescue the cucl cuc2 phenotype, resulting in the occasional formation of a functional
shoot that can produce leaves as well as in the partial separation of cotyledons (Table 1, Figure 2E,
and Supplementary Figure S2C-E). In cleared seedlings, wild type has the dome-shaped shoot
meristem with a few leaf primordia, whereas cucl cuc2 plants lack either structure (Figure 2EG) [4].
On the other hand, plants partially rescued by ProCUC2:STM showed variable phenotypes: some lacked
a shoot meristem and leaf primordia, some developed small undifferentiated tissue, and the other
produced the shoot meristem and leaf primordia (Figure 2H). These results indicate that STM and LAS
play prominent roles in shoot meristem formation and cotyledon separation and that their individual
activities can partially bypass the requirements for CUCI and CUC2 for embryonic shoot meristem
formation and cotyledon separation.

The rescue of the cucl cuc2 mutant phenotype by the STM or LAS transgene alone was only mild
and partial, thus we next tested their combined activities. In the F, generation of the cross between
the lines with the STM and LAS transgenes, only plants carrying both showed a rescued phenotype
(Table 2). These rescued plants showed either partial (Figure 2]) or complete separation of cotyledons
(Figure 2K), with the latter forming leaves with only a slight delay compared with the timing in the
wild type, indicating that combined expression of STM and LAS is sufficient to compensate for the loss
of CUCI and CUC2 activities.

We next selected five other genes encoding transcription factors or transcriptional co-regulators,
and tested their ability to rescue the cucl cuc2 phenotype in combination with the STM transgene
(Table 3). BLR and KNAT6 were able to achieve rescue when combined with STM (Figure 2K,L),
while the rest failed to do so. Plants expressing both STM and BLR produced nearly normal shoots
with completely separated cotyledons (Figure 2K), indicating that, similarly to LAS, BLR can efficiently
support the ability of STM to promote shoot meristem formation and cotyledon separation in the
absence of CUCI and CUC2. By contrast, plants expressing both STM and KNAT6 only rescued the
cotyledon phenotype, but not that of shoot formation (Figure 2L), indicating that KNAT6 can support
the STM activity only in the limited developmental pathway downstream of the CUC genes.
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A

| ProCUCZ> DG

Figure 2. Rescue of cucl cuc2 phenotype by candidate downstream genes. (A) Schematic diagram
of rescue experiments. CUC2 promoter (ProCUC2), cDNA of downstream gene (DG), and nos
terminator (ter). (B) CUC2 promoter activity detected by -glucuronidase (GUS). Longitudinal views
of GUS-stained wild-type Col (top) and cucI-5 cuc2-3 (bottom) embryos in three different optical
sections, showing expression in the boundary region. (C,D) Seedlings of wild-type Col (C) and cucI-5
cuc2-3 (D), 7 days after germination (dag). Wild type has two separated cotyledons (co) and develops a
shoot between them (arrowhead), whereas cucI-5 cuc2-3 has cotyledons (co) fused along their margins.
(E) A cucl-5 cuc2-3 seedling mildly rescued by the STM transgene at 9 dag (left) and 16 dag (right).
Cotyledons (co) are partially fused on one side. Note that the shoot is only visible at 16 dag (arrowhead).
(F,G) Shoot apices in cleared seedlings (11 dag) of wild type (F) and cucl-5 cuc2-3 (G). Wild type
develops the shoot meristem (open circle) and leaf primordia (asterisks), whereas cuc1-5 cuc2-3 lacks
these structures at the corresponding postion (arrow). (H) Shoot apices in cleared seedlings (11 dag)
of cucl- 5 cuc2-3 rescued by STM, showing variable phenotypes: no visible shoot meristem and leaf
primordia (left, arrow), small undifferentiated tissue (middle, closed circle), and shoot meristem with
leaf primordia (right, open circle, and asterisks). (I-L) cucl-5 cuc2-3 seedlings (9 dag) rescued by
combined transgenes: STM and LAS (L]J), STM and BLR (K), and STM and KNAT6 (L). Arrowheads
represent emerging shoot. co, cotyledon. Bars = 50 pum (B,F-H); 1 mm (C-E,I-L).
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Table 1. Rescue of cucl cuc? seedling phenotype by downstream gene expression under the control of
CUC2 regulatory sequence.

Transgene No Rescue ? (%) Mild Rescue ® (%) Strong Rescue € (%) Total Number of T1 Seedlings

KLU 100 0 0 25
KNAT6 100 0 0 15
UFO 100 0 0 204
LAS 86.5 13.5 0 37
STM 545 455 0 11
PAN 100 0 0 12
LSH4 100 0 0 31
BLR 100 0 0 15
SAI-LLP1 100 0 0 12
ROXY?20 100 0 0 12
cuc2 83 50.0 417 12
GUS 100 0 0 4

2 Cotyledons were fused along both sides with only a small split at their tips and no shoot was formed.
b Cotyledons were fused along one or both sides with more than half of their margins split. No shoot was
formed or a shoot became visible only after 9 dag. ¢ Cotyledons were completely separated and a shoot was visible
by 9 dag. 4 One seedling had flat and round green tissue on top of the hypocotyl instead of a cup-shaped cotyledon.
This is classified as “No rescue”, as neither shoot formation nor cotyledon separation occurred.

Table 2. Effect of combined expression of STM and LAS on the phenotype of cucl cuc2.

Strong Total Number of

a (o : b (o d
Transgene A Transgene B No Rescue? (%)  Mild Rescue ° (%) Rescue (%) F2 Seedlings Group
STM - 100 0 0 11 a
- LAS 100 0 0 26 a
STM LAS 0 71.1 28.9 38 b

2 Cotyledons were fused along both sides with only a small split at their tips and no shoot was formed.
b Cotyledons were fused along one or both sides with more than half of their margins split. No shoot was
formed or a shoot became visible only after 9 dag. ¢ Cotyledons were completely separated and a shoot was visible
by 9 dag. 9 Different letters indicate statistically significant differences (p < 0.01, Fisher’s exact test with Holm
multiple testing correction).

Table 3. Effect of combined expression of STM and other downstream genes on the phenotype of cucl cuc2.

Total Number of
a (o s b (o, c (9
Transgene A Transgene B No Rescue 2 (%) Mild Rescue ° (%)  Strong Rescue € (%) F1 Seedlings
STM - 92.3 7.7 0 13
- KNATG6 100 0 0 6
STM KNAT6 429 57.1 0 14*
STM - 100 0 0 5
- UFO 100 0 0 14
STM UFO 100 0 0 12
STM - 100 0 0 4
- PAN 100 0 0 5
STM PAN 100 0 0 9
STM - 93.8 6.3 0 32
- LSH4 100 0 0 19
STM LSH4 92.9 7.1 0 14
STM - 100 0 0 7
- BLR 100 0 0 3
STM BLR 16.7 0 83.3 6**
STM - 100 0 0 10
- GUs 100 0 0 9
STM GUS 100 0 0 10

2 Cotyledons were fused along both sides with only a small split at their tips and no shoot was formed.
b Cotyledons were fused along one or both sides with more than half of their margins split. No shoot was
formed or a shoot became visible only after 9 dag. © Cotyledons were completely separated and a shoot became
visible by 9 dag. Asterisks indicate significant differences in the ratio of the phenotypes of plants carrying the
transgene B alone and those carrying both transgenes A and B (* p < 0.05, ** p < 0.01; Fisher’s exact test).
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2.3. Combined Loss of Function of STM, LAS, BLR, and KNAT6 Severely Impairs Shoot Meristem Formation
and Cotyledon Separation

We then tested the combined effect of the loss-of-function mutations in the four genes (STM, LAS,
BLR, and KNAT®6) in young seedlings. Among the single mutants of these genes, only stm shows
defects in shoot development with complete penetrance. In the case of the strong allele stm-1C [29],
the mutant typically stops leaf formation after producing the first two leaves (Figure 3A-D). It has
been reported that mutations in BLR or KNAT6 alone do not cause visible phenotypes in seedlings,
but enhance the defects of st mutants [19,30]. Consistent with this, we found that the stm-1C bir
double mutant produced fewer leaves than stm-1C (Figure 3A,C,D) and showed delayed first-leaf
growth (Figure 3C,E). In addition, stm-1C blr showed a higher frequency of cotyledon fusion than
stm-1C (Table 4). The stm-1C knat6 double mutant showed strong cotyledon fusion and the lack of leaf
production and both phenotypes were observed with complete penetrance (Figure 3F). These results
confirmed the previous results that BLR and KNAT6 are required for shoot meristem formation and
cotyledon separation.
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Figure 3. Genetic interactions of stm, las, blr, and knat6 mutants. (A) The las mutation enhances the
shoot production phenotype of stm-1C and stm-1C blr mutants. Shoot apex at 9 dag. Asterisks indicate
developing leaves. (B) Examples of shoot phenotype measurements in the wild-type Col (left) and
stm-1C (right). (C) Change in leaf number (left) and first leaf width (right). (D,E) Box plots of leaf
number (D) and first leaf width (E) at 11 dag. (F) las enhances the cotyledon fusion phenotype of stm-1C
knat6 and stm-1C knat6 blr mutants. Seedlings at 7 dag. (G) Quantification of cotyledon fusion. (H) Box
plot showing extent of cotyledon fusion at 7 dag in each genotype. Different letters in box plots indicate
statistically significant differences (p < 0.01, Steel-Dwass method for (D); p < 0.05, Tukey—Kramer
method for (E) and (H)). Sample size is 24, 23, 17, and 23 for (C) (left) and (D); 24, 12, 13, and 2 for (C)
(right) and (E); and 11, 23, 12, and 19 for (H). Bars in (A) and (E), 2 mm.
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Table 4. Frequency of cotyledon fusion in stm mutant combined with blr and las mutants.

Genotype Frequency of Fusion (%) Total Group *
Col 0 55 a
stm 12.5 24 b

blr stm 91.3 23 c
las stm 35.3 17 b
blr las stm 95.7 23 c

* Different letters indicate statistically significant differences (p < 0.01, Fisher’s exact test with Holm multiple
testing correction).

Similar to blr and knat6 single mutants, young seedlings of the las single mutant reportedly show
a normal appearance, except for a very small proportion of plants with fused cotyledons (0.26%) [6].
However, we found that the las mutation enhanced defects in shoot meristem activity when combined
with the stm-1C single or stm-1C blr double mutant (Figure 3A-E). In addition, the /as mutation enhanced
the cotyledon fusion phenotype of both stm-1C knat6 and stm-1C blr knat6 mutants (Figure 3F-H).
These results show that the LAS gene contributes to embryonic shoot meristem formation and cotyledon
separation independently of STM, KNAT6, and BLR. The blr knat6 las triple mutant was phenotypically
normal. Together, our results demonstrate that the four transcription factor-encoding genes STM,
KNAT®6, BLR, and LAS play key roles for embryonic shoot meristem formation and cotyledon separation
downstream of CUC1 and CUC2.

2.4. The KLUH Gene Restricts the Embryonic Shoot Meristem and Counteracts STM

Among the downstream target genes, KLU/CYP78A5 encoding a cytochrome P450 enzyme of
the CYP78A family plays postembryonic roles in shoot organ size and organ production rate [25,26],
raising the possibility that this gene also affects shoot meristem activity. Moreover, the mutation in rice
PLA1, a member of the same family, causes an enlarged shoot meristem phenotype [31,32]. Indeed,
we found that the two independent klu insertion alleles (klu-019348 and klu-4) were associated with
precocious leaf initiation in young seedlings (Figure 4A-F), suggesting enhanced shoot meristem
activity. In addition, the width of the shoot meristem was significantly greater in klu than in the
wild type (Figure 4G). Furthermore, embryos of the klu mutants displayed an enlarged cotyledon
boundary region (Figure 4H-J) and this phenotype was associated with an enlarged expression
domain of the shoot stem cell marker CLV3::GUS [33] (Figure 4K,L). These results indicate that the
KLU gene is required for restricting shoot meristem size and activity during embryogenesis and
postembryonic development.

The identification of KLU as a downstream gene of CUCI1 and CUC2 was unexpected because
KLU negatively affects shoot meristem activity, whereas the CUC genes are positive regulators of
shoot meristem formation. To further investigate the relationship between KLU and the CUC genes,
we crossed the klu mutant with the cucl cuc2 double mutant and examined their genetic interactions.
In single mutants of klu, cucl, and cuc2, all seedlings produced a functional shoot as the wild type,
and except for a small fraction of cucl mutants with partially fused cotyledons, their cotyledons were
completely separated (Table 5; Figure 5A). Similarly, seedlings of klu cucl and klu cuc2 double mutants
all produced a fully functional shoot and most of them developed completely separated cotyledons,
whereas small fractions had partially fused cotyledons (Table 5; Figure 5B). Importantly, the klu cucl
cuc? triple mutant was indistinguishable from cucl cuc2 double mutants in that they formed strongly
fused cup-shaped cotyledons and lacked a shoot meristem (Table 5; Figure 2D,G and Figure 5C-E).
These results show that the cucl cuc2 double mutations are epistatic to klu and indicate that the KLU
gene can affect shoot meristem activity only when the functional CUC1 and CUC2 genes are present.
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Figure 4. Mutations in KLU cause shoot meristem enlargement and precocious leaf formation.
(A-F) Shoot apex of wild type (A,D), klu-019348 (B,E), and klu-4 (C,F) in cleared seedlings at 3 dag.
(D-F) are close-up views of (A—C), respectively. Optical sections are photographed at a position slightly
off-center to reveal the precociously formed third-leaf primordia in the kIu mutants (arrows). Ip, the first
two leaf primordia; m, shoot meristem; st, stipule. (G) Shoot meristem width of wild type and two
klu mutant alleles at 3 dag. Different letters in box plots indicate statistically significant differences
(p < 0.01, Tukey-Kramer method). Sample size is 34, 28, and 42 for G. (H-]) Torpedo-stage embryos of
wild type (H), klu-019348 (I), and klu-4 (J). Arrowheads indicate the position of the cotyledon boundary
region. (K,L) CLV3::GUS expression in wild-type (K) and klu-4 (L) torpedo-stage embryos. Scale bar =

50 um.
Table 5. Genetic interactions among klu-4, cucl-5, and cuc2-3.
Ph
Genotype enotype Toftal N(;llr.nber
Normal @ (%) Weak P (%) Strong © (%) of Seedlings

Col 100 0 0 76
klu 100 * 0 0 289
cucl 95.6 44 0 135
cuc2 100 0 0 118
klu cucl 95.9 4.1 0 172
klu cuc? 97.2 2.8 0 217
cucl cuc2 0 0 100 50
klu cucl cuc? 0 0 100 54

2 Cotyledons were completely separated and a shoot was formed immediately after germination. ® Cotyledons were
partially fused and a shoot was formed immediately after germination. ¢ Cotyledons were strongly fused, forming
a cup shape, and no shoot was formed after two weeks of observation. * A very small fraction (1.7%) had three
cotyledons instead of two.
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Figure 5. KLU acts downstream of CUCI and CUC2, and counteracts STM in the regulation shoot
meristem activity. (A-C) Seven-day-old seedlings of klu-4 (A), klu-4 cuc2-3 (B), and klu-4 cucl-5
cuc2-3 (C). (D,E) Shoot apices of the progeny from klu-4 cucl-5 cuc2-3/+ parent plants. A sib seedling
with the shoot meristem (D) and a klu cucl cuc2 seedling without it (E). (F,G) Nine-day-old seedlings
of the strong stm allele stm-1C (F) and stm-1C klu-4 (G). (H,I) Shoot apex of the weak stm allele
bum1-3 (H) and bum1-3 klu-4 (I) at 4 dag. (J) Leaf number at 11 dag. (K) Shoot meristem width at 4 dag.
(L, M) Twenty-nine-day-old plants of stm-1C (L) and stm-1C klu-4 (M). Four plants are grown in each
pot. Different letters in box plots indicate statistically significant differences (p < 0.01, Steel-Dwass
method for (J); p < 0.05, Tukey—Kramer method for (K)). Sample size is 55, 30, 24, and 14 for (J); 14,
18, 15, and 9 for (K). Arrowheads indicate the shoot meristem. Ip, leaf primordia. lp, leaf primordia.
Scale bar, 1 mm for (A) to (C,F,G); 50 um for (D,E,H,I); 10 mm for (L) and (M).

Next, we examined the genetic interaction of KLU with STM, which represents a functionally
important class of CUC downstream genes that positively affects shoot meristem activity.
Young seedlings of the stm klu double mutant produced more leaves and had an enlarged shoot
meristem compared with stm single mutants (Figure 5F-K). Moreover, whereas the strong stm-1C
mutant allele typically arrested shoot growth after producing a few leaves (Figure 5L), the stm-1C klu-4
double mutant showed prolonged vegetative shoot growth (Figure 5M). Taken together, these results
indicate that the KLU gene activity counteracts that of STM in postembryonic shoot development.

To clarify the mechanism by which CUCI and CUC2 regulate KLU gene expression, we examined
the expression of reporter genes containing cis-regulatory sequences of KLU. A reporter construct that
carried regions 2 kb upstream and 0.6 kb downstream (Pro2kb) showed activities in the cotyledon
boundary region, cotyledon margins, and root pole (Figure 6A,B). This expression pattern resembled
that of KLU mRNA detected by in situ hybridization, except that the reporter activity in cotyledons
was broader and that in the root pole was detected for a prolonged time (compare Figure 6B with
Figure 1A and Figure S1A), indicating that the Pro2kb reporter contained a set of cis-regulatory elements
sufficient for driving the native expression pattern of the gene at least in the cotyledon boundary region.
When this construct was introduced into the cucl cuc2 double-mutant background, its expression
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disappeared specifically in the cotyledon boundary region (Figure 6C), which corresponds to the region
where the CUC genes act in normal development. Moreover, deletion of the region between 1 and
2 kb upstream of the gene resulted in the loss of expression in the cotyledon boundary region as well
as in cotyledon margins (Figure 6A,D; Prolkb). These results indicate that this 1 kb region contains
cis-regulatory elements required for CUC1- and CUC2-dependent transcription in the shoot apex.

A
ER-Venus
2 kb 0.6kb
Pro2kb 5’ #_3'
1kb ER-Venus 0.6kb

Prolkb 5 _+3’

Pro2kb
(cucl cuc2)

Figure 6. KLU expression is regulated by CUCI and CUC?2 via a specific promoter region. (A) Schematic
diagram of the KLU reporter genes. (B-D) Expression of KLU reporter genes in embryos. Pro2kb in
wild type Ler (B), Pro2kb in cucl-1 cuc2-1 (C), and Prolkb in wild type Ler (D). Arrows indicate the
position of the cotyledon boundary region of wild type (B,D) and the corresponding region of cuc1-1
cuc2-1 (C). Scale bar, 50 um.

3. Discussion

In this work, through functional analyses of genes acting downstream of CUCI1 and CUC2,
we found that the combined activities of STM with LAS, BLR, and KNAT6 were important for shoot
meristem formation and cotyledon separation. The abilities of these genes to rescue the cucl cuc2
mutant phenotypes when expressed under the boundary-specific promoter, together with the strong
shoot meristem and cotyledon phenotypes observed in the quadruple mutant, support a model in
which the CUC genes promote shoot meristem formation and cotyledon separation mainly through
the activation of these four genes. It was previously shown that STM is a direct transcriptional target
of CUC1 [28]. The experiments using the DEX-inducible CUC1-GR plants and CHX treatments in
our current work indicate that LAS and KNAT6 are additional direct targets of the CUC1 protein,
whereas the regulation of BLR by CUC1 may be indirect.

Our analysis highlights the importance of the activation of STM expression by the
CUC genes in shoot meristem formation and cotyledon separation. STM encodes a KNOX
transcription factor [34] whose activity is continuously required for shoot meristem maintenance in
postembryonic development through regulating various aspects of shoot meristem properties including
pluripotency, self-maintenance, promotion of cell cycle, repression of differentiation, and hormone
metabolism [28,35-37]. How STM promotes cotyledon separation is currently unknown, but its ability
to repress growth and promote leaf dissection, when ectopically expressed, may be involved in the
repression of growth at the cotyledon boundary [38].

The possible molecular mechanisms by which STM acts in concert with the rest of the four genes
may vary. KNAT6 encodes a KNOX protein closely related to STM, so its ability to enhance the rescuing
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activity of STM can simply be explained by functional redundancy [19,39]. By contrast, BLR encodes a
BEL-class homeodomain protein, which physically interacts with STM [30], and nuclear localization
of STM requires its interaction with BLR [40-42]. These results indicate that the coexpression of
BLR with STM provides a sufficient amount of BLR-STM complex to the nucleus, thereby efficiently
promoting shoot meristem formation and cotyledon separation. In axillary shoot meristem formation,
another BEL protein, ATH1, which is functionally redundant with BLR, forms a heterodimer with
STM and directly promotes the transcription of STM, thus forming a self-activation loop [43]. It is also
possible that the formation of BLR-STM heterodimer during embryogenesis is critical for initiating the
STM self-activation loop, allowing self-maintenance of the shoot meristem.

Our functional analyses also demonstrate that the LAS gene contributes to embryonic shoot
meristem formation and cotyledon separation downstream of CUC1 and CUC2. LAS encodes a putative
transcriptional regulator of the GRAS family and acts as a central hub in the gene regulatory network
for axillary meristem formation downstream of CUC2 [23,24]. The precise mechanisms by which
LAS regulates these processes remain elusive; however, the mutation in the LAS ortholog in tomato
affects the levels of hormones involved in shoot meristem activity, such as auxin, gibberellin (GA),
and cytokinin [44,45]. Recently, it has been shown that the LAS protein binds to the promoter of
GA20x4, which encodes a GA deactivation enzyme, and promotes its expression [46]. These results raise
the possibility that LAS reduces the levels of GA in the boundary region to promote shoot meristem
activity, thereby contributing independently of STM, KNAT6, and BLR to the process downstream of
the CUC genes.

In contrast to the above four genes, which are positive regulators of shoot meristem activity,
KLU/CYP78A5 represents the functionally opposite class of downstream genes regulated by CUCI
and CUC2, as shown by the enhanced shoot meristem size and activity in the klu mutant as well
as its genetic interaction with the stm mutant. Our data thus indicate that, by activating the two
classes of genes with opposing functions during embryogenesis, the CUC genes create an optimal
microenvironment for the shoot meristem to maintain its appropriate size and to produce organs at an
appropriate rate. It has been well established that the balance between the self-renewal of stem cells
and differentiation of their progeny is critical for postembryonic shoot meristem and that this balance is
maintained by the WUS-CLV3 feedback system, which is supported by multiple transcription factors
and plant hormones [3,47]. Our results provide an additional level of regulation for the balancing
mechanism of shoot stem cell maintenance. Detailed functional analysis of the KLU gene as well as its
relationship to previously known stem cell regulators will further improve our understanding of shoot
meristem regulation.

4. Materials and Methods

4.1. Plant Materials

Arabidopsis thaliana accessions Columbia (Col) and Landsberg erecta (Ler) were used as the wild type.
CUC1-GR was established in the Ler background using the same construct as described previously [22].
CLV3::GUS was reported previously [33]. Expression analyses of genes downstream of CUC were
carried out in cucl-1 cuc2-1 [4,5]. For rescue experiments, cucl-5 cuc2-3 was used [6]. Loss-of-function
mutants of the downstream genes were as follows: klu-019348 (Sallk_019348) and klu-4 for KLU [25];
knat6-2 for KNAT6 [19]; las-101 for LAS [6]; stm-1C for STM [29]; and pny-40126 for BLR [48]. Details of
the mutants are described in Supplementary Table S4.

4.2. Constructs

For ProCUC2:LAS, we amplified the LAS coding sequence derived from Col with the PCR
primers BamHI-LAS-F (5-TATCTGGATCCATGCTTACTTCCTTCAAATC-3") and EcoRI-LAS-R
(5’-TTCTCGAATTCTCATTTCCACGACGAAACGG-3’) and placed it upstream of the 35S terminator
in a modified UAS cassette vector [49] using the EcoRI and BamHI sites. The BamHI-NotI fragment
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containing LAS and the terminator was then placed downstream of the CUC2 promoter of pBS-¢C2,
which contains a 5.9 kb fragment of the CUC2 genomic sequence [50], yielding ProCUC2:LAS BS.
The Sall-Notl fragment of ProCUC2:LAS BS was then inserted into pBIN50, a modified binary
vector carrying a kanamycin resistance gene [29]. To obtain ProCUC2:BLR, cDNA derived from
Ler was amplified using the primers BLRcDNAfull-F (5’-TTTCCCATGGCTGATGCATA-3’) and
BLRcDNAfull-R (5’-TCAACCTACAAAATCATGTA-3’), cloned into pCR™-Blunt II-TOPO (Invitrogen,
[Waltham, MA, USA]), and the resulting EcoRI fragment was then placed upstream of the 35S terminator
of the modified UAS cassette. Fusion with the CUC2 promoter and transfer to a binary vector was
carried out in the same manner as that for ProCUC2:LAS, except that pBIN60, a modified binary
vector with a sulfadiazine resistance gene, was used. To obtain the other chimeric constructs of the
CUC2 promoter and downstream genes, the 3.1 kb Sall-BglII fragment of the CUC2 promoter was
blunt-ended and cloned into the blunt-ended HindIII site of the gateway destination vector pGWB1
carrying kanamycin and hygromycin resistance genes [51], resulting in ProCUC2 pGWB1. To generate
entry clones, cDNAs were first amplified with gene-specific primers and then with the aftB adaptor
primers listed in Supplementary Table S5 and cloned into pDONR221 by BP reaction. The inserts were
then transferred to ProCUC2 pGWBI1 by LR reaction. For ProCUC2:GUS, the GUS gene fragment was
transferred from the entry clone pENTR-gus (Invitrogen [Waltham, MA, USA]) to ProCUC2 pGWB1
via LR reaction. Plant transformation was carried out by the floral dip method [52]. The Pro2kb and
Prolkb reporter constructs of the KLU gene contain —2066 to +16 and —1061 to +16 sequences from
the start codon, respectively, at their 5" end of vYFPer, an ER-localized version of Venus, and -85 to
+338 sequence from the stop codon at their 3’ end and are cloned in the binary vector pBarMAP [53].
Both constructs were transformed to Ler.

4.3. Rescue Experiments

Double-homozygous cucl-5 cuc2-3 plants were seedling lethal and did not produce flowers,
thus each construct for the rescue experiments was transformed to cucl-5 cuc2-3/+ plants via the
floral dip method. T; seeds were selected for drug resistance on Murashige-Skoog plates [54] and
the phenotypes of the resistant seedlings were scored. Subsequently, double-homozygous plants
were identified by PCR-based genotyping. For analyses of the combined effect of STM with LAS,
one transgenic line containing the ProCUC2:STM transgene was maintained and T, plants with the
cucl-5 cuc2-3/+ genotype were crossed with two independent lines of ProCUC2:LAS with the cuc1-5
cuc2-3/+ genotype. The seedling phenotype was first scored in the F, generation and the genotype
of the CUC2 locus as well as the presence of each transgene was subsequently analyzed. The same
ProCUC2:STM line was used for analysis of the combined effect of STM with the rest of the genes and
was crossed with two independent transgenic lines for each gene. Scoring of the seedling phenotype
and subsequent genotyping were carried out in the F; generation. To classify the phenotypes into the
mild and strong categories, we examined the presence or absence of visible shoot under a binocular.
The absence of shoot production was confirmed at 14 dag or later.

4.4. Histological Analysis

In situ hybridization was carried out as described previously [17]. As a template for the UFO
probe, we used pDW221.1 [55]. For generating templates for other probes, gene-specific fragments
were PCR-amplified using the primers listed in Supplementary Table S6 and cloned into pCR™-Blunt
II-TOPO. For GUS detection, embryos were dissected and immediately stained in staining solution
with 5 mM ferricyanide and ferrocyanide [56]. Embryos and seedling apices were visualized after
clearing as described previously [17]..

4.5. DEX Induction and gRT-PCR

Induction of CUC1-GR with DEX and expression analysis by qRT-PCR were carried out as
described previously [22]. Primers used for qRT-PCR are listed in Supplementary Table S7.
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Abstract: Leaf angle (LA), defined as the angle between the plant stem and leaf adaxial side of the
blade, generally shapes the plant architecture into a loosen or dense structure, and thus influences
the light interception and competition between neighboring plants in natural settings, ultimately
contributing to the crop yield and productivity. It has been elucidated that brassinosteroid (BR) plays
a dominant role in determining LA, and other phytohormones also positively or negatively participate
in regulating LA. Accumulating evidences have revealed that these phytohormones interact with each
other in modulating various biological processes. However, the comprehensive discussion of how
the phytohormones and their interaction involved in shaping LA is relatively lack. Here, we intend
to summarize the advances in the LA regulation mediated by the phytohormones and their crosstalk
in different plant species, mainly in rice and maize, hopefully providing further insights into the
genetic manipulation of LA trait in crop breeding and improvement in regarding to overcoming the
challenge from the continuous demands for food under limited arable land area.

Keywords: Leaf angle; Phytohormones; crop yield; BR; Crosstalk

1. Introduction

To overcome the challenge of ever-increasing global demands for food, feedstock, and bioenergy
products, breeders have been forced to select and breed cultivars with a key feature that can be
planted at higher densities in order to increase grain yield with the limited availability of arable
land area [1,2]. To this end, genetic improvement of crops with ideal plant architecture is considered
as one of the most powerful strategies for addressing this issue. The key components of ideal
plant architecture in crop generally include plant height, grain architecture, and leaf angle (LA) [3].
Since the 1960s, genetic engineering of decreasing plant height in crops has dramatically boosted
the crop yield and definitely benefited millions of people worldwide, which is remarked as the
“Green Revolution”. The great achievement of Green Revolution is attributed to the utilization of two
“Green Revolution” genes, mutant allelic Semi-dwarf1 (Sd1) in rice, which encodes a key enzyme in
the gibberellic pathway GA200x2, and Reduced height-1 (Rht-1) in wheat that encodes a key repressor
in gibberellin signaling pathway called DELLA, are responsible for gibberellin metabolism in rice
and wheat [4,5], respectively. However, excessive application of nitrogen fertilizer for ensuring the
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yield and productivity of the semidwarf varieties has brought severe contamination on environment.
Recently, a novel gibberellin-GIBBERELLIN INSENSITIVE DWARF1 (GID1)-NITROGEN-MEDIATED
TILLER GROWTH RESPONSE 5 (NGR5) signaling pathway has been stated [6], which can be effectively
used to boost yield of semi-dwarf crop by simultaneously enhancing the tiller number and nitrogen
use efficiency (NUE) in next-generation Green Revolution. Besides plant height, the LA trait has also
been substantially selected for high-yield varieties breeding, particularly in maize and rice, due to its
vital role for optimal light interception and competition between neighboring plants in natural settings.

A typical grass leaf is consisted of distal blade, proximal sheath, and a boundary called ligular
region (also called lamina joint) that separates blade and sheath into distinct parts, all of which contain
epidermal, ground, and vascular tissues that are continuous with each other but distinct in cell types
and patterns [7,8]. LA, defined as the angle between the stem and adaxial side of the blade (Figure 1),
is one of the most important architecture traits selected for crop yield improvement [9]. Crops with
architecture of smaller LA and more upright leaves can facilitate higher plant density and enhance
the photosynthetic efficiency, thus elevating yield [10-12]. The ligular region, an annular structure
outside the joint of the leaf blade and leaf sheath, is the pivotal structure for determining LA in
grasses. Accumulating evidences have been implicated that the formation of LA is mediated by the
shape of the lamina joint, differences in cell numbers/size at adaxial/abaxial region and distinctive
mechanical tissue strength [9,13-15], and thus any influence on them could alter the LA. For example,
failure of longitudinal elongation of the adaxial cells in the lamina joint may result in erect leaves [16],
whereas excessive expansion of the adaxial cells would increase the LA [17,18].

Blade

Adaxial side\

\Auricle

Sheath

Figure 1. Structural composition of leaf angle in rice and maize. Leaf angle is defined by the angle
between the plant stem and leaf adaxial side of the blade, indicating as the « in the figure. This leaf
morphology is affected by the development of ligule and auricle as well.

Given the rapid developments of plant functional genomics, a number of genes controlling LA
have been cloned and the relevant regulatory network underlying the development of LA in grasses
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has been well characterized. These studies revealed that phytohormones, such as brassinosteroids
(BRs), auxin, and gibberellins (GAs), comprehensively participate in regulating LA by orchestrating the
homeostais of their biosynthesis and the expression of signaling transcription factors (TFs). Though each
phytohormone and TF has been found to contribute quite similar traits/phenotypes in term of LA,
how they interplay with each other is still far beyond understood. This review is an attempt to highlight
the regulation mechanism of LA and the genetic interactions among phytohormones in regulating LA
formation with particular emphasis on maize and rice.

2. Regulation of Lamina Joint Bending by Brassinosteroid (BR)

BRs are a group of steroid phytohormones involved in many important biological processes,
and thus play a vital role in regulating several important agronomic traits, such as leaf angle, plant height
and stress resistance. The regulatory pathways of BR biosynthesis, metabolism, and signal transduction
have been well established in rice [19-21]. Since LA is a grass-species-specific trait, the role of BR in
regulating LA has only been characterized in maize and rice rather than Arabidopsis, indicating that
BR is a positive regulator of LA (Figure 2).
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Figure 2. The synergistic regulation mechanisms of leaf angle by phytohormones in rice.
(A) Brassinosteroid biosynthesis pathway. The corresponding enzyme that catalyze each reaction
in yellow color. The secondary structure of the chemical is obtained from ChemSpider (http://www.
chemspider.com/Default.aspx). (B) Positive and negative regulation of leaf angle by brassinosteroid (BR)
signaling pathway and its crosstalk with other regulators involved in other plant hormones pathway,
and other phytohormones regulators positively participate in regulation of leaf angle. The proteins in
white color and with a question mark represent that they are homologs of those reported to be involved
in the regulation of leaf angle. The green arrow represents the downregulation of indoleacetic acid
(IAA). The protein in red color box represents as the positive regulator while the one in green color box
represents the negative regulator of leaf angle. The dashed line and solid line represent the indirect or
direct evidence supporting the responsible regulation, respectively.
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Up-regulation of the BR content within lamina joint region or enhanced BR signaling pathway
by boosting the expression of BR related regulators resulted in increasing LA (Table 1). For instance,
many researches in rice have elaborated that leaf inclination is closely associated with biosynthesis or
signaling of BR [19,22]. Loss-of-function of BR biosynthetic genes, such as Dwarf 2 (D2), perturbed
the endogenous level of BR, eventually resulting in erect leaf phenotype [11,23-26]. Besides, other BR
biosynthetic regulators, such as the Cytochrome P450 family proteins, have also been documented
to function in the development of LA. For example, BR-deficient Dwarfl (OsBRD1) is cytochrome
P450 protein and encodes a key enzyme (BR C-6 oxidase) catalyzing BR biosynthesis. Disruption of
OsBRD1 causes pleiotropic effects, including severe dwarf phenotype, tortuous leaves, short panicles,
small seeds, etc. [27,28]. Another two Cytochrome P450 proteins, OsDWARF4 and OsDWARF11,
also catalyze the rate-limiting reaction (c-22 hydroxylation) of BR biosynthesis. OsDWARF4 is highly
expressed in leaf blade and root, which is inhibited by BR but increased in BR-insensitive or -deficient
mutants, indicating there is a feedback regulation on OsDWARF4 expression. Depletion of OsDWARF4
caused mild phenotype with erect leaves but not any detrimental effect on the development of leaf,
inflorescence, and seed relative to wild-type plant [11,24]. Distinct from Osdwarf4 mutant, Osdwarf11
mutant showed a much more severe phenotype, including dwarfism in plants, erection of leaves,
pollen abortion, and small grains. Further investigation revealed that OsDWARF4 and OsDWARF11
function redundantly in BRs biosynthesis, but OsDWARF11 performs a major role in BR biosynthesis
pathway while OsDWARF4 plays the complementary role [25], which explained the different effects
of them in term of plant growth and development, as well as the LA. It is worthy to mention that
the Osdwarf4 mutant with erect leaf simultaneously promoted biomass production and higher yields
than wild type at different planting densities, even without additional fertilization, indicating that this
gene/allele is a potential candidate for sustainability increasing crop yield in limited land area [11].
Taken together, these studies have clearly illustrated that BR metabolism is responsible for the LA
formation in crop.

In the BR signaling transduction pathway, BR is perceived by extracellular domain of
BRASSINOSTEROID INSENSITIVE 1 (BRI1), a single transmembrane leucine-rich repeat receptor-like
protein kinase (LRR-RLK), and its co-receptor BRI1-ASSOCIATED KINASE 1 (BAK1). In the absence
of BR, BRI1’s kinase domain is deactivated by the negative factor BRI1 KINASE INHIBITOR 1
(BKI1); while BR is present, the BR compound binds to the extracellular domain of the BRI1
and BAK1. Subsequently, BRI1 phosphorylates BKI1, which results in the release of BKI1 from
the plasma membrane, and then induce the phosphorylation of the kinase domain of BRI1 and
BAKI, finally activating the initiation of BRI1-mediated signaling transduction [29]. The activation
of BRI1 in turn phosphorylates downstream BR-SIGNALING KINASE1 (BSK1), CONSTITUTIVE
DIFFERENTIAL GROWTH 1 (CDG1), and some of their homologs. Both BSK1 and CDG1/CDL1
phosphorylates BRI1-SUPPRESSOR 1 (BSU1) and subsequently activates BSU1. Activated BSU1
dephosphorylates and inactivates BRASSINOSTEROID INSENSITIVE 2 (BIN2) to release the
suppression of BRASSINAZOLE-RESISTANT 1 (BZR1) and BRI1-EMS-SUPPRESSOR 1 (BES1),
which are two key downstream transcription factors positively mediating BR responses. BZR1 and
BES1 are rapidly dephosphorylated by Protein Phosphatase 2A (PP2A) family, leading to their
nuclear accumulation and their regulation of thousands of BR-responsive genes expression [30].
Besides, in the absence of BR, the interaction of phosphorylated BZR1 and BES1 with 14-3-3 proteins,
a group of conserved phosphopeptide-binding proteins, can lead to their cytoplasm retention and
degradation, while in the presence of BR, dissociated BKI1 in cytoplasm can competitively bind to
14-3-3 proteins to inhibit this process [31]. Otherwise, the PPA2 dephosphorylates BRI1, BZR1 and
BES], relieving the binding of BZR1 and BES1 to 14-3-3 proteins, which regulates downstream genes
in response to BR and induce diverse BR responses [32]. In addition to the BR biosynthetic genes
mentioned above, BR signaling genes also play an essential role in regulating the development of LA
in rice. For example, OsBRI1 is an ortholog of Arabidopsis BRI protein in rice. OsBRI1 participates
in regulating various aspects of growth and development processes in rice, including the bending
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of lamina joint, the intercalary meristem formation, and the longitudinal elongation of internode
cells. Therefore, depletion of OsBRI1 significantly perturbed the internode elongation and bending
of the lamina joint [33]. OsBAK1 (a homologous gene to Arabidopsis BAK1) encodes SERK family
receptor kinase protein and acts as co-receptor kinase for OsBRI1 to mediate BR signal transduction.
Down-regulating the expression level of OsBAK1 produced a rice variety with erect leaf and normal
reproduction so that considered as a promising target for improving rice grain yield [34]. Nevertheless,
suppression of OsBZR1 expression by RNA interference (RNAI) in rice greatly altered the expression
of BR-responsive genes and resulted in plant dwarfism and erect leaf, suggesting that OsBZR1 plays
an central downstream role in BR signaling [35]. The rice 14-3-3 proteins have been proven to interact
with and retain OsBZR1 in cytoplasm instead of nucleus, ultimately leading to inhibiting the function
of OsBZR1. However, BR treatment can dissociate their interactions and activate OsBZR1, in turn
causing the erect leaf phenotype [36]. Similarly, a rice zinc finger transcription factor, LEAF and
TILLER ANGLE INCREASED CONTROLLER (OsLIC), also antagonized OsBZR1 to repress BR signaling
in rice. Overexpression of OsLIC resulted in erect leaves by eliminating BR response, indicating
that OsLIC1 negatively modulates leaf inclination in rice. OsLIC directly regulated the INCREASED
LEAF INCLINATION 1 (ILI1), a positive regulator in lamina inclination, to oppose the action of
BZR1 [36]. In addition, recent studies have identified an APETALA?2 (AP2)/ERF (ethylene-responsive
element binding factor) family transcription factor, Reduced Leaf Angle 1 (RLA1) that is identical to the
SMALL ORGAN SIZE 1 (SMOS1), as a positive regulator of BR signaling, which physically interacted
with OsBZR1 to enhance its transcriptional activity to enlarge LA in rice [37,38]. BUI encodes a
helix-loop-helix protein and acts as a novel BR positive regulator. Overexpressing BU1 in rice led to
enhanced bending of the lamina joint, increased grain size, and resistance to BR, while repression
of BUI and its homologs in rice displays erect leaves [39]. Furthermore, a pair of antagonizing
HLH/bHLH factors, OsILI1 that is the homology of Arabidopsis thaliana Paclobutrazol Resistance 1 (PRET)
and ILI1 binding bHLH 1 (OsIBH1), functioned as downstream factors of OsBZR1 to regulate leaf
angle. OsILI1 positively regulated BR-mediated cell elongation, whereas OsIBH1 directly interacted
with OsILI1 and performed an opposite role [40]. In addition, another bHLH transcription factor,
BRASSINOSTEROID-RESPONSIVE LEAF ANGLE REGULATOR 1 (OsBLR1), has also been implicated
to participate in LA regulation though the BR pathway in rice. Over-expressing OsBLR1 simultaneously
increased leaf angle, grain length and sensitivity to BR, whereas mutation of OsBLR1 resulted in erect
leaf and shorter grain [41]. Similarly, gain-of-function of OsbHLH079 also caused wide LA, longer grain
and hypersensitive to BR in rice, while OsbHLH079-RNAI lines showed opposite phenotype [42].
Collectively, these findings suggested that bHLH family transcription factors may be broadly involved
in BR-mediated LA regulation. Previously, a plant-specific gene family transcription factor, OsGRAS19
(GA INSENSITIVE (GAI), REPRESSOR OF GAI (RGA), and SCARECROW (SCR) 19) was suggested to
be involved in regulating BR signaling, because the knockdown lines of OsGRAS19 displayed less
sensitivity to the 24-epi-brassinolid (BL) treatment as compared to WT in rice. Higher expression of
OsGRAS19 caused larger LA, narrow leaf and thin culm and panicle in rice [43]. Recently, a novel mutant
of OsGRAS19, D26, has been identified in rice, which displayed typical BR-mediated phenotypes,
including semidwarf, wider, and shorter leaf in addition to the erect leaf, as well as longer grain [44].
Taken together, these results further elaborated that the BR signaling is extensively involved in
regulating LA in rice.

Until now, the molecular regulation of BR underlying LA in maize has been rarely investigated.
Previous reports illustrated that suppression of ZmBRI1 or knock-out of Dwarf and Irregular Leaf 1
(ZmDIL1) displayed dwarf plant and erect leaves [45,46], suggesting a conserved function of BR for
plant architecture in monocots. Recently, a SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE (SPL)
family protein LIGULELESS 1 (LG1), which is recognized as a conserved key factor in the formation of
ligule and auricle in both rice and maize [47,48], confers an important role in controlling the leaf angle
through regulating BR and auxin signaling pathway in maize and wheat. In maize, ZmLG1 activated a
B3-domain containing transcription factor ZmRAVL1, which sequentially activated ZmBRD1 that was
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also designated as Upright Plant Architecture 1 (IPA1), eventually resulting in the alternation of leaf
angle. UPA2 functioned as a distant cis element to regulate ZmRAVL1 expression, which was controlled
by the Drooping Leaf 1 (DRL1). This UPA2-ZmRAV1-UPA1 module fine-tuned the BR pathway and
finally determined the plant architecture and LA in maize [49]. In wheat, the LG1 ortholog, TaSPLS,
directly bound to the promoter of an auxin response factor TnARF6 and the BR biosynthesis gene
CYPI90D2 (TuD2), and subsequently activated their expressions, leading to enhancing lamina joint
development [50]. Recently, ZmILI1, an ortholog of OsILI1 that plays an important role in LA in rice,
was found to directly bind to the ZmLG1 and CYP90D1 promoters to affect the BR biosynthesis and
signal, eventually changing the LA [51]. Collectively, these studies supported a notion that components
of BR signaling pathway play a dominant and conserved role in the formation of leaf angle in multiple
crops and would be the potential targets for genetic improvement of crop architecture and yield.

3. Regulation of Lamina Joint Bending by Indoleacetic Acid (IAA)

Indoleacetic acid (IAA) is another crucial hormone, regulating leaf inclination mainly through
patterning the adaxial/abaxial cell growth of leaves. In contrast to the positive role of BR in LA
regulation, IAA functioned as a negative regulator since eliminating IAA content resulted in increased
leaf inclination while increasing IAA content caused reduction of leaf inclination and upright leaves [52].

Auxin signal transduction is a sophisticated pathway, which is consisted of several key components,
including the F-box TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX PROTEIN
(TIR1/AFB) auxin co-receptors, the Auxin/INDOLE-3-ACETIC ACID (Aux/IAA) transcriptional
repressors, and the AUXIN RESPONSE FACTOR (ARF) transcription factors and a ubiquitin-dependent
protein degradation system. When IAA is deficient, Aux/IAA proteins form heterodimers with ARFs
and block the function of ARFs to inhibit the auxin signal. Presence of auxin promotes the interaction
between TIR1/AFB and Aux/IAA proteins, and then triggers a proteasome-mediated degradation
of Aux/IAA by 26S Proteasome, eventually resulting in the release of ARF transcriptional activity.
Subsequently, activation of ARF induces the changes of auxin-mediated gene expression pattern and
growth responses [53-56]. This auxin signaling transduction model in rice has been implicated to
associate with the regulation of lamina joint bending (Figure 1).

For instance, FISH BONE (FIB) encodes an orthologous of TAA protein, which plays a negative effect
onleafinclination. Loss-function of FIB caused a reduction of IAA level and altered auxin polar transport
activity, thus producing small leaves with enlarged lamina joint angle [57]. LEAF INCLINATION1
(LC1) encoding an IAA amino synthetase, termed as OsGH3.1 in rice, maintained auxin homeostasis by
catalyzing excess IAA binding to various amino acids. A gain-of-function mutant Ic1-D inrice displayed
a reducing content of free IAA and increasing leaf angle due to the promotion of cell elongation in the
adaxial surface of lamina joint [58]. In addition, two OsMIR393a/b targeted auxin receptors, OsTIR1 and
AUXIN SIGNALING f-box 2 (OsAFB2), have also been proven to be involved in the regulation of leaf
angle. Overexpression of OsmiR393a/b repressed the expression of OsTIR1 and OsAFB2, which led
to greater leaf angle in rice [59]. Further study demonstrated that BR promoted OsTIR1 and OsAFB2
to trigger the degradation of OsIAA1, which resulted in de-suppression of OsARF11 and OsARF19
proteins and consequently caused enlarge LA in rice [60]. Furthermore, a SPOC domain-containing
transcription suppressor Leaf inclination 3 (LC3) regulated leaf inclination through interacting with a
HIT zinc finger domain-containing protein, LC3-interacting protein 1 (LIP1). Meanwhile, LC3 could
also directly bind to the promoter regions of OsIAA12 and OsGH3.2 to regulate auxin signal transduction
and auxin homeostasis, finally influencing the formation of leaf inclination [61].

The maize auxin efflux carrier P-glycoprotein (ZmPGP1) was an adenosine triphosphate (ATP)
binding cassette (ABC) transporter, which was involved in the polar transport of auxin and associated
with the LA in maize [62]. Notably, multiple haplotypes of ZmPGP1 were present in various landraces,
teosintes, and inbred accessions [63], suggesting a domesticated selection and improvement due to the
demand of higher density planting.
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4. Regulation of Lamina Joint Bending by Gibberellins (GA)

GA signaling pathway has also been implicated to participate in the regulation of the LA through
the BR signaling dependent manner. Previously, transcriptomic profiling identified the co-expression
pattern between GA and BR associated genes, however, it was less understood whether these genes
were coordinated to regulate the LA. Recently, several researches have verified that certain GA genes
interact with BR genes to modulate the LA. For instance, knockdown of the rice SPINDLY (OsSPY)
caused the eliminated expression of BR biosynthesis genes D11, D2, and OsDWARF/BRD1, but increased
the OsDWARF4 expression that functions downstream of the GA gene, SLENDER RICE 1 (SLR1),
ultimately resulting in the enhanced leaf angle [64]. A recent study found that the Arabidopsis
O-fucosyltransferase SPY could mono-O-fucosylate the DELLA protein, leading to higher affinity of
interaction between DELLA and BZR1 [65]. From this point of view, it is supposed that OsSPY also
could activate the OsSLR1 encoding a DELLA protein to interact with OsBZR1, thereby affecting LA in
rice. The rice GA-stimulated transcript gene (OsGSR1) induced by GA is another downstream gene of
SLR1, and it directly binds to BRD2 to enhance the BR biosynthesis, which subsequently altered the leaf
angle [64,66]. In addition to these GA genes, other regulators involved in GA pathway have also been
identified to participate in LA regulation. OsDCL3a encodes a Dicer-like endoribonuclease involved in
generating siRNA. Down-regulation of the OsDCL3a resulted in increased leaf angle by modulating
the expression of GA and BR associated genes, including OsGSR1 and BRD1 [67]. Recently, OsmiR396d
has been reported to regulate the LA in rice, which was promoted by OsBZR1 and then regulated the
expression of BR responsive genes by targeting the GROWTH REGULATING FACTOR 4 (OsGRF4) [68].
Alternatively, as another target of OsmiR396d, the OsGRF6 participated in GA biosynthesis and signal
transduction but was not directly involved in BR signaling only modulated the plant height rather
than LA [68]. Taken together, it is supposed that GA likely regulates LA dependent on the BR pathway,
and thus identification of much more GA components involved in response to BR would extend our
knowledge to this issue.

5. Regulation of Lamina Joint Bending by Crosstalk among Various Phytohormones

Recent studies have shown that crosstalk between IAA and BR cooperatively regulates the
development of leaf angle. OsIAA1 is a key negative regulator for auxin signal transduction, which is
induced by auxin and BR. Over-expression of OsIAA1 in rice resulted in dwarfism and increased
leaf angle with decreased sensitivity to auxin treatment but increased sensitivity to BR treatment.
OsARF1 is an auxin signal positive regulator which is inhibited by OsIAA1 in the absence of auxin.
Further analysis showed that mutation of OsARF1 reduced sensitivity to BR treatment, resembling
the phenotype of OsIAAI-overexpression plants, which indicated that BR may interact with auxin
through the OsIAA1-OsARF1 module to regulate LA in rice [69,70]. OsARF19 acted as another
coordinator of auxin and BR by positively regulating the expression of OsGH3.5 to reduce the content
of free IAA on the one hand and activating OsBRI1 to stimulate BR signal cascades on the other
hand, thus resulting in increased leaf angle [71]. RLA1/SMOS1 functioned downstream of the auxin
signaling pathway, and enhanced the transcriptional activity of OsBZR1 by interacting with OsBZR1,
suggesting that RLAI/SMOS] integrated BR and IAA signal pathway to regulate the development of
leaf angle [37,38]. In summary, the above studies showed that the auxin antagonized BR by interfering
both BR metabolism and signaling to negatively regulate the leaf angle in rice.

Additionally, the rice 41 mutant with null function of an & subunit of G-protein (Gx), Rho GTPase
activating protein 1 (RGA1), exhibited a dwarfism phenotype with erect leaves, and reduced sensitivity
to GA and BR, indicating that RGA1 was involved in both GA and BR responses [29,72]. Further studies
showed that D1/RGA1 interacted with TUD1 to induce BUI expression, resulting in the increased
leaf inclination [73,74]. BR can also act upstream of GA by modulating GA metabolism to regulate
cell elongation. BR activated OsBZR1 and induced the expression of D18/GA30x-2, one of the
GA biosynthetic genes, leading to increased bioactive GA levels in rice seedlings. In contrast,
GA extensively inhibited BR biosynthesis and the BR response with a feedback mechanism, so that GA
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treatment decreased the enlarged leaf angles in plants by attenuated BR biosynthesis or signaling [75].
These results showed that BR and GA were intertwined to regulate the leaf angle in rice.

6. Other Phytohormones Involved in Regulation of Lamina Joint

Phytohormones such as ethylene, strigolactones (SLs), jasmonic acid (JA), and abscisic acid (ABA)
were also involved in regulating leaf inclination of rice (Figure 3). An early report demonstrated
the interaction of ethylene and BR to regulate leaf inclination of rice, but the underlying mechanism
remaining to be elusive [18]. Currently, a study has validated that altering the C terminus of
1-Aminocyclopropane-1-carboxylate (ACC) synthase 7 (ZmACS?) responsible for ethylene biosynthesis
in maize led to the stability of this protein and the accumulation of ACC and ethylene contents, as well
as the up-regulation of ethylene responsive genes, which finally reduced plant height and increased
leaf angle [76]. Similar to ZmACS7, overexpression of its closest paralog ZmACS2 also resulted in
flatter leaves [76], further suggesting that ethylene positively regulates LA.

JA
CK SLs

GA

l
Leaf inclinaiton /

Auxin  Ethylene

RN
™

Figure 3. Crosstalk of phytohormones in determining leaf angle. Abscisic acid (ABA), CK, jasmonic acid
(JA), and strigolactones (SLs) negatively regulate BR, thereby inhibiting leaf angle, whereas gibberellins
(GA) positively coordinates BR to increase leaf angle. Application of auxin results in erect leaf while
ethylene leads to flat leaf.

SLs negatively regulate leaf inclination at seedling stage [77]. Interestingly, recent report showed
that SLs also mediated leaf inclination in response to nutrient deficiencies in rice [78]. Similar to SLs,
JA also showed a negative role in leaf inclination. JA treatment decreased lamina joint inclination by
repressing the expression of BR biosynthesis-related genes which thus decreased endogenous BRs
levels. Besides, inactivation of a negative regulator of BR signaling, GSK3-like kinase, partly rescued
the inhibited effect of JA on lamina joint inclination, indicating that JA may disturb both BR biosynthesis
and BR signaling pathway to limit lamina joint inclination [79].

Previous research has revealed that BR antagonized with ABA in regulating seed germination and
hypocotyl elongation in Arabidopsis. The study showed that the ABSCISIC ACID INSENSITIVES5 (ABI5)
directly interacts with BRASSINOSTEROID INSENSITIVE2 (BIN2), and then was phosphorylated
and stabilized by BIN2 upon ABA treatment [80]. Additionally, the BES1 also physically interacted
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with ABI5 to hinder the expression of ABI5-targeted EARLY METHIONINE-LABELED 1 (EM1) and
EMB6 [81], eventually facilitating the seed germination in Arabidopsis. Interestingly, the ABI1 and
ABI2 can interact with and dephosphorylate BIN2 to attenuate the BR signaling in Arabidopsis [82],
indicating a complicated crosstalk between ABA and BR. Recently, there is research which further
revealed that ABA also antagonized BR to regulate the lamina joint inclination in rice by targeting the
BR biosynthesis gene D11 and BR signaling genes GSK2 and DLT [83], and it therefore raises an issue
that whether the rice homologs of Arabidopsis ABI1 and ABI2 may also interfere the BR-mediated
LA. Investigation of the LA phenotype of the Osabil and Osabi2, as well as overexpression lines
of these two genes, may provide the answer for this hypothesis. Another research preprinted in
bioRxiv demonstrated that a transcriptional repressor ZmCLA4 (the ortholog of LAZY1 in rice and
Arabidopsis) responsible for multiple phytohormone mediated pathways negatively regulated LA
by altering mRNA accumulation. Further analysis showed that ZmCLA4 could directly bind to two
key components of BR signaling ZmBZR3 and 14-3-3, and two important responsive transcription
factors of ABA ZmWRKY4 and ZmWRKY72 respectively, thus mediating the crosstalk between BR and
ABA in LA regulation [84]. In maize, a bHLH transcription factor ZmIBH1-1 is a negative regulator of
LA in maize. Transcriptome analysis suggested that the ZmIBHI1-1-mediated LA in the leaf ligular
region was highly correlated with cytokinin (CK), JA, and ethylene synthesis and signal transduction
pathways associated genes, in particular the two CK responsive genes, GRMZM2G145280 (BBC1)
and GRMZM2(G149952 (ZmAS1) that were tightly correlated with cell division, implying that CK
may modulate LA through the control of cell profile [85]. Notably, it has been demonstrated that CK
indirectly interacted with BR through auxin pathway. For example, BR regulated the development of
root primordia through increasing the PIN genes expression while the CK inhibited the root primordia
by repressing PIN genes [86]. However, it was also found that CK was accumulated in the young
seedling of wheat with BR treatment [87], whereas overexpression of the rice Isopentyl Transferase
(IPT) driven by the promoter of stress- and maturation-inducible gene, Senescence-associated Receptor
Kinase (SARK), resulted in up-regulation of BR genes, including DWF4, BRI1, and BZR1 etc., ultimately
leading to higher rice yield during water-stress [88]. These studies further suggest that CK interplays
with BR in regulating plant growth and stress response. However, it is still unclear whether and how
they cooperated in the LA regulation. As mentioned above, the bHLH family generally integrated BR
signaling to regulate the LA, such as the OsILI1 and OsBLR1, and thus we proposed that the CK may
interplay with BR to regulate LA through the bHLH-BBC1/AS1 module mediated BR signaling.

In summary, almost all of the regulators modulated leaf angle through the
phytohormones-dependent manner (Table 1), however, whether there are unknown components
independent on phytohormones, the pathway still remains elusive.

Table 1. Cloned genes associated with leaf angle in rice and maize.

Pathway Arabidopsis Maize/Rice Functions in Leaf Angle ! Refs
AtCYP90D1 OsCYP9I0D2 Positively regulating leaf angle and related to [11,24-26]
(AT3G13730) (LOC_0Os01g10040) the BR biosynthesis in rice. ’
ADWARE4 OsDWARF4 Positively regulating leaf angle and
(AT3G50660) (LOC_Os03g12660) catalyzing C-22 hydroxylation in BR [11,24]

- & biosynthesis pathway.
AICYP724A1 OsDWARF11 Posmvlely regulating leaf a.ngle. and
BR (AT5G14400) (LOC_Os04g39430) catalyzing C-22 hydroxylation in BR [23,25]
- & biosynthesis pathway:.
AtBR60X2 OsBRD1 Positively regulating leaf angle and
y reg g & [27,28]
(AT3G30180) (LOC_Os03g40540) catalyzing BR biosynthesis. !
g yzmg yn
AtBR60X2 ZmBRD1 Positively regulating leaf angle and [49]
(AT3G30180) (GRMZM2G103773)  catalyzing C-6 oxidation in BR biosynthesis.
Positively regulating leaf angle and
AIDWARFL OsBRD2 participating in the complementary pathway [64,66]
(AT3G19820) (LOC_0s10g25780)

of BR synthesis.
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Table 1. Cont.

Pathway Arabidopsis Maize/Rice Functions in Leaf Angle ! Refs
AtSERK2 OsBAK1 Positively regulating leaf angle and [34]
(AT1G34210) (LOC_0s08g07760) mediating BR signal transduction.
Positively regulating leaf angle and
AtBRIT OsBRI1/OsDWARF61 stimulating BR signal cascade to regulate
(AT4G39400) (LOC_Os01g52050) organ development by controlling cell [71]
- & division and elongation, but is not necessary
for organ initiation.
AtBRI1 ZmBRIla
(AT4G39400) (GRMZM2G048294)
AtBRI ZmBRI1b Positively regulating leaf angle. [46]
(AT4G39400) (GRMZM2G449830)
AtBZR2 OsBZR1 Positively regulating leaf angle and acting [35]
(AT1G19350) (LOC_0s07g39220) downstream of BR signaling.
AT1G75340 OsLIC1 A direct target of OsBZR1 and negatively 36]
(AT1G75340) (LOC_Os06g49080) modulating leaf inclination.
AT2G41710 OsRLA1/OsSMOS1 Positively regulating leaf angle and direct [37,38]
(AT2G41710) (LOC_0Os05g32270) downstream of GSK2. !
AtIBH1 OsIBH1 Interacting with OsILI1 and negatively [40]
(AT2G43060) (LOC_0Os04g56500) regulating leaf angle.
iy Nt oL AL medibinecdl
(AT2G43060) (GRMZM2G388823) ligular region.
NA ZmDIL1 " .
NA (NA) Positively regulating leaf angle. [45]
AtPRES5 OsILI1 .
. (AT3G28857) (LOC_Os04g54900) Positive control of leaf angle. [40]
AtBS1 ZmlILI1 o .
(AT1G74500) (GRMZM2G072820) Positively regulating leaf angle. [51]
AISPLS ZmLG1 aivating ZoBRD! expresson eading 16 149
(AT1G02065) (GRMZM2G036297) increased BR and leaf angle.
AtNGA1 ZmRAVLI Positively regulating leaf angle by regulating 49]
(AT2G46870) (GRMZM2G102059) ZmBRD1.
AtPGP1 ZmPGP1/ZmBR2 Positively regulating leaf angle and being 162]
(AT2G36910) (GRMZM2G315375) involved in the polar transport of auxin.
Positively regulating leaf angle by interacting
AtGPA1 OsD1/OsRGA1 . . .
with OsTUDI1 to induce OsBU1, leading to [73,74]
(AT2G26300) (LOC_0s05526890) increasing leaf inclination.
AtPUB30 OsTUD1 o .
(AT3G49810) (LOC_Os03g13010) Positively regulating leaf angle. [73,74]
AtKDR OsBU1 o .
(AT1G26945) (LOC_Os06g12210) Positively regulating leaf angle. [73,74]
AtBIN2 OsGSK1 . .
(AT4G18710) (LOC_Os01g10840) Negatively regulating leaf angle and BR. [36]
AtGSKI 0sGSK2 Negatlv?ly regulating leaf angle and the
(AT1G06390) (LOC_Os05g11730) expression of downstream BR response [83]
- genes.
AT1G63100 OsSMOS2/0sGS6 Positively regulating leaf angle and [83]
(AT1G63100) (LOC_0Os06g03710) BR-medjiated signaling pathway.
AtDCL3 OsDCL3a . .
(AT3G43920) (LOC_Os01g68120) Negatively regulating leaf angle. [67]
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Table 1. Cont.

Pathway Arabidopsis Maize/Rice Functions in Leaf Angle ! Refs
AIGH3.6 OSGHBHOSLCT e e by catalyzing (5]
(ATSG54510) (LOC_Os01g57610) excess IAA binding to various amino acids.
AtGH3.2 OsGH3.2 Positively regulating leaf angle and auxin 61]
(AT4G37390) (LOC_0Os01g55940) signal transduction and auxin homeostasis.
. ) Positively regulating leaf angle but
OsmiR393 negatively regulating OsTIR1 and OsAFB2. (5]
AtTIR1 OsTIR1 Negatively regulating leaf angle and being 59]
(AT3G62980) (LOC_0Os05g05800) the target of OsmiR393.
AtAFB2 OsAFB2 Negatively regulating leaf angle and being 59]
(AT3G26810) (LOC_0Os04g32460) the OsmiR393 target.
AtIAA17 OsIAA1 Positively regulating leaf angle and inhibiting [60]
(AT1G04250) (LOC_0Os01g08320) OsARF11 and OsARF19
IAA AtIAA3 OsIAA12 Positively regulating leaf angle and auxin [61]
(AT1G04240) (LOC_0Os03g43410) signal transduction and homeostasis.
ATSG11430 OsLC3 inhibing crprassiomof OsiAATzand [61]
(AT5G11430) (LOC_Os06g39480) OsGH3.2.
Negatively regulating leaf angle and
AT5G63830 OsLIP1 . ) K O,
(AT5G63830) (LOC_Os10g37640) interacting with LC3 to inhibit OsIAA12 and [61]
OsGH3.2.
AtARF2 OsARF1 Negatively regulating leaf angle and [69,70]
(AT5G62000) (LOC_Os11g32110) inhibited by OsIAA1 in the absence of auxin. !
AtARF5 OsARF11 Positively regulating leaf angle and 60]
(AT1G19850) (LOC_0Os04g56850) suppressed by OsIAA1.
Positively regulating leaf angle and OsGH3-5
AtARF19 OsARF19 and OsBRI1, and affecting the elongation of [60]
(AT1G19220) (LOC_Os06g48950)  rice basal internodes and leaves by regulating
cell elongation.
Negatively regulating leaf angle and GA.
AtSPY OsSPY Involving in BR signal transduction and [64]
(AT3G11540) (LOC_0Os08g44510) control of the suppression
of SLR1.
AtGAI OsSLR1 Negatively regulating leaf angle and GA [64,66]
(AT1G14920) (LOC_0Os03g49990) signal transduction. ’
Positively regulating leaf angle and induced
AtGASA4 OsGSR1 by OsSLR1. [64,66]
(AT5G15230) (LOC_0Os06g15620) Directly binding to OsBRD2 to enhance the !
GA BR biosynthesis.
. Positively regulating leaf angle and
OsmiR396 NA BR-medjiated signaling pathway. [68]
ocrra - Nepivdyveing e el
(AT3G13960) (LOC_0Os02g47280) OsmiR396 target
AtGFP1 OsGRF6 Negatively regulating leaf angle and being [68]
(AT2G22840) (LOC_0s03g51970) the OsmiR396 target.
AtGID1C OsGID1 Positively regulating leaf angle and [89]
(AT5G27320) (LOC_0Os05g33730) mediating GA signaling in rice.
AHAR1/AtGH3.11 OsGH3.5/0s]AR1 Positively regulating leaf angle and being
JA (AT2G46370) (LOC_Os05g50890) regulated by OsARF19, (71]
- Redundant with other OsGH3.
AtACS6 ZmACS7 - .
Ethylene (AT4G11280) (GRMZM5G894619) Positively regulating leaf angle. [76]
AtBBC1 ZmBBC1 Positively regulating leaf angle and cell [85]
(AT3G49010) (GRMZM2G145280) division.
CK AtAPS3 ZmAS1 Positively regulating leaf angle and cell [85]
(AT4G14680) (GRMZM2G149952) division.
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Table 1. Cont.

Pathway Arabidopsis Maize/Rice Functions in Leaf Angle ! Refs
AtMAX?2 OsD3 Negatively regulating leaf angle and related 9]
(AT2G42620) (LOC_Os06g06050) to the SL signaling in rice.

Negatively regulating leaf angle and dual
AtD14 OsD14 function as a receptor and deactivator of 78]

(AT3G03990) (LOC_0s03g10620) bioactive SLs, related to the SL signaling

in rice.
SLs AtCCDS 0sD10 Negatively regulating leaf angle and encode

carotenoid cleavage dioxygenase (CCD) 8 [78]

(AT4G32810) (LOC_0s01g54270) related to the SL biosynthesis in rice.
AtCCD7 OsD17 Negatively regulating leaf angle and encode
carotenoid cleavage dioxygenase (CCD) 7 [78]
(AT2G44990) (LOC_Os04g46470) related to the SL biosynthesis in rice.
Negatively regulating leaf angle and encode
( ATI?EDO%’;JSS) ( Osl(l)gsg;ZSéOOO) -carotene isomerase, related to the SL [78]

biosynthesis in rice.

! Role of the corresponding gene in regulating leaf angle in rice or maize. NA, none available.

7. Future Perspectives

Leaf angle directly influences the shape of plant architecture, consequentially affecting yield.
To feed the ever-increasing global population, demand of higher crop yield has triggered the breeders
to breed new cultivars that maintain sustainable productivity and yield by dense planting with
limited arable lands. Therefore, how to genetically manipulating leaf angle has become one of
the most important tasks to be tackled in crop genetic improvement. Until now, the regulatory
mechanism underlying leaf angle has been extensively elucidated. However, a few issues are
still beyond understanding, preventing the application of specific gene resource in term of crop
improvement. To address these issues, the relationship among these genes still needs to be further
uncovered, in particular the interaction network. On another hand, knockout or overexpression of
these genes generally caused pleiotropic effects on plant growth and development in addition to the
LA, such as plant dwarfism and smaller grain. Therefore, identification of interest single nucleotide
polymorphisms (SNPs) and/or haplotypes of LA genes could not only be an efficient strategy to extent
our knowledge about the relevant regulatory network, but also provide suitable alleles for marker
selection breeding. The studies of ZmLG1 provide an excellent case for bridging the basic research
and application. ZmLG1 was initially identified as a key factor for formation of ligule and auricle
in maize and rice, and then regard to be an important player during rice domestication [47,90,91].
Further large-scale genetic analysis revealed that ZmLG1 was the major QTL controlling leaf angle
in maize [92-95]. Based on these studies, a recent study demonstrated that genetic manipulation of
ZmLG1 gene can significantly increase photosynthetic efficiency and maize yield at higher planting
density [96]. Therefore, genome resequencing of larger accessions in crop indeed facilitates deciphering
interest haplotypes of LA regulators. Alternatively, generation of novel alleles by CRISPR-mediated
gene editing is also a powerful and efficient approach regarding this issue. Nevertheless, it would
be fascinating to ask if there are novel regulators involved in LA regulation independent on the
phytohormones pathways, which might only modulate LA without pleiotropic effects on other traits.
On the other hand, it is also attractive to see whether and how LA coordinates or integrates with other
agronomic traits in promoting yield, since yield consists of numerous components, such as plant height
and tiller number. Furthermore, manipulating the spatial and temporal expression pattern of LA genes
may be also important for timely shaping the plant architecture to achieve optimal photosynthesis,
as well as eliminating shade avoidance and neighbor interference.

In conclusion, BR signaling pathway performs along with other plant hormones to form a complex
signaling crosstalk to coordinate LA architecture under regular growth condition and in response to
environmental stimuli. The well-established regulatory network for LA would provide vast promising
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targets to be manipulated, no matter through traditional molecular marker-assisted breeding or the
gene editing technology, for crop architecture improvement to pursue high production.
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LA Leaf angle

BR Brassinosteroid
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References

1. Duvick, D.N. The Contribution of breeding to yield advances in maize (Zea mays L.). Adv. Agron. 2005, 86,
83-145. [CrossRef]

2. Duvick, D.N. Genetic progress in yield of United States maize (Zea mays L.). Maydica 2005, 50, 193-202.

3.  Leivar, P; Tepperman, ].M.; Cohn, M.M.; Monte, E.; Al-Sady, B.; Erickson, E.; Quail, PH. Dynamic antagonism
between phytochromes and pif family basic helix-loop-helix factors induces selective reciprocal responses to
light and shade in a rapidly responsive transcriptional network in arabidopsis. Plant Cell 2012, 24, 1398-1419.
[CrossRef] [PubMed]

4. Khush, G.S. Green revolution: Preparing for the 21st century. Genome 1999, 42, 646-655. [CrossRef] [PubMed]

5. Sasaki, A.; Ashikari, M.; Ueguchi-Tanaka, M.; Itoh, H.; Nishimura, A.; Swapan, D.; Ishiyama, K.; Saito, T.;
Kobayashi, M.; Khush, G.S.; et al. Green revolution: A mutant gibberellin-synthesis gene in rice. Nature
2002, 416, 701-702. [CrossRef] [PubMed]

6. Wu, K,; Wang, S.; Song, W.; Zhang, J.; Wang, Y.; Liu, Q.; Yu, J.; Ye, Y.;; Li, S.; Chen, J.; et al. Enhanced
sustainable green revolution yield via nitrogen-responsive chromatin modulation in rice. Science 2020, 367,
eaaz2046. [CrossRef] [PubMed]

7. Sharman, B.C. Developmental anatomy of the shoot of Zea mays L. Ann. Bot. 1942, 6, 245-282. [CrossRef]

8. Sylvester, A.W.; Cande, W.Z.; Freeling, M. Division and differentiation during normal and liguleless-1 maize
leaf development. Development 1990, 110, 985-1000.

9.  Mantilla-Perez, M.B.; Fernandez, M.G.S. Differential manipulation of leaf angle throughout the canopy:
Current status and prospects. J. Exp. Bot. 2017, 68, 5699-5717. [CrossRef]

10. Duvick, D.N.; Cassman, K. Post-green revolution trends in yield potential of temperate maize in the
north-central united states. Crop. Sci. 1999, 39, 1622-1630. [CrossRef]

11. Sakamoto, T.; Morinaka, Y.; Ohnishi, T.; Sunohara, H.; Fujioka, S.; Ueguchi-Tanaka, M.; Mizutani, M.;
Sakata, K.; Takatsuto, S.; Yoshida, S.; et al. Erect leaves caused by brassinosteroid deficiency increase biomass
production and grain yield in rice. Nat. Biotechnol. 2005, 24, 105-109. [CrossRef] [PubMed]

12.  Sinclair, T.R. Erect leaves and photosynthesis in rice. Scienice 1999, 283, 1456. [CrossRef]

31



Int. J. Mol. Sci. 2020, 21, 5052

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kong, E; Zhang, T.; Liu, J.; Heng, S.; Shi, Q.; Zhang, H.; Wang, Z.; Ge, L.; Li, P,; Lu, X,; et al. Regulation of
leaf angle by auricle development in maize. Mol. Plant 2017, 10, 516-519. [CrossRef]

Luo, X.; Zheng, ].; Huang, R.; Huang, Y.; Wang, H.; Jiang, L.; Fang, X. Phytohormones signaling and crosstalk
regulating leaf angle in rice. Plant Cell Rep. 2016, 35, 2423-2433. [CrossRef] [PubMed]

Zhou, L.; Xiao, L.; Xue, H.-W. Dynamic cytology and transcriptional regulation of rice lamina joint
development. Plant Physiol. 2017, 174, 1728-1746. [CrossRef]

Hong, Z.; Ueguchi-Tanaka, M.; Matsuoka, M. Brassinosteroids and rice architecture. J. Pestic. Sci. 2004, 29,
184-188. [CrossRef]

Duan, K; Li, L.; Hu, P,; Xu, S.-P.; Xu, Z.-H.; Xue, H.-W. A brassinolide-suppressed rice MADS-box transcription
factor, OsMDP1, has a negative regulatory role in BR signaling. Plant J. 2006, 47, 519-531. [CrossRef]

Cao, H.; Chen, S. Brassinosteroid-induced rice lamina joint inclination and its relation to indole-3-acetic acid
and ethylene. Plant Growth Regul. 1995, 16, 189-196. [CrossRef]

Wang, Z.-Y,; Bai, M.-Y,; Oh, E.; Zhu, ].-Y. Brassinosteroid signaling network and regulation of
photomorphogenesis. Annu. Rev. Genet. 2012, 46, 701-724. [CrossRef]

Zhang, C.; Bai, M.-Y.; Chong, K. Brassinosteroid-mediated regulation of agronomic traits in rice. Plant Cell
Rep. 2014, 33, 683-696. [CrossRef]

Tong, H.; Chu, C. Functional specificities of brassinosteroid and potential utilization for crop improvement.
Trends Plant Sci. 2018, 23, 1016-1028. [CrossRef] [PubMed]

Wang, W.; Bai, M.-Y.; Wang, Z.-Y. The brassinosteroid signaling network — a paradigm of signal integration.
Curr. Opin. Plant Biol. 2014, 21, 147-153. [CrossRef]

Wu, Y; Fu, Y.; Zhao, S.; Gu, P,; Zhu, Z; Sun, C.; Tan, L. Clustered primary branch 1, a new allele of DWARF11,
controls panicle architecture and seed size in rice. Plant Biotechnol. ]. 2015, 14, 377-386. [CrossRef] [PubMed]
Morinaka, Y.; Sakamoto, T.; Inukai, Y.; Agetsuma, M.; Kitano, H.; Ashikari, M.; Matsuoka, M. Morphological
alteration caused by brassinosteroid insensitivity increases the biomass and grain production of ricel.
Plant Physiol. 2006, 141, 924-931. [CrossRef] [PubMed]

Tanabe, S.; Ashikari, M.; Fujioka, S.; Takatsuto, S.; Yoshida, S.; Yano, M.; Yoshimura, A.; Kitano, H.;
Matsuoka, M.; Fujisawa, Y.; et al. A novel cytochrome p450 is implicated in brassinosteroid biosynthesis via
the characterization of a rice dwarf mutant, dwarf11, with reduced seed length. Plant Cell 2005, 17, 776-790.
[CrossRef]

Hong, Z.; Ueguchi-Tanaka, M.; Fujioka, S.; Takatsuto, S.; Yoshida, S.; Hasegawa, Y.; Ashikari, M.; Kitano, H.;
Matsuoka, M. The rice brassinosteroid-deficient dwarf2 mutant, defective in the rice homolog of arabidopsis
DIMINUTO/DWAREF], is rescued by the endogenously accumulated alternative bioactive brassinosteroid,
dolichosterone. Plant Cell 2005, 17, 2243-2254. [CrossRef]

Mori, M.; Nomura, T.; Ooka, H.; Ishizaka, M.; Yokota, T.; Sugimoto, K.; Okabe, K.; Kajiwara, H.; Satoh, K;
Yamamoto, K.; et al. Isolation and characterization of a rice dwarf mutant with a defect in brassinosteroid
biosynthesis1. Plant Physiol. 2002, 130, 1152-1161. [CrossRef]

Hong, Z.; Ueguchi-Tanaka, M.; Shimizu-Sato, S.; Inukai, Y.; Fujioka, S.; Shimada, Y.; Takatsuto, S.;
Agetsuma, M.; Yoshida, S.; Watanabe, Y.; et al. Loss-of-function of a rice brassinosteroid biosynthetic
enzyme, C-6 oxidase, prevents the organized arrangement and polar elongation of cells in the leaves and
stem. Plant J. 2002, 32, 495-508. [CrossRef]

Wang, L.; Xu, Y.-Y;; Ma, Q.-B.; Li, D.; Xu, Z.-H.; Chong, K. Heterotrimeric G protein « subunit is involved in
rice brassinosteroid response. Cell Res. 2006, 16, 916-922. [CrossRef]

Sun, Y.; Fan, X.-Y;; Cao, D.-M.; Tang, W.; He, K.; Zhu, ].-Y;; He, J.-X.; Bai, M.-Y,; Zhu, S.; Oh, E.; et al.
Integration of brassinosteroid signal transduction with the transcription network for plant growth regulation
in Arabidopsis. Dev. Cell 2010, 19, 765-777. [CrossRef]

Wang, H.; Yang, C.; Zhang, C.; Wang, N.; Lu, D.; Wang, J.; Zhang, S.; Wang, Z.-X.; Ma, H.; Wang, X. Dual
Role of BKI1 and 14-3-3 s in Brassinosteroid Signaling to Link Receptor with Transcription Factors. Dev. Cell
2011, 21, 825-834. [CrossRef] [PubMed]

Tang, W.; Yuan, M.; Wang, R.; Yang, Y.; Wang, C.; Oses-Prieto, J.A.; Kim, T.-W.; Zhou, H.-W.; Deng, Z,;
Gampala, S.S.; et al. PP2A activates brassinosteroid-responsive gene expression and plant growth by
dephosphorylating BZR1. Nat. Cell Biol. 2011, 13, 124-131. [CrossRef] [PubMed]

32



Int. J. Mol. Sci. 2020, 21, 5052

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Yamamuro, C.; Ihara, Y.; Wu, X.; Noguchi, T.; Fujioka, S.; Takatsuto, S.; Ashikari, M.; Kitano, H.; Matsuoka, M.
Loss of function of a rice brassinosteroid insensitivel homolog prevents internode elongation and bending
of the lamina joint. Plant Cell 2000, 12, 1591-1605. [CrossRef] [PubMed]

Li, D.; Wang, L.; Wang, M.; Xu, Y.-Y.; Luo, W,; Liu, Y.-J.; Xu, Z.-H.; Lj, ].; Chong, K. EngineeringOsBAK1gene
as a molecular tool to improve rice architecture for high yield. Plant Biotechnol. ]. 2009, 7, 791-806. [CrossRef]
[PubMed]

Bai, M.-Y.; Zhang, L.-Y.; Gampala, S.S.; Zhu, S.-W.; Song, W.-Y.; Chong, K.; Wang, Z.-Y. Functions of OsBZR1
and 14-3-3 proteins in brassinosteroid signaling in rice. Proc. Natl. Acad. Sci. USA 2007, 104, 13839-13844.
[CrossRef] [PubMed]

Zhang, C; Xu, Y.; Guo, S.; Zhu, J.; Huan, Q.; Liu, H,; Wang, L.; Luo, G.; Wang, X.; Chong, K. Dynamics
of brassinosteroid response modulated by negative regulator LIC in rice. PLoS Genet. 2012, 8, e1002686.
[CrossRef]

Qiao, S.; Sun, S.; Wang, L.; Wu, Z.; Li, C,; Li, X,; Wang, T,; Leng, L.; Tian, W.; Lu, T; et al. The RLA1/SMOS1
transcription factor functions with OsBZR1 to regulate brassinosteroid signaling and rice architecture.
Plant Cell 2017, 29, 292-309. [CrossRef]

Hirano, K.; Yoshida, H.; Aya, K.; Kawamura, M.; Hayashi, M.; Hobo, T.; Sato-Izawa, K.; Kitano, H.;
Ueguchi-Tanaka, M.; Matsuoka, M. Small organ size 1 and small organ size 2/dwarf and low-tillering form a
complex to integrate auxin and brassinosteroid signaling in rice. Mol. Plant 2017, 10, 590-604. [CrossRef]
Tanaka, A.; Nakagawa, H.; Tomita, C.; Shimatani, Z.; Ohtake, M.; Nomura, T,; Jiang, C.-J.; Dubouzet, ].G.;
Kikuchi, S.; Sekimoto, H.; et al. Brassinosteroid upregulated1, encoding a Helix-Loop-Helix Protein, Is a novel
gene involved in brassinosteroid signaling and controls bending of the lamina joint in ricel. Plant Physiol.
2009, 151, 669-680. [CrossRef]

Zhang, L.-Y,; Bai, M.-Y,; Wu, J.; Zhu, ].-Y,; Wang, H.; Zhang, Z.; Wang, W.; Sun, Y.; Zhao, J.; Sun, X.; et al.
Antagonistic HLH/bHLH transcription factors mediate brassinosteroid regulation of cell elongation and
plant development in rice and Arabidopsis. Plant Cell 2009, 21, 3767-3780. [CrossRef]

Wang, K.; Li, M.-Q.; Chang, Y.-P; Zhang, B.; Zhao, Q.-Z.; Zhao, W.-L. The basic helix-loop-helix transcription
factor OsBLR1 regulates leaf angle in rice via brassinosteroid signalling. Plant Mol. Biol. 2020, 102, 589-602.
[CrossRef] [PubMed]

Seo, H.; Kim, S.-H.; Lee, B.-D.; Lim, J.-H.; Lee, S.-].; An, G.; Paek, N.-C. The rice basic Helix-Loop-Helix 79
(OsbHLHO079) determines leaf angle and grain shape. Int. ]. Mol. Sci. 2020, 21, 2090. [CrossRef] [PubMed]
Chen, L.; Xiong, G.; Cui, X.; Yan, M.; Xu, T.; Qian, Q.; Xue, Y.; Li, J.; Wang, Y. OsGRAS19 may be a novel
component involved in the brassinosteroid signaling pathway in rice. Mol. Plant 2013, 6, 988-991. [CrossRef]
Lin, Z.; Yan, J.; Su, J.; Liu, H.; Hu, C; Li, G.; Wang, E; Lin, Y. Novel OsGRAS19 mutant, D26, positively
regulates grain shape in rice (Oryza sativa). Funct. Plant Biol. 2019, 46, 857. [CrossRef]

Jiang, F; Guo, M.; Yang, F; Duncan, K.; Jackson, D.; Rafalski, A.; Wang, S.; Li, B. Mutations in an AP2
transcription factor-like gene affect internode length and leaf shape in maize. PLoS ONE 2012, 7, e37040.
[CrossRef]

Kir, G.; Ye, H.; Nelissen, H.; Neelakandan, A.; Kusnandar, A.S.; Luo, A.; Inzé, D.; Sylvester, AW.,; Yin, Y,;
Becraft, PW. RNA interference knockdown of brassinosteroid insensitivel in maize reveals novel functions
for brassinosteroid signaling in controlling plant architecture. Plant Physiol. 2015, 169, 826-839. [CrossRef]
[PubMed]

Moreno, M.A.; Harper, E.C.; Krueger, RW.; Dellaporta, S.L.; Freeling, M. ligulelessl encodes a
nuclear-localized protein required for induction of ligules and auricles during maize leaf organogenesis.
Genes Dev. 1997, 11, 616-628. [CrossRef]

Lee, J.; Park, J.; Kim, S.L.; Yim, J.; An, G. Mutations in the rice liguleless gene result in a complete loss of the
auricle, ligule, and laminar joint. Plant Mol. Biol. 2007, 65, 487-499. [CrossRef]

Tian, J.; Wang, C.; Xia, J.; Wu, L.; Xu, G.; Wu, W,; Li, D.; Qin, W.; Han, X.; Chen, Q.; et al. Teosinte ligule allele
narrows plant architecture and enhances high-density maize yields. Science 2019, 365, 658-664. [CrossRef]
Liu, K;; Cao, J.; Yu, K;; Liu, X,; Gao, Y.; Chen, Q.; Zhang, W.; Peng, H.; Du, J.; Xin, M.,; et al. Wheat
TaSPL8 modulates leaf angle through auxin and brassinosteroid signaling. Plant Physiol. 2019, 181, 179-194.
[CrossRef]

33



Int. J. Mol. Sci. 2020, 21, 5052

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Ren, Z; Wu, L; Ku, L.; Wang, H.; Zeng, H.; Su, H.; Wei, L.; Dou, D.; Liu, H.; Cao, Y.; et al. ZmILI1
regulates leaf angle by directly affecting liguleless1 expression in maize. Plant Biotechnol. J. 2019, 18, 881-883.
[CrossRef]

Fellner, M.; Horton, L.A.; Cocke, A.E.; Stephens, N.R.; Ford, E.D.; Van Volkenburgh, E. Light interacts with
auxin during leaf elongation and leaf angle development in young corn seedlings. Planta 2003, 216, 366-376.
[CrossRef]

Mockaitis, K.; Estelle, M. Auxin receptors and plant development: A new signaling paradigm. Annu. Rev.
Cell Dev. Biol. 2008, 24, 55-80. [CrossRef]

Hagen, G. Auxin signal transduction. Essays Biochem. 2015, 58, 1-12. [CrossRef] [PubMed]

Vanneste, S.; Friml, ]. Auxin: A trigger for change in plant development. Cell 2009, 136, 1005-1016. [CrossRef]
[PubMed]

Lavy, M.; Estelle, M. Mechanisms of auxin signaling. Development 2016, 143, 3226-3229. [CrossRef]
Yoshikawa, T.; Ito, M.; Sumikura, T.; Nakayama, A.; Nishimura, T.; Kitano, H.; Yamaguchi, I.; Koshiba, T.;
Hibara, K.-I.; Nagato, Y.; etal. The rice FISH BONE gene encodes a tryptophan aminotransferase, which affects
pleiotropic auxin-related processes. Plant J. 2014, 78, 927-936. [CrossRef] [PubMed]

Zhao, S.-Q.; Xiang, J.-J.; Xue, H.-W. Studies on the rice leaf inclination1 (Ic1), an iaa—amido synthetase,
reveal the effects of auxin in leaf inclination control. Mol. Plant 2013, 6, 174-187. [CrossRef] [PubMed]
Bian, H.; Xie, Y.; Guo, F; Han, N.; Ma, S.; Zeng, Z.; Wang, |.; Yang, Y.; Zhu, M. Distinctive expression patterns
and roles of the miRNA393/TIR1 homolog module in regulating flag leaf inclination and primary and crown
root growth in rice (Oryza sativa). New Phytol. 2012, 196, 149-161. [CrossRef] [PubMed]

Liu, X,; Yang, C.Y,; Miao, R.; Zhou, C.L.; Cao, PH,; Lan, J.; Zhu, X.J.; Mou, C.L.; Huang, Y.S.; Liu, S.J.; et al.
DS1/OsEMF1 interacts with OsARF11 to control rice architecture by regulation of brassinosteroid signaling.
Rice 2018, 11, 46. [CrossRef] [PubMed]

Chen, S.-H.; Zhou, L.; Xu, P; Xue, H.-W. SPOC domain-containing protein Leaf inclination3 interacts with
LIP1 to regulate rice leaf inclination through auxin signaling. PLoS Genet. 2018, 14, €1007829. [CrossRef]
[PubMed]

Wei, L.; Zhang, X.; Zhang, Z.; Liu, H.; Lin, Z. A new allele of the Brachytic2 gene in maize can efficiently
modify plant architecture. Heredity 2018, 121, 75-86. [CrossRef] [PubMed]

Li, P; Wei, J.; Wang, H.; Fang, Y.; Yin, S.; Xu, Y,; Liu, J.; Yang, Z.; Xu, C. Natural variation and domestication
selection of zmpgp]1 affects plant architecture and yield-related traits in maize. Genes 2019, 10, 664. [CrossRef]
[PubMed]

Shimada, A.; Ueguchi-Tanaka, M.; Sakamoto, T.; Fujioka, S.; Takatsuto, S.; Yoshida, S.; Sazuka, T.; Ashikari, M.;
Matsuoka, M. The riceSPINDLYgene functions as a negative regulator of gibberellin signaling by controlling
the suppressive function of the DELLA protein, SLR1, and modulating brassinosteroid synthesis. Plant J.
2006, 48, 390-402. [CrossRef] [PubMed]

Zentella, R.; Sui, N.; Barnhill, B.; Hsieh, W.-P.; Hu, J.; Shabanowitz, J.; Boyce, M.; Olszewski, N.E.; Zhou, P;
Hunt, N.F; et al. The Arabidopsis O-fucosyltransferase spindly activates nuclear growth repressor DELLA.
Nat. Methods 2017, 13, 479-485. [CrossRef]

Wan, H.; Wang, ].; Liang, S.; Fang, H.; Xiao, Z. Estimating leaf area index by fusing MODIS and MISR data.
In Proceedings of the 2006 IEEE International Symposium on Geoscience and Remote Sensing, Denver, CO,
USA, 31 July—4 August 2006; Volume 29, pp. 1820-1823. [CrossRef]

Wei, L.; Gu, L.; Song, X.; Cui, X,; Lu, Z.; Zhou, M.; Wang, L.; Hu, E; Zhai, ].; Meyers, B.C.; et al. Dicer-like 3
produces transposable element-associated 24-nt siRNAs that control agricultural traits in rice. Proc. Natl.
Acad. Sci. USA 2014, 111, 3877-3882. [CrossRef]

Tang, Y,; Liu, H.; Guo, S.; Wang, B.; Li, Z.; Chong, K.; Xu, Y. OsmiR396d affects gibberellin and brassinosteroid
signaling to regulate plant architecture in rice. Plant Physiol. 2017, 176, 946-959. [CrossRef]

Attia, K.A ; Abdelkhalik, A.F; Ammar, M.H.; Wei, C.; Yang, J.; Lightfoot, D.A.; El-Sayed, W.M.; El-Shemy, H.A.
Antisense phenotypes reveal a functional expression of OsARF1, an auxin response factor, in transgenic rice.
Curr. Issues Mol. Biol. 2009, 11.

Song, Y.; You, J.; Xiong, L. Characterization of OsIAA1 gene, a member of rice Aux/IAA family involved in
auxin and brassinosteroid hormone responses and plant morphogenesis. Plant Mol. Biol. 2009, 70, 297-309.
[CrossRef]

34



Int. J. Mol. Sci. 2020, 21, 5052

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Zhang, S.; Wang, S.; Xu, Y.; Yu, C.; Shen, C.; Qian, Q.; Geifller, M; Jiang, D.A_; Qi, Y. The auxin response
factor, OsARF19, controls rice leaf angles through positively regulating OsGH 3-5 and OsBRI 1. Plant Cell
Environ. 2014, 38, 638-654. [CrossRef]

Ferrero-Serrano, A.; Assmann, S.M. The «-subunit of the rice heterotrimeric G protein, RGA1, regulates
drought tolerance during the vegetative phase in the dwarf rice mutant d1. J. Exp. Bot. 2016, 67, 3433-3443.
[CrossRef] [PubMed]

OKki, K.; Inaba, N.; Kitagawa, K.; Fujioka, S.; Kitano, H.; Fujisawa, Y.; Kato, H.; Iwasaki, Y. Function of the
subunit of rice heterotrimeric g protein in brassinosteroid signaling. Plant Cell Physiol. 2008, 50, 161-172.
[CrossRef]

Jang, S.; An, G.; Li, H.-Y. Rice leaf angle and grain size are affected by the OsBULL1 transcriptional activator
complex. Plant Physiol. 2016, 173, 688-702. [CrossRef] [PubMed]

Tong, H.; Xiao, Y.; Liu, D.; Gao, S.; Liu, L,; Yin, Y,; Jin, Y; Qian, Q.; Chu, C. Brassinosteroid regulates cell
elongation by modulating gibberellin metabolism in rice. Plant Cell 2014, 26, 4376-4393. [CrossRef] [PubMed]
Li, H.; Wang, L.; Liu, M,; Dong, Z.; Li, Q.; Fei, S.; Xiang, H.; Liu, B.; Jin, W. Maize plant architecture is
regulated by the ethylene biosynthetic gene ZmACS?7. Plant Physiol. 2020. [CrossRef]

Li, X.; Sun, S; Li, C.; Qiao, S.; Wang, T.; Leng, L.; Shen, H.; Wang, X. The Strigolactone-related mutants
have enhanced lamina joint inclination phenotype at the seedling stage. J. Genet. Genom. 2014, 41, 605-608.
[CrossRef]

Shindo, M.; Yamamoto, S.; Shimomura, K.; Umehara, M. Strigolactones Decrease leaf angle in response to
nutrient deficiencies in rice. Front. Plant Sci. 2020, 11, 135. [CrossRef]

Gan, L.; Wu, H.; Wu, D.; Zhang, Z.; Guo, Z.; Yang, N.; Xia, K.; Zhou, X,; Oh, K.; Matsuoka, M.; et al. Methyl
jasmonate inhibits lamina joint inclination by repressing brassinosteroid biosynthesis and signaling in rice.
Plant Sci. 2015, 241, 238-245. [CrossRef]

Hu, Y;; Yu, D. Brassinosteroid insensitive2 interacts with abscisic acid insensitive5 to mediate the antagonism
of brassinosteroids to abscisic acid during seed germination in Arabidopsis. Plant Cell 2014, 26, 4394—4408.
[CrossRef]

Zhao, X.; Dou, L.; Gong, Z.; Wang, X.; Liu, X. BES 1 hinders abscisic acid insensitive 5 and promotes seed
germination in Arabidopsis. New Phytol. 2018, 221, 908-918. [CrossRef]

Wang, H.; Tang, J.; Liu, J.; Hu, J,; Liu, J.; Chen, Y.; Cai, Z.; Wang, X. Abscisic acid signaling inhibits
brassinosteroid signaling through dampening the dephosphorylation of BIN2 by ABI1 and ABI2. Mol. Plant
2018, 11, 315-325. [CrossRef] [PubMed]

Li, Q.-F; Lu, J.; Zhou, Y.; Wu, F; Tong, H.; Wang, J.-D.; Yu, J.-W.; Zhang, C.-Q.; Fan, X.-L.; Liu, Q. Abscisic
acid represses rice lamina joint inclination by antagonizing brassinosteroid biosynthesis and signaling. Int. |.
Mol. Sci. 2019, 20, 4908. [CrossRef]

Dou, D.; Han, S.; Ku, L.; Liu, H.; Su, H.; Ren, Z.; Zhang, D.; Zeng, H.; Dong, Y.; Liu, Z.; et al. ZmCLA4
regulates leaf angle through multiple plant hormone-mediated signal pathways in maize 2020. bioRxiv 2020.
[CrossRef]

Cao, Y.;; Zeng, H.; Ku, L,; Ren, Z,; Han, Y.; Su, H.; Dou, D.; Liu, H,; Dong, Y.; Zhu, E; et al. ZmIBH1-1
regulates plant architecture in maize. J. Exp. Bot. 2020, 71, 2943-2955. [CrossRef] [PubMed]

Bao, F; Shen, J.; Brady, S.R.; Muday, G.K.; Asami, T.; Yang, Z. Brassinosteroids interact with auxin to promote
lateral root development in Arabidopsis. Plant Physiol. 2004, 134, 1624-1631. [CrossRef] [PubMed]
Yuldashev, R.; Avalbaev, A.; Bezrukova, M.; Vysotskaya, L.; Khripach, V.; Shakirova, F. Cytokinin oxidase
is involved in the regulation of cytokinin content by 24-epibrassinolide in wheat seedlings. Plant Physiol.
Biochem. 2012, 55, 1-6. [CrossRef]

Peleg, Z.; Reguera, M.; Tumimbang, E.; Walia, H.; Blumwald, E. Cytokinin-mediated source/sink modifications
improve drought tolerance and increase grain yield in rice under water-stress. Plant Biotechnol. J. 2011, 9,
747-758. [CrossRef]

Yoshida, H.; Tanimoto, E.; Hirai, T.; Miyanoiri, Y.; Mitani, R.; Kawamura, M.; Takeda, M.; Takehara, S.;
Hirano, K.; Kainosho, M.; et al. Evolution and diversification of the plant gibberellin receptor GID1. Proc. Natl.
Acad. Sci. USA 2018, 115, E7844-E7853. [CrossRef]

Ishii, T.; Numaguchi, K.; Miura, K.; Yoshida, K.; Thanh, PT.; Htun, TM.; Yamasaki, M.; Komeda, N.;
Matsumoto, T.; Terauchi, R.; et al. OsLG1 regulates a closed panicle trait in domesticated rice. Nat. Genet.
2013, 45, 462-465. [CrossRef]

35



Int. J. Mol. Sci. 2020, 21, 5052

91.

92.

93.

94.

95.

96.

Zhu, Z.; Tan, L.; Fu, Y,; Liu, E; Cai, H.; Xie, D.; Wu, F.; Wu, J.; Matsumoto, T.; Sun, C. Genetic control of
inflorescence architecture during rice domestication. Nat. Commun. 2013, 4, 2200. [CrossRef]

Ding, J.; Zhang, L.; Chen, J.; Li, X,; Li, Y.; Cheng, H.; Huang, R.; Zhou, B.; Li, Z.; Wang, ].; et al. Genomic
dissection of leaf angle in maize (Zea mays L.) using a four-way cross mapping population. PLoS ONE 2015,
10, €0141619. [CrossRef] [PubMed]

Li, C; Li, Y,; Shi, Y; Song, Y.; Zhang, D.; Buckler, E.S.; Zhang, Z.; Wang, T.; Li, Y. Genetic control of the leaf
angle and leaf orientation value as revealed by ultra-high density maps in three connected maize populations.
PLoS ONE 2015, 10, e0121624. [CrossRef]

Tian, F; Bradbury, PJ.; Brown, PJ.; Hung, H.; Sun, Q.; Flint-Garcia, S.; Rocheford, T.R.; McMullen, M.D.;
Holland, ].B.; Buckler, E.S. Genome-wide association study of leaf architecture in the maize nested association
mapping population. Nat. Genet. 2011, 43, 159-162. [CrossRef] [PubMed]

Wang, Y;; Xu, J.; Deng, D.; Ding, H.; Bian, Y.; Yin, Z.; Wu, Y.; Zhou, B.; Zhao, Y. A comprehensive meta-analysis
of plant morphology, yield, stay-green, and virus disease resistance QTL in maize (Zea mays L.). Planta 2015,
243, 459-471. [CrossRef] [PubMed]

Li, C; Liu, C,; Qi, X;; Wu, Y.; Fei, X.; Mao, L.; Cheng, B.; Li, X.; Xie, C. RNA-guided Cas9 as an in vivo
desired-target mutator in maize. Plant Biotechnol. |. 2017, 15, 1566-1576. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

36



= International Journal of K\
Molecular Sciences M D\Py
Review

Roles of ASYMMETRIC LEAVES2 (AS2) and
Nucleolar Proteins in the Adaxial-Abaxial Polarity
Specification at the Perinucleolar Region

in Arabidopsis

Hidekazu Iwakawa !, Hiro Takahashi 2(”, Yasunori Machida 3* and Chiyoko Machida *

1 Graduate School of Bioscience and Biotechnology, Chubu University, 1200, Matsumoto-cho, Kasugai,

Aichi 487-8501, Japan; iwakawa@isc.chubu.ac.jp
Graduate School of Medical Sciences, Kanazawa University, Kakuma-machi, Kanazawa,
Ishikawa 920-1192, Japan; takahasi@p.kanazawa-u.ac.jp
Division of Biological Science, Graduate School of Science, Nagoya University, Furo-cho, Chikusa-ku,
Nagoya, Aichi 464-8602, Japan
*  Correspondence: yas@bio.nagoya-u.ac.jp (Y.M.); cmachida@isc.chubu.ac.jp (C.M.);
Tel.: +81-52-789-2502 (Y.M.); +81-568-51-6276 (C.M.)

check for

Received: 21 August 2020; Accepted: 29 September 2020; Published: 3 October 2020 updates

Abstract: Leaves of Arabidopsis develop from a shoot apical meristem grow along three
(proximal—distal, adaxial-abaxial, and medial-lateral) axes and form a flat symmetric architecture.
ASYMMETRIC LEAVES2 (AS2), a key regulator for leaf adaxial-abaxial partitioning, encodes
a plant-specific nuclear protein and directly represses the abaxial-determining gene ETTIN/AUXIN
RESPONSE FACTOR3 (ETT/ARF3). How AS2 could act as a critical regulator, however, has yet
to be demonstrated, although it might play an epigenetic role. Here, we summarize the current
understandings of the genetic, molecular, and cellular functions of AS2. A characteristic genetic feature
of AS2 is the presence of a number of (about 60) modifier genes, mutations of which enhance the leaf
abnormalities of as2. Although genes for proteins that are involved in diverse cellular processes are
known as modifiers, it has recently become clear that many modifier proteins, such as NUCLEOLIN1
(NUC1) and RNA HELICASE10 (RH10), are localized in the nucleolus. Some modifiers including
ribosomal proteins are also members of the small subunit processome (SSUP). In addition, AS2 forms
perinucleolar bodies partially colocalizing with chromocenters that include the condensed inactive 455
ribosomal RNA genes. AS2 participates in maintaining CpG methylation in specific exons of ETT/ARF3.
NUCIT and RH10 genes are also involved in maintaining the CpG methylation levels and repressing
ETT/ARF3 transcript levels. AS2 and nucleolus-localizing modifiers might cooperatively repress
ETT/ARFS3 to develop symmetric flat leaves. These results raise the possibility of a nucleolus-related
epigenetic repression system operating for developmental genes unique to plants and predict that
AS2 could be a molecule with novel functions that cannot be explained by the conventional concept
of transcription factors.

Keywords: ASYMMETRIC LEAVES2; AS2/LOB domain; adaxial-abaxial polarity; ETTIN/AUXIN
RESPONSE FACTOR3 (ETT/ARF3); AS2 body; nucleolus; gene body methylation; ribosomal
DNA (rDNA)

1. Leaf Developments in Arabidopsis

Leaves develop from a shoot apical meristem (SAM) as lateral organs along three axes:
proximal-distal, adaxial-abaxial, and medial-lateral [1-7]. Initially, groups of cells on the peripheral
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zone of the SAM are specified in leaf primordia (PO, Figure 1) and grow along the proximal-distal
axis (P1). Then, adaxial-abaxial structures are differentiated (P2). Subsequently, cells proliferate along
the medial-lateral axis leading to flat and symmetric leaves (Figure 1) [2,3,8]. To date, numerous
genes involved in adaxial-abaxial determination have been reported in Arabidopsis thaliana [2,9].
The ASYMMETRIC LEAVES2 (AS2) and ASYMMETRIC LEAVES1 (AS1), which encode a protein
with the plant-specific AS2/LOB domain and a protein with the MYB (SANT) domain, respectively,
were originally identified as factors involved in symmetric leaf lamina formation [10-13]. Recent studies
have revealed, however, that AS2 and AS1 regulate proper morphology along all three axes of leaves.
The Rough Sheath2 (RS2) gene of maize, an ortholog of PHANTASTICA (PHAN) of Antirrhinum majus and
AS1 of Arabidopsis, is involved in the proximal-distal patterning of maize leaves through the repression
of class 1 KNOX genes [10,14,15]. The PHAN gene is involved in growth and the adaxial-abaxial
determination of lateral organs. In addition, its activity is required early in the growth of leaves in the
direction of the proximal-distal axis [16,17]. The ectopic expression of class 1 Knotted1-like homeobox
(KNOX) genes in as1 and as2 mutant plants results in reductions in the growth of leaf blades and
petioles in Arabidopsis, and these phenotypes are suppressed by mutations of the class 1 KNOX genes,
brevipedicellus (bp), knat2, and knat6. These results indicate that the AST and AS2 genes of Arabidopsis
are involved in the establishment of the proximal-distal axis through the repression of the class 1
KNOX genes [18]. In addition, the formation of shorter petioles and leaf blades in as1 and as2 is due to
repression of gibberellin-synthetic genes by the upregulation of BP/KNAT1, KNAT2, and KNAT6 [18].
AS], acting together with AS2, directly represses the expression of the BP and KNAT2 genes [19].
In this review, we focus on the establishment of leaf adaxial-abaxial polarity.

adaxial domain lateral side
: . HD-ZIPIIl (PHB, PHV, REV)
leaf primordia AS1 AS2 .
iR i adaxial side distal sid medial part
miR390, tasiR-ARF : : istal side

lateral side

proximal side |88~

II
shoot apical meristem w
(SAM) abaxial side
abaxial domain
peripheral zone KAN, YAB/FIL
class 1 KNOX genes ETT/ARF3. ARF4
BP, KNAT2, KNAT6 miR165/166

Figure 1. The leaf structure develops along three axes. Developmental compartments in the shoot apex
around the apical meristem and the three structural leaf axes are schematically shown on the left and
right sides, respectively (see details in text). CZ, central zone; PZ, peripheral zone; p0, primordium 0;
pl, primordium 1; p2, primordium 2. Schematic representations are modified from ref. [2].

The PHABULOSA (PHB), PHAVOLUTA (PHV), and REVOLUTA (REV) genes encode class
III homeodomain-leucine zipper (HD-ZIPII) proteins, which determine adaxial cell fate [20-22].
Small RNAs play critical roles in specifying adaxial-abaxial polarity [23,24]. Micro RNAs miR165/166
promote the degradation of HD-ZIPIII transcripts in the abaxial domain, which results in the
accumulation of HD-ZIPIII in the adaxial domain [24]. Members of the KANADI (KAN) gene family,
which encode proteins with the GARP domain, determine abaxial cell fate [22,25]. The Arabidopsis
genome contains six YABBY genes, which encode transcription factors with a zinc-finger domain and
an HMG-related domain with a helix-loop-helix structure. The three YABBY genes, FILAMENTOUS
FLOWER (FIL), YABBY3 (YAB3), and YAB2 are expressed in the abaxial domains of all leaf-derived
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organs, including cotyledons, leaves, and floral organs [26-30]. Furthermore, genetic analyses have
shown that four YABBY genes (FIL, YAB3, YAB2, YAB5) govern embryo patterning and the growth of
leaf lamina along the abaxial-adaxial boundary [30].

ETTIN/JAUXIN RESPONSE FACTOR3 (ETT/ARF3) and ARF4 also specify both abaxial cell fate and
the lateral growth of leaf lamina [31]. Transcripts of both ETT/ARF3 and ARF4 are specifically degraded
by the small RNA tasiR-ARF, which is generated through a miR390 pathway in the presumptive
adaxial domain and contributes to the determination of the adaxial cell fate [23]. Because a loss of
adaxial-abaxial polarity is often accompanied by a defect of leaf lamina expansion, it is suggested
that the lateral growth of the lamina could be related to the determination of adaxial-abaxial identity,
as previously proposed [2,32].

2. Roles of AS2-AS1 in the Development of Leaf Polarity

As described above, AS2 and AS1 proteins, which have AS2/LOB and R2R3 MYB (SANT) domains,
respectively (Figure 2a), are identified by a yeast two-hybrid system, pull-down and gel-shift assays,
and subcellular co-localization analyses. Because of their nature, these experiments indicate that
AS2 and ASI1 are physically associated with each other in vitro [19,33-36], implying also that they
form a protein complex in the nucleus. Transcripts of AS2 and AS1 genes accumulate throughout
the entire leaf primordia at early stages, in which the AS2-AS1 complex might be formed, but the
accumulation patterns change as the leaves develop [37]. AS2 transcripts are detected in the adaxial
domain, while AS1 transcripts are detected in the central region between the adaxial and abaxial
domains of leaf primordia and the vasculature regions in more developed leaf primordia [10,37].
The plant-specific AS2/LOB domain includes a CXXC-type zinc-finger (ZF) motif, a leucine-zipper-like
(LZL) region, and the internal-conserved-glycine (IcG) region between ZF and LZL (Figure 2a).
The AS2/LOB domain is highly conserved in the AS2/LOB family, which consists of 42 members
including AS2 in Arabidopsis [12,38,39]. Since the amino acid sequences outside of the domains are
diverged among members and the transcription patterns of these genes differ for each gene, the roles
of these genes in Arabidopsis development seem to be distinct. Members that might retain functions
similar to those of the AS2 gene do not appear to exist in this family, because the substitution of
the AS2/LOB domain of AS2 with those of other members disrupts its function [39]. Considering
similarities among the AS2/LOB domains, it is, however, undeniable that these family members may
retain partially overlapping functions at the molecular level. They have often been described as
transcription factors [40—47]. Recent results on AS2, however, suggest that the term “transcription
factor” is not appropriate for a member of this family; they are better described as novel functional
factors that could play a role in gene expression.

Transcriptome analyses of as2 and as1 mutants reveal that accumulations of ETT/ARF3, KAN2,
and YABS transcripts, all of which are related to the abaxial cell fate, are increased in as2 and as1,
whereas those of the adaxial domain-determining HD-ZIPIII are not changed [37,48]. A subsequent
systematic analysis has revealed that ETT/ARF3 is a direct target of the AS2-AS1 complex [49,50].
AS2-AS] directly represses ETT/ARF3 by binding to the upstream region of ETT/ARF3. Furthermore,
AS2-AS1 indirectly represses ETT/ARF3 via the tasiR-ARF pathway. AS2-AS1 induce the accumulation
of miR390 involved in the generation of tasiR-ARFE. Subsequently, both the ETT/ARF3 and ARF4
transcripts are degraded (Figure 2b). Therefore, the AS2-AS1 complex represses the expression of
ETT/ARF3 in the dual pathway [49]. Several phenotypes in as2, including defects of development
along the adaxial-abaxial axis, are suppressed by the ett arf4 double mutations. Consistent with these
results, an overexpression of a tasiR-ARF-insensitive ETT/ARF3 cDNA produces as2-like leaves [51].
Similarly, lamina phenotypes of as1 are also suppressed by the ett arf4 double mutation. These results
suggest that the elevated ETT/ARF3 and ARF4 expression in as2 and as1 cause several leaf phenotypes,
including defects of adaxial-abaxial polarity in these mutants. The importance of the repression of
these ARFs by AS2-AS1 is further confirmed by the analysis of modifier mutations of as2 and as1,
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which are described in the next section. Increased expression levels of KAN2 and YABS5 in as2 and as1
are caused by indirect regulation by AS2-AS1 [49].
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G
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adaxial cell diffentiation in early stage of leaf primordia
formation of left-right symmetric and flat leaves

Figure 2. (a) Motif and domain organization of AS2 and AS1 proteins. The ZF motif, IcG, and LZL
regions of AS2 and the MYB domain and coiled-coil structure of AS1 are shown. (b) Dual regulation of
ETT/ARF3 gene expression, including that by the possibly epigenetic system of AS2-AS1. The AS2-AS1
complex represses ETT/ARF3 directly by binding to its promoter and represses ETT/ARF3 and ARF4
indirectly via stimulation of the miR390 and tasiR-ARF pathway. In addition, AS1 and AS2 maintain
gene body DNA methylation of the ETT/ARF3 gene. Solid lines indicate direct regulation and dashed
black lines indicate indirect regulation. Schemes of (b) are modified from ref. [2].

3. Modifier Mutations That Enhance Defects of AS2 and AS1 in Leaf Adaxial-Abaxial Polarity

Various mutations (about 60) that markedly enhance the defects of adaxial leaf development in as2
or as1 have been reported [2]. The genes responsible for these mutations are considered as “modifiers”
or modifier genes, which affect the phenotypic expression of other genes. Double mutants generate
abaxialized filamentous (needle-like, pin-shaped, pointed) leaves that have lost the adaxial domain
(Figure 3). Causative mutations occur in genes that are involved in chromatin modification, biogenesis
of small RNAs, and DNA replication [2,52]. Mutations in genes encoding ribosomal proteins are also
identified as modifiers in as2 or as1 [2,53-58]. In addition, mutations in genes encoding nucleolar
proteins, such as RNA HELICASE10 (RH10), NUCLEOLIN1 (NUC1), ROOT INITIATION DEFECTIVE2
(RID2), and APUM?23 are involved in ribosome biosynthesis, and enhance the phenotypes of as2 and
as1 [59-63]. Mutations in HDT1 and HDT? for nucleolar histone deacetylases (HDACs), which localize
to the nucleolus, also act as modifiers of the as2 and as1 phenotypes [35]. We especially focus on the
roles of nucleolar proteins in this review (Table 1).
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Figure 3. Development of leaves along with three axes. Top views of SAM are schematically shown by
open circle. Dot indicates the center of the SAM. Adaxial and abaxial domains are shown by green and
light green, respectively. AS2-AS1 contributes to the determination of adaxial domain followed by the
medial-lateral growth of leaves with vasculature (indicated by dark green rectangles). Modifiers act
cooperatively with AS2-AS] at leaf primordia to develop the adaxial (Ad) domain from abaxialized
(ADb) leaf primordia and to generate leaves with a flat and symmetric structure. The double mutation
into AS2 (or AS1) and modifiers results in the production of abaxialized filamentous leaves. Photograph
of wild-type leaf is modified from ref. [64].

Transcript levels of several abaxial-determining genes (KAN2, YAB5, ETT/ARF3, and ARF4) are
slightly upregulated in the as2-1 single mutant and each of the modifier single mutants and are
markedly increased in the 4s2-1 and modifier double mutants (for example, as2-1 rh10-1). When the
double mutations of ETT/ARF3 and ARF4 are introduced to double mutants with as2-1 and one of the
modifier mutations, such as as2-1 nucl-1 or as2-1 rh10-1, the abaxialized filamentous leaves phenotype
(e.g., as2 rh10 leaves in Figure 3) is restored to the expanded shapes [59,64,65]. These results show
that the upregulation of these ARF genes in the double mutants is responsible for the disappearance
of their adaxial specification in their filamentous leaves. These genetic observations suggest that the
repression of these ARF genes by the synergistic action of AS2-AS1 and modifier proteins is critical
for the proper development of the adaxial domain. These results suggest that modifier proteins act
cooperatively with AS2-AS1 to generate flat and symmetric leaves (Figure 3). The modifier genes that
encode nucleolar proteins are summarized below.

Nucleoli are membrane-less organelles that appear to assemble through the phase separation
of their molecular components [66]. The nucleoli contain internal subcompartments of ribosome
biogenesis such as rDNA transcription, the processing of the precursor rRNA to generate mature
rRNAs, assembly of these rRNAs, and many ribosomal proteins to generate each of small and large
subunits of ribosomes. Genomic regions positioned in close proximity to the nucleolus are known as
nucleolus-associated domains (NADs). Recent analyses of DNA sequencing that have been purified
along with the nucleolus suggests that NADs in both animal and plant cells are enriched in regions
displaying heterochromatic signatures [67,68].

NUCLEOLIN1 (NUC1) gene: Nucleolin, one of the most abundant non-ribosomal proteins in the
nucleolus, has been described in a large variety of organisms [69]. The Arabidopsis genome encodes two
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nucleolin-like proteins—NUC1 and NUC2. Only the NUC1 gene, however, is ubiquitously expressed
under normal growth conditions [61].

The single mutant nucl-1 exhibits a pointed narrow leaf shape, which is often observed in
other modifier mutations [59,61,70,71]. In nucl-1 plants, nucleolar disorganization is observed and
accumulated levels of pre-rRNA precursors are detected, indicating that NUC1 is involved in the
processing of pre-rRNAs [61,72-74]. An analysis of high-throughput sequencing of DNA purified from
the nucleoli of the NUC1I mutant revealed that NUC1 is required for global genomic organization
and stability [67,75]. In addition, human nucleolin is reported to be an assembly intermediate of the
SSUP and its candidate components [62,76,77]. The as2-1 nucl-1 and as1-1 nucl-1 double mutant plants
generate filamentous leaves. These mutant phenotypes are partially suppressed by the mutation in
ETT/ARF3, indicating a role in the repression of ETT/ARF3 gene expression for the formation of flat
symmetric leaves in the wild-type plants [65].

RNA HELICASE10 (RH10) gene: The mutation of rh10 was isolated as a modifier of as2 and as1.
Transcript levels of the abaxial genes, such as ETT/ARF3 and ARF4, are elevated in as2-1 rh10-1,
generating abaxialized filamentous leaves. This phenotype is suppressed by the ett/arf3 arf4 double
mutation, indicating a role in the repression of ETT/ARF3 and ARF4 gene expression for the formation
of flat symmetric leaves in the wild-type plants [59]. RH10 is localized to the nucleolus in leaf primordia
cells and is an ortholog of budding yeast Rrp3 and human DDX47, which belong to the DEAD-box
RNA helicase family, a component of the nucleolar protein complex designated as the small subunit
(SSUP) involved in 18S rRNA biogenesis [77,78]. It is reported that the DEAD-box RNA helicase family
has an indispensable role in gene regulation through RNA metabolism [77-80]. DDX47 is necessary
for maintaining the pluripotency of mouse stem cells [81]. In vh10-1, various defects are detected in
SSUP-related events, such as the accumulation of 355/33S rRNA precursors and a reduction in the
185/25S ratio [59]. Nucleoli are enlarged in the rh10-1 mutant [59]. RH10 may be involved in the early
stages of processing reactions of the precursors of ribosomal RNAs.

ROOT INITIATION DEFECTIVE2 (RID2) gene: RID2 encodes an evolutionarily conserved
methyltransferase-like protein, an orthologous protein of the budding yeast, Bud23, which exhibits
tight functional and physical interactions with some of the SSUP components [82-84]. The RID2 protein
is localized in nuclei and accumulates mainly within nucleoli [60]. RID2 is involved in the processing
of pre-rRNAs at various early stages [85,86]. Nucleolar enlargement is also observed in the rid2 mutant.
A mutation in the RID2 gene has an effect on the adaxial-abaxial organization of leaves on the as2
background, generating filamentous leaves and upregulating ARF3/ETT and ARF4 as found in other
modifier mutants and as2-1 [59].

APUM?23 gene: APUM?23, which encodes a protein that is a member of the Pumilio/PUF domain
protein family with its pumilio-like RNA-binding repeats, is localized to the nucleolus and is involved
in the processing of 355 pre-rRNA [63,87]. The apum?23-1 mutant has enlarged nucleoli [63]. The double
mutants apum?23-3 as2-2 and apum23-3 as1-1 produce filamentous leaves, suggestive of the involvement
of APUM23 in leaf development, similarly as with other nucleolar modifiers.

Ribosomal protein genes: It is worth noting that Arabidopsis double mutants of the ribosomal
protein gene rps6a-1, which has a 9 bp deletion in the coding region of RPS6A, and as2-1 exhibit strong
adaxial leaf defects, as indicated by the fact that 80% of the double mutant leaves are filamentous [56].
Rps6 of budding yeast is one of five small-ribosomal-subunit proteins (Rps4, Rps6, Rps7, Rps9,
and Rps14) that are components of the SSUP, which is a large ribonucleoprotein required for the
biogenesis of the 185 rRNA [88]. Genetic interactions between AS2/AS1 and homologues of Rps4, Rps7,
Rps9, and Rpsl4 in Arabidopsis have yet to be examined. Three other RPS mutants (rps23B, rps23B,
and rps23B) and fourteen RPL genes for ribosomal proteins in the large subunit also enhance the
leaf phenotype in as2 and/or as1 (Table 1). It would also be intriguing to examine the relationships
between the adaxial defects and ribosomal protein genes for such ribonucleoprotein complexes as a
large subunit processome [89] in the nucleolus of Arabidopsis [53-57]. Therefore, the wild-type AS2
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gene, which is specific in plants, may appear to attenuate defects resulting from mutations in the
ribosomal protein gene.

HDT1 and HDT2 genes: HDT1, which encodes plant-specific nucleolar histone deacetylases
(HDAC:S), is one of the factors responsible for gene silencing of megabase-scale rRNA loci and
gene dosage control in nucleolar dominance [90,91], which are achieved by a highly condensed
heterochromatic state that is associated with H3K9me2 and 5-methylcytosine enrichment in the
promoter regions of rDNA genes [91]. Knockdown of the Arabidopsis genes HDT1 and HDT?2 for
nucleolar histone deacetylases (HDACs) enhances the leaf adaxial defects of as2 and as1 to generate
severely abaxialized filamentous leaves, as seen in as2-1 rh10-1 [35]. Considering the role of HDT1 in an
epigenetic silencing of rDNAs (in nucleolar dominance), such as in the allopolyploid hybrid Arabidopsis
suecica between A. thaliana and A. arenosa [91], the cooperative repression of the abaxial genes by AS2
and epigenetic silencing system of rDNAs described above are involved in the development of flat
symmetric leaves.

Table 1. Gene mutations that act as modifiers to enhance leaf adaxial-abaxial abnormalities in

as2 and as1.
1. Gene Name (Mutant Name) 2. AGI Code 3. Protein 4. Cellul;:alt’lrl(;cess and 5.References
L. Genes involved in rRNA processing
rRNA processing and

ribosome biogenesis

NUCLEOLINT (nucl) AT1G48920 NUCLEOLIN [59,61,70,71]
Components of
SSUP-like complex
DEAD-box RNA helicase preTRNA processing
RNA HELICASE10 (rh10) AT5G60990 family protein Components of [59]
yPp SSUP-like complex
RNA
RooT INITIA{VIlg;\){ DEFECTIVE2 AT5G57280 methyltransferase-like pre-rRNA processing [59,60]
protein
Pumillio protein pre-rRNA processing and
APUM23 (apum?23) ATIG72320 containing PUF domain rRNA maturation [63]

1I. Genes for ribosomal proteins

RPL4D (rpl4d) AT5G02870
RPL5A (pgy3/ac6/oli5/rpl5a) AT3G25520
RPL5B (rpl5bjoli7) AT5G39740
RPL7B (rpl7b) AT2G01250
RPLIc (rpl9¢/pgy?) AT1G33140
RPL10aB (rpl10ab/pgy1) AT2G27530
RPL18C (rpl18c) AT5G27850
RPL24b (stvl) AT3G53020 Subunits of ribosome:
RPL27ac (rpl27ac) ATIG70600 Ribosomal proteins components of ' [53-57]
RPL28A (ae5/rpl28a) AT2G19730 re-rRNA-protein complex
PRL364B (api2) AT4G14320 P P P
RPL36aA (rpl36aa) AT3G59540
RPL38B (rpl38b) AT4G31985
RPL39C (rpl39c) AT3G23390
RPS6A * (rps6a) AT4G31700
RPS21B (rps21b) AT3G53890
RPS24B (rps24b) AT5G28060
RPS28B (rps28b) AT5G03850
III. Genes involved in histone
modification
Histone deacetylase Deacetylation of
HDT1 (hdt1/hd2a/hda3) AT3G44750 lant- ific ol nucleosomal histone H3, [35,90,92]
(plant-specific class) transcription of rDNAs
Histone deacetylase Deacetylation of
HDT?2 (hdt2/hd2b) AT5G22650 nucleosomal histone H3, [35,90,92]

(plant-specific class) transcription of rDNAs

* Rps6 of budding yeast is one of the proteins that was identified as a bona fide component of the SSUP.
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4. AS2 Bodies: Perinucleolar Granules Co-Localized Partially with the Chromocenter

The AS2-fused YFP (Yellow Fluorescent Protein) was used to investigate subnuclear localization
of AS2 protein. The AS2 protein is localized to perinucleolar bodies known as AS2 bodies as well as to
the nucleoplasm in the leaf cells of Arabidopsis and some interphase cells of a cultured tobacco cell line
BY-2 (Figure 4) [35,93]. As mentioned in Section 2, AS2 has the AS2/LOB domain that includes ZF, IcG,
and LZL regions (Figure 2a), which are essential for the formation of AS2 bodies at the perinucleolar
regions [94]; the carboxyl-terminal half of AS2 is nonessential for the body formation, but essential for
the developmental function of AS2 [12,93]; AS1 co-localizes with AS2 in the cell bodies (Figure 4) [35].

chromocenter chromocenter (blue)

and AS2 body (yellow)
at perinucleolar region

nucleolus

Figure 4. Schematic representation of the nucleus is shown. Chromosomes and AS2 bodies are
indicated by blue and yellow, respectively. AS1 and AS2 are co-localized on AS2 bodies.

In addition, the amino acid residues that are highly conserved within and adjacent to the ZF
motifs of all the AS2 family members are critically important for the body formation: four cysteine
residues; proline and alanine residues next to the first cysteine residue; the RRK cluster (Figure 2).
The RRK sequence is found within proposed nucleolar localization signals (NoLSs) [95-98] and it is
likely that this cluster participates in the perinucleolar localization of AS2. These amino acid residues
and three regions (ZF, IcG, and LZL) in the AS2/LOB domain are also required for the ability of AS2 to
complement the 452 mutation and to bind to the coding sequence of the target ARF3/ETT gene, showing
that the formation of AS2 bodies is related to the genetic functions of AS2 in leaf formation. The AS2
bodies appear to be located to the peripheral regions of nucleoli and are partially overlapped with
perinucleolar chromocenters with condensed chromatin-containing ribosomal RNA genes (455 rDNA
repeats), suggesting that AS2 bodies interact with 455 rDNA repeats (Figure 4) [94].

It should be noted that the proportions of cells in which AS2 bodies are generated in plants differ
from those in cultured cells. AS2 bodies are detected in only a few percentages of interphase cells of
the tobacco-cultured cell line BY-2 and the Arabidopsis-cultured cell line MM2d transformed with
the AS2-fused YFP constructs [93,94]. AS2 bodies are, however, detected in almost all interphase
cells of the adaxial domain in leaf primordia of the Arabidopsis plants with the AS2-fused YFP
construct [94]. The average number of AS2 bodies per YFP-positive cells at interphase (and/or the
GO stage) in leaf primordia was calculated as 1.9 [94]. In contrast, AS2 bodies are formed in all M
phase cells of both cell lines, MM2d and BY-2 and in all M phase cells of leaf primordia; AS2 bodies are
separated into daughter cells during the M phase progression [93,94]. These observations imply that
the formation and distribution of AS2 bodies might be modulated developmentally in plants and in
a cell-cycle-dependent manner.

The subcellular localization of AS2 appears to be subject to multiple controls, since AS2 was
exported to the cytoplasm via the action of the geminivirus-encoded nuclear shuttle protein [12,94,99].

Although mechanisms for the formation of AS2 bodies and their roles in repressing the target
genes for leaf development have yet to be discovered, the identification of AS2 body components
and investigations of how these molecules interact within the nucleolus would provide answers for
these questions.
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5. AS2-AS1 Binds to Exon 1 of the Target Gene ETT/ARF3, and Is Involved in Maintaining CpG
Methylation in Exon 6

Four mechanisms have been investigated for the repression of target gene ETT/ARF3 expression
by AS2-AS1: (1) direct binding of the AS1-AS2 complex to the 5'-upstream regions of ETT/ARF3 to
reduce the expression activity of ETT/ARF3 (Figure 5) [49]; (2) indirect activation of miR390-dependent
post-transcriptional gene silencing to negatively regulate both ETT/ARF3 and ARF4 (Figure 2b) [49,50];
(3) direct binding of AS2 to the synthetic GCGGCG-containing nucleotides [47,50], and exon 1 of the
ETT/ARF3 gene containing the CGCCGC (Figure 5) [65]; (4) maintenance of the status of gene body
(CpG) methylation in exon 6 of ETT/ARF3 (Figure 5) [49,65,100]. In the present review, we focus on the
last two topics.

(2) indirect repression of
ETT/ARF3 via tasiR-ARF pathway

- nucleolus
g RH10

(1) direct binding and
ETT/ARF3 repression (4) AS2-AS1, RH10
and NUC1 are involved
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of CpG methylation.
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Figure 5. Molecular relationships between AS2-AS1 and the target gene ETT/ARF3. AS1-AS2 directly
binds the ETT/ARF3 regulatory region and represses ETT/ARF3 expression. AS2 binds to the specific
CGC repeat sequence in exon 1. AS2-AS1, RH10, and NUC1 are involved in the maintenance of CpG
methylation in exon 6. RH10 and NUC1 are proteins localized in the nucleolus.

Several protein members of the AS2/LOB family, including AS2, bind synthetic double-stranded
DNAs containing the GCGGCG sequence [101]. AS2, specifically, also binds in vitro the double-stranded
CGCCGC sequence in exon 1 of the target gene ETT/ARF3 [65]. The zinc-finger motif containing the
RRK (Arg-Arg-Lys) sequence in AS2 is essential for this binding [65], the formation of AS2 bodies
and functions in the development of leaves with normal shapes [94]. Modes of molecular interactions
between the amino acid residues in RRK and each of the deoxyribonucleotides in GCGGCG have
recently been proposed based on the results of SEC-SAXS (size exclusion chromatography-small angle
X-ray scattering) experiments [47]. Since 32 out of 42 members of the family harbor the RRK and/or
RRR sequence in the ZF motifs [12], it should be informative to investigate the possible roles of the
clusters of these basic amino acid residues in other members in plant physiology, development, and
growth [102].

AS2 and AS1 play a role in maintaining cytosine methylation mediated by METHYLTRANSFERASE1
(MET1) in six CpG dinucleotides in exon 6 of ETT/ARF3 (Figure 5) [49]. Because levels of CpG
methylation are inversely related to the ETT/ARF3 transcript levels, AS2 and AS1 possibly regulate the
transcriptional repression of ETT/ARF3 through CpG methylation in the recruitment of methylation
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activity and/or inhibition of demethylation activity at exon 6 [103]. As described in Section 3, mutations
in the RH10, NUC1, and RID2 genes for nucleolar proteins enhance defects in leaf morphology in
the as2 mutant and, in parallel with this observation, result in an increase in the transcript level of
target genes ETT/ARF3 and ARF4. The levels of CpG methylation at some of the CpG dinucleotides in
exon 6 of ETT/ARF3 decrease in rh10 and nucl mutants, and further decrease in rh10 as2 and nucl as2,
suggesting that these nucleolar proteins, in addition to AS2, also take part in maintaining the cytosine
methylation of CpG dinucleotides in exon 6 of ETT/ARF3 [65,103].

How can AS2 be involved in maintaining MET1-regulated CpG methylation in exon 6 of the
ETT/ARF3 gene? MET1 is an ortholog of the Dnmt1 of vertebrates and acts as DNA methyltransferase,
which methylates hemimethylated CpG, converting it to fully methylated CpG during DNA
replication [104,105]. MET1 is part of a putative protein complex involved in the maintenance of
DNA methylation in Arabidopsis [106-111]. MET1 is similar to Dnmt1, in terms of the domain
organization [109,112], except that MET1 has no amino acid sequence for the ZF-CxxC muotif.
If AS2 forms a protein complex with MET1, AS2 provides the ZF motif, which has DNA binding activity,
as described above in this section, to the MET1-containing putative protein complex. The promoter
regions of inactive 455 rDNAs in Arabidopsis are highly methylated by MET1 and their chromatin
states are highly condensed at perinucleolar regions [113,114]. MET1 requires NUC1, one of the AS2
modifiers, and nucleolar histone deacetylase HDAG®6 for this methylation [113,114] and directly interacts
with HDAG6 [115,116], which is also associated with AS2 and AS1 [36]. The CpG methylation system for
the 455 rDNA might be also involved in CpG methylation in the ETT/ARF3 gene around perinucleolar
areas; the ETT/ARF3 gene might be recruited to such an area by an action of AS2 (Figure 6).

ETT/ARF3/

nucleoplasm nucleoplasm

nucleolus nucleolus

active rDNA region

Figure 6. Models of the roles of nucleolar proteins in AS2-AS1 involved in epigenetic regulation of
the ETT/ARF3 gene. Nucleolus and surrounding structures are shown. Nucleosomes are indicated by
coiled structure composed of red lines (DNA) and light/dark grey circle (histone octamer). Different
genomes are distinguished by different darkness of nucleosomes. NUCI affected the localization
patterns of AS2 bodies at the peripheral region of the nucleolus, which are required for leaf development.
AS2 bodies are partially overlapped with chromocenters, represented by dense nucleosome at the
peripheral region of the nucleolus. The 455 rDNA repeat loci include transcriptionally active and
inactive regions, which chromosomal status are loosened in the nucleolus and condensed on the
peri-nucleolus (overlapping with chromocenter), respectively, suggestive of an interaction of AS2
bodies with inactive 455 rDNA. RH10 and NUC1 in addition to AS2 are involved in the maintenance of
CpG methylation in exon 6 of ETT/ARF3 in the nucleoplasm (left panel) or in AS2 bodies (right panel).
NUC1 is involved in the maintenance of CpG methylation in 45S rDNA.

The AS2-AS1 complex is also involved in the establishment of leaf proximal—distal polarity to
repress the class 1 KNOX homeobox genes BREVIPEDICELLUS (BP), KNAT2, and KNAT6 (Figure 1) [18].
The AS2-AS1 complex physically interacts with CURLY LEAF (CLF), the polycomb repressive complex 2
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(PRC2) core component, and LIKE-HETEROCHROMATIN PROTEIN1 (LHP1), the PRC1 component,
and recruits PRC2 to the homeobox genes BP and KNAT?2 [117,118]. AS2—-AS1 interacts with the BP
promoter, likely through the recruitment of the chromatin-remodeling factor HIRA (histone-regulator
A) and forms a repressive chromatin state [19]. AS2-AS] also interacts with LEAF FLOWER RELATED
(LFR) in the chromatin remodeling complex and is associated with H3K27me3 in the BP gene, but not
with the ETT/ARF3 gene [119]. AS2-AS1 is required for the correct temporal repression of ETT/ARF3,
which involves a PRC2-independent mechanism [50]. Despite their pivotal role, the means by which
AS2-AS1 epigenetically represses ETT/ARF3 in the establishment of leaf adaxial-abaxial polarity
remains unsolved.

6. Subcellular localization of AS2

Although it is often reported that AS2 and other members of the AS2/LOB family are nuclear
proteins [2,12,35,38,93,120], mechanisms of the nuclear localization of AS2 protein are poorly understood.
The RRK sequence in the zinc-finger motif of AS2 (Figure 2a) is only a basic amino acid cluster, which is
thought to be critical for nuclear localization. The examination of subcellular localization of the mutant
as2 (as2-RRK/3A) with the alanine replacement at the RRK sequence in the zinc-finger motif (Figure 2a)
with the alanine cluster, however, shows that the mutant protein is still present in the nucleoplasm;
it is not exported to the cytoplasm and does not form the AS2 bodies at the perinucleolar region [94].
These observations show that the RRK sequence is not involved in the nuclear localization of AS2.
This result is consistent with the previous finding [121]: that is, the mutant proteins of ASL18/LBD16,
another member of the AS2/LOB family, from which the RRK sequence is deleted are still localized
to the nucleus and nuclear localization signals are proposed to be present in the coiled-coil sequence
and the carboxyl-terminal region. Furthermore, the mutant as2 protein that lacks the IcG region is
exclusively localized to the cytoplasm [94]. It is also reported that AS2 was exported to the cytoplasm
via the action of the geminivirus-encoded nuclear shuttle protein and localized to the plant P-body
complex [99]. Therefore, the AS2 protein might be subject to multiple subcellular localization controls,
depending on its interactions with other proteins and other unknown cellular conditions.

As described above, 32 among the 42 members of the AS2/LOB family harbor ZF motifs, the amino
acid sequences of which include RRK or RRR sequences [12,38]. The observation that the as2 mutant
lacking RRK is localized to the nucleoplasm, but does not form AS2 bodies at the nucleolar periphery,
suggests that RRK appears to be involved in the transport of AS2 to the perinucleolar region and/or
to the formation of AS2 bodies. The RRK sequence is present within the proposed NoLSs [95-98].
It is intriguing to test whether this cluster of the basic amino acid residues in the zinc-finger could be
directly involved in the transfer to the peripheral region of the nucleoli from the nucleoplasm and/or the
formation of AS2 bodies by a phase separation mechanism, because the nucleolus and many nucleolar
bodies are proposed to be formed through such a physico-chemical molecular interaction [122].

7. Possible Roles of AS2 Bodies in Epigenetic Repression of ETT/ARF3

As described in Section 3, the level of the leaf abaxial gene ETT/ARF3 expression is influenced
by modifier proteins that are localized to the nucleolus. For example, the AS2-AS1 complex binds
directly to the upstream region of the ETT/ARF3 gene to repress its transcription [49,64]. Furthermore,
the ETT/ARF3 transcriptional level is altered by mutations in various genes for nucleolus-localized
proteins, such as RH10, RID2, and NUC1, which affect the biogenesis of ribosomal RNAs and the
formation of the nucleolus with a properly organized morphology [59-61]. Perturbation of rRNA
biogenesis correlates with structural disorders of the nucleolus, such as nucleolar enlargement in plant
cellsand in animal cells [60,85,86,123]. It is, however, still unknown how structural disorders of the
nucleolus affects leaf development mediated by AS2-AS].

Perinucleolar regions might provide the molecular architectures, such as nucleolus-associated
chromatin domains (NADs), which correspond to regions of low transcriptional levels [67,68,124,125].
In Arabidopsis, many of 455 rRNA genes are condensed as heterochromatin and silenced by
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epigenetic mechanisms that include DNA methylation and histone modification at the periphery of
the nucleolus [114,126-128]. MET1, HDA®6, and chromatin assembly factor (CAF-1) are all involved in
the formation of such an epigenetic state in the perinucleolar subdomain [114,126,127]. AS2 and AS1,
which are associated with HDAG6 [36], are colocalized to AS2 bodies in the peripheral region of
the nucleolus (Figures 4 and 6) [35,93,94]. The ETT/ARF3 gene undergoes MET1-dependent CpG
methylation in exon 6 [49]. As described in Sections 4 and 6, mutant proteins of AS2 (as2-RRK/3A,
Figure 2a) that do not form AS2 bodies are not functional in leaf morphogenesis [94]. Mutations in
RH10, RID2, and NUC1 might affect the integrity of nucleolar morphology [59-61], which would
then alter the transcriptional patterns of ETT/ARF3, a target gene of AS2, although the subnucleolar
localization of the target gene to the peripheral subdomain (Figure 6) has yet to be demonstrated.
It is an interesting problem to elucidate how the ETT/ARF3 gene transcribed by RNA polymerase II is
regulated in the nucleolus or its peripheral region.

Recently, AS2 was shown to bind to DNAs other than ETT/ARF3 [129]. Since AS2 is a plant-specific
DNA binding protein, elucidation of the interaction between AS2 and these DNA molecules should
uncover a more global and novel regulatory system mediated by AS2 and the nucleolus in plant
cells [19,101].
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Abstract: TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR 1 and 2 (TCP)
family proteins are the plant-specific transcription factors extensively participating in diverse
developmental processes by integrating external cues with internal signals. The roles of CINCINNATA
(CIN)-like TCPs are conserved in control of the morphology and size of leaves, petal development,
trichome formation and plant flowering. The tight regulation of CIN-like TCP activity at transcriptional
and post-transcriptional levels are central for plant developmental plasticity in response to the
ever-changing environmental conditions. In this review, we summarize recent progresses with regard
to the function and regulation of CIN-like TCPs. CIN-like TCPs are regulated by abiotic and biotic
cues including light, temperature and pathogens. They are also finely controlled by microRNA319
(miRNA319), chromatin remodeling complexes and auxin homeostasis. The protein degradation
plays critical roles in tightly controlling the activity of CIN-like TCPs as well.

Keywords: CIN-like TCP transcription factors; regulation; light; high temperature; microRNA319;
BRAHMA,; TIE1 transcriptional repressors; TEAR1 E3 ligases

1. Introduction

Developmental plasticity is central for sessile plants in adaptation to the environmental
conditions [1]. The molecular bases for plant developmental plasticity or the mechanisms by which
plants translate the environmental cues into the internal signals to direct the optimal growth and
development in different plant growing conditions are important for plant survival and are useful for
crop improvement by molecular breeding. Since the discovery of the founding members of TEOSINTE
BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR 1 and 2 (TCP) protein family in plants
more than twenty years ago [2—4], TCP proteins have emerged as a central hub for integrating the
internal and external cues to control plant developmental plasticity.

TCP is an acronym of the name of founding genes isolated from three species, i.e., TEOSINTE
BRANCHED1 (TB1) from maize (Zea mays) [2,5], CYCLOIDEA (CYC) from snapdragon (Antirrhinum
majus) [3], and PROLIFERATING CELL FACTOR 1 and 2 (PCF1 and PCF2) from rice (Oryza sativa) [4].
TB1 is a famous maize domestication gene. TB1 represses the outgrowth of axillary branches and
promotes the formation of female inflorescences in domesticated maize, while in teosinte—which is the
wild ancestor of maize—the twice lower expression of TB1 leads to a decrease of apical dominance and
an increase of shoot branches [5]. The CYC gene was isolated from snapdragon. CYC is specifically
expressed in the dorsal primordia and controls the flower zygomorphic trait. Disruption of both CYC
and its close homolog DICHOTOMA (DICH) in snapdragon results in radially symmetric flowers [6].
Both TB1 and CYC play pivotal roles in shaping plant key morphologies. The rice PCF proteins were
found to directly bind to the promoter region of PROLIFERATING CELL NUCLEAR ANTIGEN (PCNA)
gene which encodes a protein acting as a DNA polymerase sliding clamp implicated in DNA replication
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and cell cycle regulation [4]. Further analysis of the protein sequences of TB1, CYC and PCF proteins
found that they all contain a conserved region predicted to form a non-canonical basic helix-loop-helix
(bHLH) structure named as the TCP domain [7]. Since PCF1 and PCF2 had DNA-binding activity,
TCP proteins were deduced to act as transcription factors and the TCP domain was proposed to be
responsible for DNA binding and protein-protein interaction [4,7,8].

According to the sequence differences in the TCP domain, TCPs are classified into class I and class
II subfamilies [7] (Figure 1). The TCP domain of class II TCPs contains additional four-amino acid
residues in the conserved basic region [7]. The class II TCPs are further divided into CINCINNATA
(CIN)-like TCPs and CYC/TB1-like TCPs based on the additional sequence differences in the TCP
domain [9]. The CYC/TB1 TCP subgroup also carries a conserved glutamic acid-cysteine-glutamic acid
(ECE) motif outside the TCP domain [10]. The CIN gene was isolated from snapdragon by analyzing
the cin mutant which produces abnormal leaves and petals with undulated edges [11,12] and is the
founding member of the CIN-like TCP subgroup (Figure 1). CIN controls leaf flatness by tightly
regulating cell proliferation and differentiation in the different areas of leaf blades [11]. In the model
plant Arabidopsis, the CIN-like TCPs include eight members which are further grouped into two clades
based on the existence of microRNA (miRNA) binding site outside the sequence encoding TCP domain.
TCP2, TCP3, TCP4, TCP10, and TCP24 have the miRNA binding sites and post-transcriptionally
regulated by miR319 [13], while TCP5, TCP13 and TCP17 form a small clade named as TCP5-like
CIN-TCPs that were proved to be important for plant thermomorphogenesis (Figure 2) [14].
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Figure 1. The phylogeny of TCP transcription factors, including all the TCP proteins in Arabidopsis thaliana
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and the CIN-like TCPs of other species mentioned in this review. Multiple alignments of the
full-length TCP proteins were conducted using MAFFT Version 7 [15] with L-INS-i iterative
refinement methods. The phylogenetic tree was constructed with the Maximum Likelihood (ML)
method using the IQ-tree2 software [16] with the VT+F+R4 model with 1000 bootstrap replications.
The subfamilies and subclasses (Class I, Class II, CIN-like TCP and CYC-like TCPs) are indicated
above the divergent branches. The proteins in red words are the CIN-like TCPs which are mainly
discussed in this review. The prefixes of TCP proteins are indicated the species. At: Arabidopsis
thaliana; Brr: Brassica rapa; Gh: Gossypium hirsutum; Ls: Lactuca sativa; Cp: Cyclamen persicum; Sly:
Solanum lycopersium; Am: Antirrhinum majus; Mp: Marchantia polymorpha; Ppa: Physcomitrella patens.
The bootstrap support is indicated above the branches. The scale bar denotes the branch length.
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Figure 2. An overview of the regulation mechanisms of CIN-like TCP transcription factors by light
and temperature during cotyledon opening and hypocotyl elongation processes. The external stimuli
including light and high temperature are summarized at the left column. The schematic diagram
includes the regulation mechanisms of CIN-like TCPs at the transcriptional and the protein levels.
The arrows directly pointing on the double helix symbols indicate transcriptional regulations. The
arrows pointing to the proteins indicate the regulations of protein stabilities. The proteins related with
the “26S” symbols indicate protein degradation through the ubiquitin-26S proteasome pathway. The
blue arrows represent the positive regulation, and the red arrows with dash-headed ends indicate the
negative regulation. The green arrows and red dash-headed ends at the double-helix icons indicates the
activation and repression of gene expression, respectively. All the unknown factors are indicated with
question marks. R:FR, red light: far red light ratio; PIFs, PHYTOCHROME-INTERACTION FACTORSs;
SAURs, SMALL AUXIN UPREGULATED RNAs; YUCs, YUCCAs.

TCP transcription factors constitute a plant-specific protein family which is conserved in plant
kingdom. TCP homologs are identified from diverse plant species [7]. It is proved that TCP proteins
are existed in the early land plants during evolutionary history [17-20]. However, it is still in dispute
whether they are present in pluricellular green algae [17,20]. The TCP protein family is significantly
expanded in angiosperm species by gene or whole-genome duplication independently in basal
angiosperm, magnoliids, basal eudicot, monocot, and many major groups within eudicot [10,17,20-25].
It is hard to distinguish whether class I or class II subfamily is the first to appear in plant kingdom,
because the genome of liverwort Marchantia polymorpha contains the members belonging to both of the
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two families [19,26]. As for class II TCPs, the CIN-like TCP subgroup is predicted to be more ancestral
than the CYC/TB1-like TCPs, since the class II TCPs all belong to CIN-like TCP subgroup in the
non-vascular plants [18,19,26,27]. The CYC/TB1-like TCP group is proposed to originate in angiosperm
species and to evolve independently in basal eudicot groups and monocot species [23,24,28-31].

TCP family transcription factors governs various key developmental processes during the life cycle
of plants. TCPs regulate seed germination, leaf development, outgrowth of shoot branches, flowering,
flower development, silique and ovule development, photomorphogenesis, thermomorphogenesis,
circadian rhythms, defense responses and senescence [11,32-53]. The tight regulation of TCPs is
very important for plant development and survival. Plants evolve many ways to tightly regulate
TCP activity. The aim of this review is to give a comprehensive overview on current knowledge
relevant to the roles of CIN-like TCPs in different species and the fine regulation of CIN-like TCP by
external stimuli, miRNA and other proteins. To understand the detailed functions of TCPs in plants,
the downstream targets regulated by TCPs, the regulation of CYC/TB1-like TCPs, please refer to the
excellent recent reviews [39,54,55].

2. The Functions of CIN-Like TCP Transcription Factors in Different Species

One of the most prominent roles of CIN-like TCP transcription factors is that they play a conserved
and central role in control of leaf flatness, size, shape and complexity. The loss of CIN function in
snapdragon cin mutant disrupted leaf flatness and forms defective simple leaves with larger size and
wavy margins [11,12,56]. In Arabidopsis, CIN-like TCPs have highly redundant and additive roles in
regulating the morphogenesis of simple leaves (Figure 2). The Arabidopsis tcp single mutants produced
leaves with no obvious differences from wild-type control. However, disruption of TCP4 and TCP10
had already led to larger and curled leaves. The high-order multiple CIN-like tcp mutants caused even
severer leaf curvature and wavier leaf margins in a dose-dependent manner [53,57-59], indicating that
the activity of CIN-like TCPs is pivotal for shaping leaf forms. The CIN-like TCP homolog in turnip
(Brassica rapa), BrrTCP2, has conserved function in control of leaf size and morphology. Overexpression
of BrrTCP2 reduced the leaf size of wild-type Arabidopsis and restored the leaf morphology of the
Arabidopsis multiple mutant tcp2 tcp4 tcp10 [60]. In the regulation of leaf morphology, CIN-like TCPs
repress the activity of leaf marginal meristem which determines leaf serrations in simple leaves or
complexity of compound leaves in different plants. In lettuce (Lactuca sativa), the Empire type cultivars
have more serrated leaves than the Salinas type cultivars. The molecular base is that Empire type
cultivars carry a retrotransposable element inserted in the upstream of LsTCP4 gene, causing lower
expression level of LsTCP4 than that in the Salina type cultivars. The downregulation of LsTCP4 by the
insertion led to the severer leaf serration in Empire type cultivars [61]. However, differential expression
analysis between broad- and curly-leaved plants of Cichorium endivia, a close relative of L. sativa that
also displayed wavy or serrated leaves, did not identify TCP4-like homologous genes as differentially
expressed in leaves with different morphologies, and the two transcripts were abundant in both leaf
types [62]. Tomato forms compound leaves regulated by LACEOLATE (LA) homologous to CIN-like
TCPs. Downregulation of LA generated more and larger leaflets, causing super-compound leaves. On
the contrary, overexpression of LA resulted in the compound leaves turning into simple leaves [63-65].
CpTCP1 in cyclamen (Cyclamen persicum) is a homolog of CIN-like TCPs. Disruption of TCP function by
a dominant repressor in which the ethylene-responsive element binding factor-associated amphiphilic
repression (EAR) repression domain (SRDX) was fused to CpTCP1 caused irregular protrusions of
acicular and branched shapes in the leaf margins [66]. CIN-like TCPs also regulate the leafy head of
Chinese cabbage (Brassica rapa). Altering the spatio-temporal expression patterns of BrpTCP4 led to a
cylindrical head shape from a round one [67]. Furthermore, the genetic manipulation of CIN-like TCP
activity resulted in different sizes and shapes of leaves in both simple and compound leaves [64,68].
These findings indicate that CIN-like TCPs are central regulators of leaf morphology and that the
tight control of the spatio-temporal TCP activity is fundamental in determining diverse leaves in
different species.
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CIN-like TCPs also modulate the development of organs homologous to leaves such as petals.
The Arabidopsis single mutant tcp5 produces wider petals than the wild-type control [69]. Moreover,
the 355:miR-3TCP transgenic plants in which an artificial miRNA targeting to TCP5, TCP13, and TCP17
was expressed to knock down the three genes generate petals with even increased width from tip to
base [69]. Besides TCP5-like CIN-TCPs which was identified to determine petal size, the other five
CIN-like TCP genes targeted by miRNA319 also played vital roles in control of petal growth. The
mutant carrying a loss-of-function mutation in miR319a (named as MiR319a?%) exhibited narrow petals
and sterile anthers, indicating that CIN-like TCPs not only inhibit the growth of petal [70], but also
play an essential role in plant fertility. The overexpression of the miR319-resistant form of TCP4 by a
petal-specific promoter rescued the narrow petals in MiR319a'% mutant [70,71]. CIN-like TCPs also
modify the morphology of petals besides petal sizes. Expression of a dominant repressor in which
TCP3 was fused to an EAR motif to disrupt the function of TCPs resulted in curled petals in Arabidopsis.
Expression of other CIN-like TCP chimeric repressors also caused curled petals [72]. The function of
CIN-like TCPs in regulating petal development is conserved among different species. For examples,
the introduction of chimeric repressors of Arabidopsis CIN-like TCPs in Chrysanthemum morifolium
or Ipomoea nil also led to similar wavy and serrated petals [73,74]. Suppression of TCP functions by
expression of chimeric repressors of CpTCP1 homologous to Arabidopsis TCP3 in C. persicum caused
ruffled petals [66].

At the cellular level, CIN-like TCPs regulate cell proliferation, cell elongation or expansion and
cell differentiation. During leaf and petal development, CIN-like TCPs inhibit cell proliferation and
promote cell differentiation. Disruption of CIN-like TCPs prolong the leaf cell proliferation in the
leaf blade with more rapid growth in the margin than in the center of blade, leading to the increased
number of pavement cells and wavy margins [11,12,35,58,59,75]. As specialized epidermal cells,
trichomes are also regulated by CIN-like TCP transcription factors. CIN-like TCPs suppress the
trichome differentiation and subsequent trichome branching. The numbers of trichomes and trichome
branches were both significantly increased in jaw-D and tcp2 tcp4 tcp10 mutants, but were decreased
in TCP4 overexpression lines [76]. The function of CIN-like TCPs is also conserved in the regulation
of trichome formation. Overexpression of miR319a in Populus tomentosa resulted in higher density of
trichomes on the leaf surface when compared with that of wild-type control. When the functions of
CIN-like TCPs were enhanced by inhibiting the roles of miR319, the number of trichomes was largely
decreased [77]. Cotton fibers are specific trichome types on the seed epidermis. The constitutive
overexpression of GhTCP4 homologous to Arabidopsis TCP4 in upland cotton (Gossypium hirsutum)
repressed the elongation of cotton fiber [78]. However, CIN-like TCPs positively regulate hypocotyl
cell elongation in Arabidopsis. Induction of CIN-like TCPs using mTCP4-GR in which TCP4 fusion with
rat glucocorticoid receptor (GR) by dexamethasone (DEX) treatment in transgenic lines significantly
increased the length of hypocotyl cells (Figure 2) [79]. Overexpression of TCP5-like CIN-TCPs led to the
significant increase of hypocotyl under shade, high temperature or under normal growth conditions
(Figure 2) [14]. In consistence with the results, the tcp5 tcp13 tcpl7 triple mutant displayed short
hypocotyls [14]. These findings demonstrate that CIN-like TCPs control cell proliferation, elongation
and differentiation in a specific cell type-dependent manner at different context.

CIN-like TCPs are reported to be essential for regulating other biological processes. For examples,
CIN-like TCPs facilitate the transition from vegetative to reproductive growth. The flowering time
of cin-like tcp multiple mutants was significantly postponed, while overexpression of TCP4 led to
early flowering in Arabidopsis [80]. The tomato LA gene belonging to CIN-like TCP group controls
flowering as well [81]. In addition, CIN-like TCPs participate in developmental plasticity in response
to biotic stresses in Arabidopsis and rice. CIN-like TCPs are also implicated in the typical morphological
alterations caused by infection of phytopathogens such as phytoplasmas in Arabidopsis [43—45]. Rice
ragged stunt virus (RRSV) downregulated rice TCP21 belonging to miR319-targeted CIN-like TCPs by
up-regulating the expression of miR319 gene. Overexpression of TCP21 increased the rice resistance to
RRSV [82].
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3. Light Regulates CIN-Like TCP Transcription Factors

Light is a critical environmental stimulus affecting plant development and growth including
cotyledon opening, hypocotyl elongation and flowering [83-86]. When seeds germinate in dark
under soil and then the seedlings grow out with exposure to light in nature, plants undergo
an important morphological change from skotomorphogenesis to photomorphogenesis including
cotyledon opening and inhibition of hypocotyl elongation [83,87,88]. The bHLH transcription factors
PHYTOCHROME-INTERACTING FACTORs (PIFs) including PIE3 are central regulators in promoting
skotomorphogenesis by suppressing cotyledon opening and the elongation of hypocotyl [89,90].
However, the molecular mechanisms of light-induced cotyledon opening are not well-known. Recently,
CIN-like TCPs have been identified to participate in controlling light-induced cotyledon opening
during photomorphogenesis (Figure 2). Interestingly, CIN-like TCP genes including TCP3, TCP4 and
TCP10 are predominantly expressed in cotyledons under both light and dark growth conditions [13].
Why do CIN-like TCPs promote cotyledon opening in the light but not affect cotyledon closing in dark?
Chromatin immunoprecipitation sequencing (ChIP-seq) and RNA sequencing (RNA-seq) analyses
showed that TCP4 directly bind to the promoter regions of SMALL AUXIN UPREGULATED RNA
(SAUR) genes including SAUR16 and SAURS50. The promoter regions of the SAUR genes are also
directly targeted by PHYTOCHROME INTERACTING FACTORS (PIF3), a key component inhibiting
cotyledon opening. The molecular mechanism is that the accumulated PIF3 in the dark represses the
transactivation activity of TCP4 possibly by competing the binding to the promoter regions of SAUR
genes with TCP4 in the dark, while in the light PIFs are rapidly degraded and causing more TCP4
proteins to bind to the promoters of the SAUR genes and to upregulate their expression to promote
cotyledon opening (Figure 2) [86]. However, PIF3 does not interact with TCP4 in this process. The
exact mechanism by which PIE3 inhibits TCP4 binding to the promoter regions of SAUR genes is still
an open question.

In addition to controlling the light-regulated cotyledon opening in plant photomorphogenesis,
CIN-like TCPs also participate in the regulation of light-regulated hypocotyl elongation under shade.
The shade avoidance syndrome (SAS) of plants caused by neighboring shade or low ratio of red light
to far red light (R:FR) includes long hypocotyl, elongated leaf petiole, reduced shoot branches and
early flowering [91]. It is known that shade or low R:FR upregulates the expression level of BRC1
or TB1 belonging to CYC/TB1-like TCP subgroup [37], while recently TCP5-like CIN-TCPs has been
reported to regulate the rapid growth of hypocotyl in response to shade (Figure 2) [92]. The hypocotyl
elongation of the triple mutant tcp5 tcp13 tcpl7 was insensitive to shade, while overexpression of
TCP17 led to longer hypocotyls under shade or white light. TCP17 is an unstable protein which is
stabilized by shade. When plants were transferred from shade to white light, TCP17 was degraded
and the degradation were inhibited by treatment with the 26S proteasome inhibitor MG132 [92]. This
result indicates that white light promotes the degradation of TCP17 via the 26S proteasome, while
shade inhibits the process (Figure 2). Interestingly, the transcriptional level of TCP17 was rapidly
downregulated by shade in reverse, indicating accumulation of TCP17 under shade is dependent on
the post-transcriptional regulation [92]. It will be very interesting to identify the E3 ligase mediating
the degradation of TCP17 under white light and the molecular mechanisms of suppression of the
TCP17 degradation machinery by shade.

4. High Temperature Regulates CIN-Like TCP Transcription Factors

Ambient temperature is one of the most important environmental factors governing plant behavior.
Plants adopt a series of morphological changes called thermomorphogenesis in adaptation to high
temperature [93,94]. Thermomorphogenesis includes leaf hyponastic growth, petiole elongation
and hypocotyl elongation [93]. TCP5-like CIN-TCPs have recently been identified to act as key
factors in positively regulating plant thermomorphogenesis. High temperature not only induces
the expression of TCP5, TCP13 and TCP17 genes at the transcriptional level, but also stabilizes
the protein of TCP5-like CIN-TCPs at the post-transcriptional level in Arabidopsis (Figure 2) [14,95].
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Interestingly, high temperature treatment regulates both the expression level and the expression
pattern of TCP5. When TCP5pro-GUS transgenic lines in which GUS reporter gene was driven
by TCP5 promoter was treated under high temperature, the GUS staining was strengthened in the
hypocotyls and cotyledons, and at the same time was shifted from the leaf blades to petioles, in
consistence with the leaf trait of thermomorphogenesis with elongated petioles and reduced areas of
blades [14]. High temperature also up-regulates the expression of PIF4 which is the first key factor
identified in control of plant thermomorphogenesis [96,97]. TCP5 protein not only directly bound to the
promoter region of PIF4 gene to increase its expression level [14], but also interacted with PIF4 at the
protein level [14]. Moreover, TCP17 protein interacted with the blue light receptor CRYTOCHROME1
(CRY1) at lower temperature to block the activity of TCP17. High ambient temperature increased the
protein stability of TCP17 and led to the release of TCP17 from TCP17-CRY1 complex, promoting
the interactions between TCP17 and PIF4 [93]. The interactions between PIF4 with TCP5 or TCP17
synergistically promoted the expression of a lot of common downstream genes including PRE1 and
YUCS, thus enhancing plant thermomorphogenesis (Figure 2) [14,95]. Accordingly, overexpression
of CIN-like TCP5 gene led to constitutive thermomorphogenesis, while the hypocotyls and petioles
of tcp5 tcpl3 tepl7 were shorter than that of wild-type control under normal temperature or high
temperature [14,95]. It is worth mentioning that although PIF4 is homologous to PIF3 which is a
key regulator in photomorphogenesis [86], they use different mechanisms to regulate the activity
of CIN-like TCPs. PIF3 do not interact with TCP4, but inhibits the binding activity of TCP4 to the
promoter of their downstream genes in an unknown way under dark [86]. Adversely, PIF4 interacts
with TCP5-like CIN-TCPs and obviously strengthened their transactivation activity in activating the
downstream genes [14,95]. These results demonstrate that high temperature regulates the function of
TCP5-like CIN-TCPs which positively regulate plant thermomorphogenesis by a different mechanism
underlying the regulation of cotyledon opening by TCP4 in Arabidopsis. However, the transcription
factors and E3 ligases that are responsible for regulating the expression of TCP5-like CIN-TCPs and the
stability of their products under different ambient temperatures need to be further identified.

5. Phytoplasmas Regulate CIN-Like TCP Transcription Factors

Phytoplasmas are phytopathogens transmitted by insects and infect a wide range of plant species,
causing great economic losses in agriculture [47,98]. Like the most pathogens, phytoplasmas produce
effectors to alter the host-pathogen interface in facilitating their growth during infection [47]. The
effectors cause some typical changes of plant morphology including overgrowth of lateral branches,
altered leaf shape and sterile flowers [98]. The aster yellows phytoplasma witches” broom (AY-WB)
strain infect a wide range of dicot and monocot species [47,48]. The secreted AY-WB protein 11 (SAP11)
is a virulence nuclear effector with a nuclear localization signal at its N-terminus. Overexpression
of SAP11 in Arabidopsis produced serrate and wavy leaves almost identical to those of jaw-D and
the multiple cin-like tcp mutants [48]. SAP11 interacts with CIN-like TCP proteins [48], leading to
the TCP degradation which is not inhibited by the 26S proteasome inhibitor epoxomicin or protease
inhibitor cocktail (Figure 2). This indicates that the SAP11-mediating TCP protein degradation is
not through ubiquitin-26S proteasome pathway [48]. Because CIN-like TCPs positively regulate the
expression of LOX2 gene by directly binding to its promoter [53], the overexpression of SAP11 caused
the downregulation of the LOX2 gene and reduced the production of jasmonic acid (JA) in both
Arabidopsis and tobacco (Nicotiana benthamiana), facilitating the infection of phytoplasmas [47,49]. The
SAP11 protein homologs in different phytoplasmas strains displayed the varied abilities in control of
the stability of CIN-like TCPs. These strains include AY-WB, onion yellow strain M (OY-M), peanut
pupurea witches’ broom (PnWB), Candidatus phytoplasmas mali (CaPM) [49]. When SAP11 homologs
were co-expressed with CIN-like TCPs in tobacco, the abundance of TCP proteins were measured to
determine the abilities of SAP11 proteins in mediating TCP degradation [49]. The results showed that
SAP11aywp had the strongest ability to mediate the degradation of TCP2, TCP3, TCP4, TCP5, TCP10
and TCP24, while SAP11c,ppm only mediated the degradation of TCP2 and TCP10 with lower ability
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than SAP11Aywg. SAP11p,wp and SAP11gym only exhibited a weak ability to destabilize TCP2 [45].
The SAP11 homolog from the Maize Bushy Stunt Phytoplasmas (SAPypsp) have been shown to only
interact with CYC/TB1-like TCPs, but not any members of CIN-like TCPs in maize [46]. Accordingly,
the MBSP-infected maize showed overgrowth of tillers controlled by the CYC/TB1-like TCPs, but not
had any effects on the morphology of leaves [46]. Similarly, SWP1 which is a SAP11-like phytoplasmas
effector from wheat blue dwarf phytoplasma interacted with BRC1 and mediate the degradation of
BRC1 when SWP1 was overexpressed in Arabidopsis [50]. These findings indicate that the effector SAP11
proteins from different phytoplasmas strains have different specificity in promoting the degradation of
TCPs. As the SAP11 protein have no protease activity, the mechanisms underlying SAP11-mediated
TCP degradation remains to be further discovered [48].

6. miRNAs Regulate CIN-Like TCP Transcription Factors

miRNAs are small RNAs that recognize targeting mRNA via base pairing to the highly
complementary binding sites and suppress the stability and translation of mRNAs [99,100]. A
subset of CIN-like TCP genes contains a miR319-targeting sequence at the 3’-terminus of transcripts in
almost all angiosperm groups [13,63]. The Arabidopsis jagged and wavy-Dominant (jaw-D) mutant was
first identified from a collection of activation tagging mutants by forward genetics [13]. The mutant
jaw-D displayed a predominant phenotype with the serrated and curved leaves [13,101]. Further
analysis showed that T-DNA with four cauliflower mosaic virus (CaMV) 355 enhancer was inserted
in neighboring region of MIRNA gene MIR319a in jaw-D. The expression of miR319a was activated
and the target CIN-like TCP genes including TCP2, TCP3, TCP4, TCP10 and TCP24 were significantly
downregulated in the mutant, suggesting that the transcript abundance of the corresponding TCP
genes was regulated by miR319a (Figure 3) [13]. The overexpression of miR319 also caused epinastic
cotyledons, more trichomes, defective secondary cell wall biosynthesis and venation patterning, a
modest delay in flowering, crinkled petals, short stamen, reduced male fertility and crinkled fruits
by downregulating CIN-like TCP genes [42,70,102-104]. Arabidopsis genome contains three MIR319
genes including MIR319a, MIR319b, and MIR319c which have highly redundant function in control
of the abundance of CIN-like TCP transcripts [70]. However, the three MIR319 genes also showed
largely non-overlapping expression patterns revealed by GUS reporter analysis in plants, suggesting
that they may have distinct roles in control of TCP abundance in a temporal and spatial manner
during plant development [70]. During leaf development, the MIR319a gene is only expressed at the
stipules, which is completely complementary to the expression pattern of MIR319c that the highest
expression level is detected at the basal region of leaf primordia and young leaves, indicating the
functional divergences between the two genes. MIR319b is only expressed in the sepal and stamen
abscission zones of inflorescences at the reproductive stage [70]. MIR319a and MIR319c have partially
spatiotemporal overlapping expression patterns during early inflorescence development [70]. Though
the GUS activity for promoter analysis of MIR319b was not detected in leaves, the mir319b single
mutant moderately reduced the size of leaf serrations, and mir3194/b double mutant almost entirely
suppressed serration formation [59], suggesting that MIR319D is essential for leaf development with a
possible low expression level in leaves.

miR319 is a conserved and ancient plant miRNA family and plays important roles in plant
morphological adaptation to environmental conditions by targeting TCP for degradation. The miR319
and miR159 share highly similarity in mature miRNA sequence, secondary structure, conservation
pattern and biogenesis in Arabidopsis. miR319 and miR159 are proposed to evolve from a common
ancestor in land plants [105]. miR159 did not induce the cleavage of TCP mRNAs due to the specificity
of sequences, while miR319 mediated the cleavage of MYB33 and MYB65 mRNA, which are pivotal
targets of miR159 [101,105]. Two miR319 copies were identified in the genome of M. polymorpha,
which also contains two MpTCP genes [106]. However, the two MpTCP genes have no possible
miR319-targeting site and one target of miR319 was identified as MpMYB33 [106,107]. In Physcomitrella
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and Selaginella, the TCP genes also have no miR319-targeting sites [108-110], indicating that miR319
regulation of CIN-like TCP possibly evolve after the divergence of lycophytes and euphyllophytes.
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Figure 3. An overview of the regulation mechanisms of CIN-like TCP transcription factors during
leaf development. The external stimuli and internal factors are summarized at the left column. The
schematic diagram includes the regulation mechanisms of CIN-like TCPs at the transcriptional level,
at the post-transcriptional level, and at the protein level. The arrows directly pointing on the double
helix symbols indicate transcriptional regulations. The arrows pointing to the proteins indicate the
regulations of protein stabilities or antagonistic functions. The proteins related with the “265” symbols
indicate protein degradation through the ubiquitin-26S proteasome pathway. The blue arrows represent
the positive regulation, and the red arrows with dash-headed ends indicate the negative regulation. The
green arrows and red dash-headed ends at the double-helix icons indicates the activation and repression
of gene expression, respectively. All the unknown factors are indicated with question marks. R:FR,
red light: far red light ratio; YUCs, YUCCAs; LOX2, LIPOXYGENASE 2; SAP11, SECRETED AY-WB
PROTEIN 11; ARR16, ARABIDOPSIS RESPONSE REGULATOR 16; IAA3, INDOLE-3-ACETIC ACID
INDUCIBLE 3; BRM, BRAHMA; TIE1, TCP INTERACTOR CONTAINING EAR MOTIF PROTEIN 1;
TEAR1, TIE1-ASSOCIATED RING-TYPE E3 LIGASE 1.

7. Chromatin Remodeling Complexes Regulate the Activity of CIN-Like TCPs

The activity of CIN-like TCPs is controlled by chromatin remodeling complexes including
SWITCH/SUCROSE NONFERMENTING (SWI/SNF) complex and TCP INTERACTOR CONTAINING
EARMOTIF PROTEIN 1 (TIE1)-TOPLESS (TPL)/TOPLESS-RELATED (TPR) complex at the protein level
(Figure 3). SWI/SNF complexes use ATPase to provide the energy in deciding the nucleosome position
conformation and thus determining the accessibility of chromatin [111]. BRAHMA (BRM) encodes
a SWI/SNF ATPase in Arabidopsis [112-114]. The hypomorphic mutations in BRM suppressed the
phenotypes including fewer trichomes and smooth margins in TCP4 overexpression lines [114]. And the
hypomorphic brm mutants produced curled leaves and delayed leaf maturation resembling the multiple
cin-like tcp mutants, indicating that BRM promotes the activity of CIN-like TCPs (Figure 3) [114]. BRM
interacts with TCP4 and together bind to the promoter region of type A ARABIDOPSIS RESPONSE
REGULATOR (ARR) gene ARR16 to promote the expression of ARR16 (Figure 3) [115]. The modulation
of CIN-like TCP activity by BRM provides a fine regulation of leaf sensitivity to the phytohormone
cytokinin (CK) during leaf development.
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Compared with the positive regulation of CIN-like TCP activity mediated by BRM, TIE1-TPL/TPR
complexes repressed CIN-like TCP activity by recruiting histone deacetylases (HDA) (Figure 3) [116].
TIE1 was identified to regulate TCP activity by analyzing a gain-of-function mutant tiel-D obtained by
screening a collection of activation tagging mutants for leaf-defective ones. Overexpression of TIET in
tiel-D or in transgenic plants using CaMV 35S promoter to drive TIE1 all led to curled and serrated
leaves that are observed in the multiple cin-like tcp mutants [116]. TIEI encodes a transcriptional
repressor containing a typical EAR motif at the C-terminal end. Indeed, TIE1 has transcriptional
repression activity and directly interacts with the corepressor TPL/TPRs through EAR motif. TIE1
also interacts with CIN-like TCPs via the N-terminal domain. Consequently, TIE1 suppresses the
activity of CIN-like TCPs by acting as a bridge connecting corepressor TPL/TPRs with CIN-like TCPs
during leaf development (Figure 3) [116]. Interestingly, TIE1 also interacted with BRC1 belonging
to CYC/TB1-like TCP group [40]. TIEI had overlapping expression pattern with BRCI in young
axillary buds and overexpression of TIE1 resulted in excessive branches, indicating that TIE1 also
represses the activity of BRC1 during shoot branching [40]. The function of TIE1 is conserved in
controlling shoot branching in cotton (Gossypium hirsutum) [117]. GhTIE1 interacted with CYC subclade
proteins GhBRC1, GhBRC2, and GhTCP13 in vivo. Silencing of GhTIE1 in cotton seriously decreased
shoot branching [117]. A similar mechanism in suppression of CIN-like TCP activity is mediated by
SPOROCYTELESS/NOZZLE (SPL/NZZ) during ovule development [118]. SPL/NZZ is a key regulator
responsible for promoting the differentiation of megasporocytes. No megasporocytes were formed in
the ovules of spl/nzz mutants. SPL/NZZ also contains a typical EAR repressor motif at the C-terminal
domain and has the transcriptional repression activity. SPL/NZZ uses C-terminal EAR motif to interact
with TPL/TPRs and uses its N-terminal domain to interact with CIN-like TCPs [118]. Overexpression
of SPL in T-DNA activation tagging mutant spl-D caused the defective ovule arrangement in ovaries
resembling to that of the multiple cin-like tcp mutants. Consistently, overexpression of the CIN-like
TCPs led to no megasporocytes resembling the phenotype of spl loss-of-function mutants [118]. These
results indicate that SPL inhibits the activity of CIN-like TCPs in a way similar to TIE1 by connecting
TPL/TPR corepressors with CIN-like TCPs.

The regulation of CIN-like TCP activity by TIE1, SPL or BRM during leaf or ovule development
is parallel to the regulation of key regulators in auxin signaling. The EAR motif-containing AUXIN
(AUX)/INDOLE-3-ACETIC ACID (IAA) repressors mediate auxin signaling by recruiting TPL/TPRs
to suppress the activity of AUXIN RESPONSE FACTORS (ARFs) [119-121]. Auxin triggers the
degradation of AUX/IAA via 26S proteasome, the released ARFs such as MONOPTEROS (MP) bind
to SWI/SNF chromatin remodeling ATPases BRM to promote the accessibility of chromatin and the
expression of downstream genes. Interestingly, TIE1 is also an unstable protein as AUX/IAA repressors
and the degradation of TIE1 is mediated by an E3 ligase TIE1-ASSOCIATED RING-TYPE E3 LIGASE1
(TEAR1) (Figure 3) [122]. Disruption of TEARI leads to serrated and curled leaves similar to that
observed in the multiple cin-like tcp mutants and tiel-D [122]. These findings suggest that TEAR1
indirectly regulates the activity of CIN-like TCPs by switching the interactors of CIN-like TCPs from
TIE1 to BRM (Figure 3), thus changing the chromatin state to control leaf development. However, the
signals triggering the TIE1 degradation to release the suppression of CIN-like TCPs by TEAR1 need to
be further identified.

8. Concluding Remarks and Perspectives

CIN-like TCPs are key transcription factors essential for plant growth and development in
response to environmental cues and internal signals. The temporal and spatial activity of CIN-like
TCPs determines cell proliferation, expansion and differentiation of cells in different organs in shaping
plant morphology at various developmental stages. Consequently, the fine-tuning of CIN-like TCP
activity is critical for plant developmental plasticity. At the transcriptional level, CIN-like TCPs are
dynamically and specifically expressed in organs and also are induced by environmental signals
including light and temperature [14,92,95]. However, the upstream regulation which determines the
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dynamic expression pattern and induction of CIN-like TCP genes are insufficient. The transcriptional
repressor RABBIT EARS (RBE) has been reported to decreased the expression of TCP4, TCP5, TCP13
and TCP17 in promoting petal growth and TCP4 and TCP5 are possibly direct targets of RBE [69,71].
More studies on detailed analysis of the promoter regions of CIN-like TCPs are necessary for elucidating
other upstream regulators, especially the direct regulators. The truncated promoters can be used to
drive reporters in determining the minimal regions required for the expression patterns of CIN-like
TCPs. Transcription factors directly interacting with the promoters of CIN-like TCPs could be identified
by yeast-one-hybrid screening.

CIN-like TCPs are central for regulating biosynthesis and signaling of different phytohormones
including auxin, JA and brassinosteroid (BR) [53,123,124]. However, little is known about how
phytohormones regulate CIN-like TCPs. It has been shown that auxin, gibberellin (GA), strigolactone
(SL) and cytokinin (CK) regulate BRC1 belonging to CYC/TB1-like TCP group of class I TCPs [36,125,126].
The decreased auxin level by overexpression of IJAA CARBOXYL METHYLTRANSFERASE1 (IAMT1)
which converted IAA to methyl-IAA ester led to curly leaves and reduced the expression level of some
CIN-like TCPs [127], indicating that auxin positively regulates CIN-like TCPs at the transcriptional
level. Further studies are needed to determine whether other plant hormones and environmental
signals except light and temperature could possibly regulate CIN-like TCPs and how these signals
could be integrated to control the activity of CIN-like TCPs.

At the post-transcriptional level, the miR319-TCP regulation module is conserved and widely
studied in several plant species [13,63]. Could the other miRNAs targeting CIN-like TCPs exist in
different plant species? which are those transcription factors deciding the expression level and pattern
of MIR319 genes? These questions are still open.

At the protein level, we know little about the degradation mechanisms of CIN-like TCPs mediated
by 26S proteasome or other protein degradation pathways. The regulation mechanisms of CIN-like
TCPs by class I TCP transcription factors and other interacting proteins are still largely unknown. It is
still a challenge to thoroughly understand the shaping of plant morphology controlled by the CIN-like
TCP-centered network under various environmental and developmental conditions in Arabidopsis and
the other plant species.
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Abstract: Unlike seed plants, ferns leaves are considered to be structures with delayed determinacy,
with a leaf apical meristem similar to the shoot apical meristems. To better understand the meristematic
organization during leaf development and determinacy control, we analyzed the cell divisions and
expression of Class I KNOX genes in Mickelia scandens, a fern that produces larger leaves with more
pinnae in its climbing form than in its terrestrial form. We performed anatomical, in situ hybridization,
and gRT-PCR experiments with histone H4 (cell division marker) and Class I KNOX genes. We found
that Class I KNOX genes are expressed in shoot apical meristems, leaf apical meristems, and pinnae
primordia. During early development, cell divisions occur in the most distal regions of the analyzed
structures, including pinnae, and are not restricted to apical cells. Fern leaves and pinnae bear apical
meristems that may partially act as indeterminate shoots, supporting the hypothesis of homology
between shoots and leaves. Class I KNOX expression is correlated with indeterminacy in the apex and
leaf of ferns, suggesting a conserved function for these genes in euphyllophytes with compound leaves.

Keywords: apical meristems; Class | KNOX genes; compound leaves; determinacy; Dryopteridaceae;
ferns; leaf development; pinna development; shoot development

1. Introduction

Vascular plant organs are classically defined based on their position; on their tissue organization
(symmetry axes and vascular tissue); and on the presence, position, and activity of their meristems [1,2].
With these criteria, leaves are lateral determinate organs generally with an abaxial-adaxial asymmetry,
and these features seem to generally apply well to leaves in seed plants. On the other hand, shoots
are characterized by indeterminacy and are marked by the expression of Class I KNOTTED-LIKE
HOMEOBOX (KNOX) genes in the shoot apical meristem (SAM) [3]. This class of genes belongs to the
superclass three amino acid loop extension (TALE) of homeodomain proteins [4,5]. The downregulation
of Class I KNOX is one of the first indications of the development of a determinate leaf primordium
in seed plants [6,7]. Plants with defective Class I KNOX genes may be unable to maintain the SAM,
as indicated by the mutants shoot meristemless (STM) in Arabidopsis thaliana (L.) Heynh. [8,9] and
by mutants carrying malfunctioning alleles such as knotted1 in maize that have defective branching
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and lateral organ formation [6,10]. In most vascular plants, when Class I KNOX genes are naturally
expressed in the leaf primordium, the resulting morphology usually will be a compound leaf, as
demonstrated by Bharathan et al. [7] in an extensive exploration of different groups (including many
angiosperms, the cycad Zamia floridana A. DC., and the fern Anogramma chaerophylla (Desv.) link).
This rule seems to have few known exceptions, except for legumes [11]. By analyzing Cardamine
hirsuta L., a crucifer related to Arabidopsis with dissected leaves, Hay and Tsiantis [12] concluded that
the expression of the STM homolog in the leaf primordium delays differentiation pathways, allowing
leaflet initiation, while Arabidopsis thaliana produces simple leaves due to the exclusion of Class | KNOX
expression from the leaf primordium. Class I KNOX genes have been found to be expressed and have a
function in the meristematic regions of various organs in seed plants, and as such have been related
to indeterminacy [10,13,14]. Thus, compound leaves can be interpreted as structures with a delayed
determinacy during their development, and Class I KNOX facilitates leaflet formation [7,15,16].

Fern leaves are different from most seed plant leaves. For example, unlike seed plants, many fern
leaves have a leaf apical meristem (LAM). In ferns, the LAM is responsible for a transient indeterminacy
during leaf development, usually producing lateral pinnae during a longer period than the regular
compound leaf of a seed plant. The LAM and SAM structure of ferns is also remarkably unique, in that
they both have a distinctive prominent apical cell and a peripheral zone that together compose the
entire LAM or SAM [17-22]. Some ferns in the orders Marattiales and Ophioglossales do not have only
a single apical cell but instead have a group of apical initial cells [18,23]. However, the marattioid fern
Angiopteris lygodiifolin Rosenst. has only a single initial apical cell in its shoot apex, as detected in a
more detailed analysis [24]. Another key difference between fern and seed plants’ leaf developments is
that fern leaves mainly develop from the LAM and a marginal meristem (MM) composed of marginal
and submarginal initials [21,22].

The expression analyses of two Class | KNOX genes in Elaphoglossum peltatum (Sw.) Urb. {. peltatum
(Dryopteridaceae) characterize it as having a multicellular SAM with an apical initial and actively
dividing surrounding cells [20], supporting previous work that proposed zonation for a multicellular
meristem based on anatomical evidence [17,18]. Class I KNOX transcripts were also detected in
leaf primordia and in the multicellular apex of the ferns Anogramma chaerophyla [7] and Ceratopteris
richardii Brongn. [25]. Proteins coded by this class of genes were detected in the same regions in
Osmunda regalis L. [26]. Few details are available about the expression in the pinnae primordia or in
the LAM, but the expression reported of Class I KNOX in the leaf primordium may be the cause of the
delayed determinacy of fern leaves [26].

Meristems seem to be the key character to understand the evolution and development of
fern leaves (fronds). Fern leaves resemble the indeterminate shoot by having an apical meristem,
producing lateral organs and having a transient or even persistent indeterminacy (as in the genera
Lygodium Sw., Nephrolepis Schott, Salpichlaena J. Sm. and Jamesonia Hook. and Grev., as reviewed in
Vasco et al., [27]). These features of the fern leaf do not fit the classical morphological concept of leaves
as they do for seed plants. According to these classical concepts, leaves are a distinct set of features
(e.g., determinacy and flattened morphology) that perfectly exclude stem features (e.g., indeterminacy
and cylindrical morphology) [28-30]. There is evidence that Class I KNOX genes are directly associated
with indeterminacy and are required to make compound leaves in many cases, representing a partial
homology with the shoot [15]. Class I KNOX genes are also an important marker of meristematic
activity in fern shoots [3].

Studies of Class I KNOX outside of spermatophytes are still necessary to better understand their
role in the development of leaves, particularly in ferns. For instance, transgenic Arabidopsis plants
overexpressing Ceratopteris richardii Class I KNOX genes have lobed leaves [25]. Ceratopteris richardii
Class I KNOX genes in Arabidopsis mutants only partially restore their functions, even with high levels
of transgene transcripts detected in complementation assays [3]. Because Class I KNOX proteins act
together with the other class of TALE proteins BELL to target the nucleus, it is possible that Ceratopteris
orthologs cannot interact with different BELL proteins in Arabidopsis [3]. In angiosperms, ARP genes,
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related to the development of lateral organs, are well-known to maintain the KNOX-off state in
leaves [16], but these two classes of genes seem to co-occur in meristems and leaf primordia in the
fern Osmunda regalis [26], suggesting that other regulatory mechanisms may be present. These data
reinforce the importance of new experiments about Class I KNOX genes in ferns to better understand
their potential function and role in shaping the fern body plan.

In order to gather more information concerning leaf and apical meristem organization, we studied
the expression of Class I KNOX genes in Mickelia scandens (Raddi) R. C. Moran, Labiak and Sundue
(Dryopteridaceae), a leptosporangiate fern endemic to the Brazilian Atlantic Rainforest. Mickelia scandens
has pinnate leaves that have distinct forms during its life cycle as a hemiepiphyte. It bears small leaves
and thin rhizomes in its terrestrial form and longer leaves with more pinnae in the thicker rhizomes of
its climbing form. This difference between terrestrial and climbing leaves is an important feature of the
genus [31-33]. A similar morphology was described for Mickelia guianensis (Aubl.) R.C. Moran, Labiak and
Sundue based on specimens from the French Guiana [31,32]. Mickelia guianensis terrestrial leaves are three
times narrower and with less pinnae than climbing leaves [31,32]. These differences are well documented
for several Mickelia species [33]. This abrupt and substantial change in form is a feature that characterizes
this plant as a species with a heteroblastic development, in contraposition to homoblastic species that
show only small and gradual changes during their development [34]. Mickelia R. C. Moran, Labiak and
Sundue is also the sister group of the genus Elaphoglossum Schott, a genus with mostly simple-leaved
species, whose plants have been the targets of evolutionary and developmental studies [20,35,36], making
Mickelia scandens a promising model to understand leaf development in ferns with compound leaves
successfully applying molecular techniques. Assuming that the differences in the size and number of
pinnae between the different forms of this plant represent a differential degree of determinacy, we aim to
better understand if the association of Class I KNOX expression with determinacy is true for ferns as it is
for seed plants, since these groups are separated by c. 327 Myr of evolution [37]. Our hypothesis is that
the Class I KNOX expression is stronger and longer in developing leaves of the climbing form and that
is possibly the form that presents more delayed determinacy when compared with the terrestrial form.
We also aim to better understand the meristematic structure of the developing leaves by studying cell
division patterns.

2. Results

During field collections, the clear dimorphism between the terrestrial and climbing forms of
leaves was obvious (Figure 1). Although we also noticed a slight variation in size inside each of these
categories, the terrestrial forms always have smaller leaves and shorter pinnae (Figure 1la—e) when
compared with the climbing forms (Figure 1f-j). We also made a single observation in the field where
one leaf from the climbing form had one anomalous pinna containing a basiscopic pinnule (Figure 1k).

We isolated three different KNOX gene homologs from Mickelia scandens (Supplementary Figure 51,
Supplementary Table S1) using degenerate PCR. Phylogenetic analyses indicate that two of them,
MsC1KNOX1 and MsC1KNOX2, are closely related to known fern Class I KNOX genes (Supplementary
Figure 52), while MsC2KNOX1 is a Class Il KNOX gene. We also cloned one gene that codes for
Histone H4, MisH4, that was used as a positive control and cell division marker.

To determine if there are differences in the patterns of expression of Class I KNOX genes in
Mickelia scandens terrestrial and climbing leaf types, we assessed their expression by in situ hybridization
(ISH). The ISH experiments show that MsCIKNOX1 and MsCIKNOX2 have similar temporal and
spatial expression patterns during shoot, leaf, and pinnae development (Figures 2—4). The MsCIKNOX1
expression appeared stronger than MsCIKNOX2 (Figures 2—4), although ISH experiments are not
quantitative. In the shoot apical meristem, MsCIKNOX1 and MsCIKNOX2 are expressed in the
apical cell and the derivative cells in the peripheral zone in most of the experiments (Figure 2a—e).
The expression of MsCIKNOX1 and MsC1KNOX2 is also detected in the procambial cells, which are
continuous with the SAM (Figure 2a,c). MsCIKNOX1 and MsC1KNOX2 expression were not detected
in the boundaries between the leaf primordium and the shoot apex (Figure 2b). We also detected Class I
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KNOX expression in the LAM and MM of developing leaves (Figure 2d). Occasionally, our experiments
show a clear expression of Class I KNOX genes in the SAM peripheral zone, but no expression in the
apical cell and in some of the surrounding prismatic cells (Figure 2d). This cell is bigger than derivative
cells that gradually reduce in size in the SAM (Figure 2e). To compare the patterns of cell division in the
developing shoot apex, we assessed the expression of Histone H4 (MsH4), which has a slightly similar
pattern when compared with Class I KNOX, being expressed in the shoot apex and in the developing
vascular system (Figure 2f).

(a-e)

Figure 1. Leaves in Mickelia scandens. (a—e) Samples of the terrestrial form and (f—j) from the climbing
form. The silhouettes are scans from actual leaves at the same scale. (k) Detail of the leaf of Figure 1f,
with a pinna bearing a basiscopic anomalous pinnule (arrow). Bars: (a—j) 10 cm; (k) 4 cm.

Figure 2. In situ hybridization of Class I KNOX genes and MsH4 in shoot apices of terrestrial (Tf) and
climbing (Cf) forms of Mickelia scandens. (a) Longitudinal section of Tf. Expression of MsCIKNOX1
in the shoot apical cell (arrowhead), leaf apical cell (*), derivative cells, and procambial strands (ps).
(b) Cf, longitudinal section. MsCIKNOX1 expression in a peripheral zone and procambium. Leaf
primordia position pointed out by arrowheads. (c) Longitudinal section of Tf. MsCIKNOX2 expression
in the shoot apical cell (arrowhead), derivative cells, and procambial strands (ps). (d) Longitudinal
section of Cf. In this apex, MsC1KNOX2 expression is not detected in the shoot apical cell. There are
procambial strands (arrowheads) connecting the SAM and the leaf primordia. (e) Transverse section of
Tf. MsC1KNOX2 expression in a large apical cell (arrowhead) and in the surrounding derivative cells.
(f) Longitudinal section of Cf. Scattered MsH4 expression in the SAM (white arrowhead) and in the
developing vascular system (black arrowheads). Bars: (a) 100, (b) 200, (c) 75, (d) 200, (e) 50, (f) 125 um.
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Figure 3. Investigations of leaf development in terrestrial (Tf) and climbing (Cf) forms in Mickelia scandens

by anatomical and expression analyses. Longitudinal sagittal sections in (a—c,f); paradermal sections
in (d,e). (a) Anatomical section of leaf apex bearing apical cell with a distal lenticular face (black
arrowhead) and two dividing proximal cutting faces (their limits pointed out by white arrowheads).
Inner derivative cells form the procambium (arrow). In situ hybridization (b—f). (b) MsCIKNOX1 (Tf)
and (c) MsC1KNOX2 (Cf) are expressed in the leaf apical cell (arrowhead), derivatives cells, and in
procambial strands (ps). (d) MsCIKNOX1 (Tf) and (e) MsC1KNOX2 (Tf) are expressed in young pinnae
primordia (arrowheads). (f) MsH4 expression indicates cell division in multiple cells in the apical
region and procambial strands (ps). Tf. Bars: (a,b) 50, (c) 200, (d—f) 100 um.
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Figure 4. Late leaf development in terrestrial (Tf) and climbing (Cf) forms of Mickelia scandens by

anatomical and expression analyses. Anatomical sections (a,b,k,1). (a) Pinnae primordia (arrowheads)
emerge from the margins of the Tf leaf. (b) Transverse section of the youngest pinna (p1) shows grouped
cells on its apex with evident periclinal divisions in Tf. The base has divisions in multiple planes,
visible in older primordia (p2 and p3). In situ hybridization (c—j). (c) MsH4 expression indicates cells
division in multiple adjacent cells at the apex of the pinna primordium and in the central axis, where
the vasculature will develop in the Tf. (d) As the pinnae primordium increases in size, developing
vascular traces express Class I KNOX genes, exemplified by MsC1KNOX1 in Cf. (e) MsC1KNOX1
in Cf and (f) MsCIKNOX2 in Cf are expressed in the entire young pinnae primordia. (g) MsH4 in
Tf, (h) tMsCIKNOX1 in Tf and (i) MsC1KNOX2 in Cf are all expressed throughout the entire pinnae
primordia, expression is gradually reduced in the abaxial side of older pinnae (arrowheads). (j) Cell
divisions detected by MsH4 expression in marginal cells, some indicated by arrows in Tf. (k) Anatomical
transverse section of the pinna primordium showing marginal cells (*) with outer lenticular faces of the
wall and submarginal initials, between adaxial (Ad) and abaxial (Ab) sides, and radial divisions in
the center (arrows) in Cf. (1) Anatomical paradermal section of the pinna primordium showing rows
of marginal cells, with anticlinal cutting faces, some indicated with arrows in Cf. Bars: (a,d,h,j) 100,
(b,c k1) 50, (e,£) 200, (g,i) 150 pm.
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We found that during leaf development, both leaf types have similar Class I KNOX expression
patterns in the LAM (apical initial and its derivatives, the peripheral cells). In general, the leaf
primordium has a distinct apical cell with a lenticular distal face of the wall and two cutting faces
(Figure 3a). The derivative cells undergo divisions, and inner cells are responsible for the establishment
of the procambium (Figure 3a). In the leaf apex, we detected the expression of MsCIKNOX1 and
MsC1KNOX2 in the LAM during leaf development (Figure 3b,c). MsC1KNOX1 and MsCIKNOX2
expression was also detected in the apical cell of the SAM and in the procambium (Figure 3b,c).
MsC1KNOX1 and MsC1KNOX2 expression was also detected in the margin of developing leaves
(Figure 2¢) and in a punctate pattern along the margin as the pinnae primordia arise (Figure 3d,e).
We detected a scattered MsH4 expression in the leaf apical initial, immediate derivative cells, and in
some procambial cells of the developing leaf primordium, confirming that a multicellular apical region
of the leaf is undergoing active cell division (Figure 3f).

Pinnae primordia emerge laterally on the developing leaf (Figure 4a). The pinna primordium
has in its apex grouped cells instead of a distinct single apical cell like the one that occurs in the LAM
(Figure 4b). The central region of the pinna, where the vasculature of the costa will develop, also
shows an evident expression of Msi4, as well as the grouped apical cells (Figure 4c). The expression of
MsC1KNOX1 and MsCIKNOX2 is detected in all the regions of the pinnae primordia at the beginning of
their development (Figure 4d-f) but is gradually reduced in the abaxial region in the older developing
primordia (Figure 4g,h). The expression of MsH4 also decreases in the abaxial region of the older pinnae
primordia, indicating an earlier cessation of cell division in the abaxial region compared to the adaxial
region of the pinnae (Figure 4i). In the older pinnae primordia, MsH4 expression is concentrated in
marginal cells (Figure 4j). In an anatomical analysis of the pinna primordium, it is possible to detect
cell divisions in the central vascular system and a denser cytoplasm in the adaxial side when compared
to the more vacuolized abaxial side, also revealing a late development of the adaxial region (Figure 4k).
The marginal cells of the pinna primordium are pyramidal, with an outer lenticular face, and are bigger
than other cells, making them remarkably similar to leaf apical cells in transverse sections, with two
cutting faces responsible for abaxial and adaxial divisions (Figure 4k). Marginal cells are organized
in longitudinal rows with other cutting faces that may play some role in the proximodistal growth
(Figure 41). However, based on our experiments, it is likely that the divisions responsible for the
growth in length of the pinnae take place mainly in the apical region (acropetal growth), and marginal
cells act later in development, being more responsible for cell divisions that will contribute to the
lamina development.

Our initial hypothesis was that Class I KNOX expression was stronger and longer in the developing
leaves of the climbing form (that are bigger and bear more pinnae, supposedly indeterminate for a
longer time), when compared with the developing leaves of the terrestrial form. Because we did not find
differences in the Class I KNOX expression patterns in any tissues between the two forms during our ISH
analysis, we measured the relative expression of Class I KNOX through qRT-PCR experiments (Figure S3,
Supplementary Table S2). Since our study species was collected in the wild, we had limited material and
also pooled individuals for each sample. Our preliminary analyses suggest that the relative expression
amongst the four different samples (developing leaves of terrestrial form, shoot apices of terrestrial form,
developing leaves of climbing form, and shoot apices of climbing form) is significantly different for each
gene (ANOVA; MsC1IKNOX1 p = 0.0037 and MsCIKNOX2 p = 0.0278; Supplementary Tables S3 and 54).
A Tukey test showed that the relative expression of MsC1IKNOX1 is significantly different between the
sample containing developing leaves in the terrestrial form compared to all the other analyzed samples
(Supplementary Table S3). However, the Tukey test showed that the relative expression of MsCIKNOX2
was only significantly different between the sample containing the developing leaves of the terrestrial and
climbing forms (Supplementary Table S4).
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3. Discussion

Four main conclusions can be made from our results presented here: (i) there is a multicellular
structure at the tip of developing shoots, leaves, and pinnae expressing Class I KNOX and bearing
dividing cells (based on MsH4 expression) that may include or not (for pinnae apices) a prominent
apical cell; (ii) despite the differences in the overall size and morphology of the leaves of climbing
and terrestrial forms, their pattern of development is similar, possibly differing only in how long the
determination is delayed; (iii) a reduction in the size and number of pinnae—interpreted by us as
the result of earlier determination—is possibly correlated to a reduction in Class I KNOX expression;
(iv) fern leaves have two types of meristems, LAM and MM, in part specified by Class I KNOX that are
integral for leaf development.

The anatomical structure of shoots, leaves, and pinnae apices is very similar. In addition, all
of these meristems express Class I KNOX. The main differences between them are the presence of
single apical cells (absent in the pinnae apices) and their number of dividing planes (three in the SAM
apical cell and two in the LAM apical cell). The absence of a distinct apical cell in the apices of pinnae
primordia cannot be interpreted as an absence of meristems. Although more studies concerning other
genes and leaf morphologies are necessary to expand this conclusion to other fern groups, our data
indicates the presence of a transient apical meristem in the pinnae of Mickelia scandens without the
presence of a prominent apical cell. The widespread reference to a unicellular meristem for ferns
by some authors may be the result of many textbooks that describe in detail the single apical cell
and its cutting faces, while lacking further information about the other meristematic cells in this
group (e.g., [22,38-40]), contributing to the propagation of this concept. A well-documented work that
strongly defended the idea of a single-celled meristem was based on the observation of apical cell
division planes in more than 50 genera of ferns [21]. However, several authors [17,18,41,42] proposed
cytohistological zonation schemes for a multicellular structure, based mainly on the fact that the apical
initial cell rarely divides. Based on the Class I KNOX expression data in Elaphoglossum peltatum f.
peltatum and reviewing these previous studies, a recent study proposed a simplified zonation for the
shoot apical meristem of ferns: a single apical cell that rarely divides and may not express Class I
KNOX genes in some apices, and a peripheral zone with rapidly dividing cells [20]. It is important to
highlight that even with data supporting a reduced mitotic activity for the single apical cells, they can
still divide in the SAM and LAM and are likely the ultimate source of all cells similar to the quiescent
center of seed plant meristems. The significance of the occasional absence of Class I KNOX expression
in the apical cells is not clear; however, these shoots were still active, as Class I KNOX genes were
detected in the peripheral zone of the SAM.

Our preliminary qRT-PCR experiments are the first ones to show that, in ferns, lower Class I
KNOX expression is possibly correlated to a more determinate structure. These data support the
conclusion that, based on Class I KNOX expression patterns, complex leaves should be interpreted
as partially indeterminate structures [7]. However, more adequate conditions are needed to confirm
this possibility, such as biological replicates and the use of plants grown in very controlled conditions,
as well as exploring the expression of Class I KNOX genes in other ferns with different leaf forms.
Further studies exploring the phenotype of fern mutants for Class I KNOX are also needed to test
our hypothesis when they become available. In the Mickelia scandens developing leaf, Class I KNOX
genes are expressed throughout the apical region, encompassing the apical cell to the cells of the first
pinnae primordia and reinforcing the presence of a multicellular apical meristem in the leaf, similar
to the shoot apex. The expression of Class I KNOX in the pinnae primordium, even as a terminal
unit, suggests some degree of indeterminacy. This is reinforced by the anomalous leaf (Figure 1) that
resembles other species of the genus, Mickelia furcata R.C. Moran, Labiak and Sundue, a plant with
bipinnate leaves at the basal pinnae [33]. Possibly, a plant overexpressing Class | KNOX will show a
similar phenotype. Additionally, cell division patterns at the pinna apex together with Class I KNOX
expression suggest a meristematic activity in this region, even though those pinnae apices do not have
an evident single apical cell or smaller derivative cells (Figure 4c,d). After the initial acropetal growth,
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the abaxial differentiation occurs preceding the adaxial differentiation, a phenomenon well-known
for flowering plants [43]. In ferns, this may be responsible for the typical coiling of young fern leaves
(known as a fiddlehead or crozier), thus protecting these meristematic apices of the leaf and pinnae.

Fern apical meristems should be interpreted as a complex and highly organized interconnected
network of cells with indeterminate fates, specialized zones (apical cells vs. peripheral cells), and the
capacity for producing new organs (leaves or pinnae). Interestingly, many studies have interpreted
fern leaves as reiterative and fractal systems, in which the shoot apices generate structures that can
repeat some degree of their own shoot development [19,44,45]. In this sense, as already have been
stated by some authors [26,46,47], fern leaves and their segments could be interpreted evolutionarily
and ontogenetically as reduced shoots, and the presence of similar characteristics detected by us
in Mickelia scandens (i.e., Class I KNOX expression during initial development and cell divisions
concentrated in apical and surrounding cells) gives support for this interpretation. The presence of
such features in developing leaves is strong evidence that Agnes Arber’s Partial Shoot Theory [28,29]
is correct. Arber said that “the leaf is a partial-shoot, arising laterally from a parent whole-shoot”,
based mainly on the presence of lateral structures arising from axial elements in the leaf, as well as
in shoots. According to her, the shoot has a gradient of determination between stems and leaves,
and compound leaves present the same gradient. Her theory should be strongly discussed now that
new molecular evidence, as our results and other studies discussed here, is available. Our results point
to multicellular meristematic structures in the shoot, leaf, and pinna apices, also reinforcing her idea
of “identity-in-parallel”, in which structures may be put in a relation of the part to the whole, but is
also equivalent as a whole [28]. The pinna is part of the shoot, but ultimately is equivalent to a whole
shoot, carrying the potential of producing new lateral structures. The observed anomalous pinna with
a lateral segment (Figure 1k) could be evidence of this potential.

The future of fern studies is promising, as new sequences are available in transcriptome projects
like oneKP [48] and the first fern genomes are already available for Salvinia cucullata Roxb. and Azolla
filiculoides Lam. [49,50]. The discovery of fern genes related to apical meristems and their regulation
will certainly increase our understanding and can even detail better the zonation and functions of
different cell niches. New developmental studies with multiple approaches, uniting these modern
molecular analyses with classical anatomical data for developmental studies in ferns will certainly
help us to better understand the evolution of all leaves.

4. Materials and Methods

4.1. Plant Material

Shoot apices (usually containing small leaf primordia covered by scales) and developing leaves
of the terrestrial and climbing forms of Mickelia scandens sporophytes were collected from specimens
that occur in a dense population in Fontes do Ipiranga State Park (Sao Paulo, Brazil). A voucher
specimen is deposited in the SP Herbarium (Prado and Cruz 2332). Part of the material was stored in
RNAlater® for RNA extraction and some were fixed in formalin-acetic acid-ethanol 50% (FAA) for in
situ hybridization (ISH) experiments and anatomy.

4.2. RNA extraction and cDNA Synthesis

The total RNA of the shoot apices and developing leaves was extracted with QIAGEN RNeasy mini kit
(Qiagen, Hilden, Germany). A cDNA synthesis was performed using Superscript III (Invitrogen, Carlsbad,
CA, USA), following the manufacturers’ protocols for these procedures (except for gRT-PCR). The cDNA
for gRT-PCR was obtained with SuperScript IV VILO Master Mix (Invitrogen, Carlsbad, CA, USA).

4.3. Genes Isolation and Phylogenetic Analyses

Degenerate primers were used for KNOX genes (F: 5 -CCBGARCTBGACMABTTYATGG-3', R:
5-CCAGTGSCKYTTCCKYTGRTTDATRAACC-3’), based on a previous study [20] for H4 genes (F:
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5’-ATGTCWGGMMGRGGWAAGGGAGG-3/, R: 5'-CCRAADCCRTARAGVGTHCKKCC-3’) designed
for this study to be used as a cell division marker, as used in previous studies [51,52]. Fragments
were cloned in Invitrogen™ pCR™ 2.1-TOPO™ 3.9 kb plasmids and sequenced with M13 primers.
The sequences (Supplementary Table S1) were then analyzed by the NCBI Conserved Domain Search
tool [53] to detect the presence of KNOX and H4 domains. Unlike Class I, the phylogenetically distinct
Class I KNOX that is also a target of these primers is related to tissue differentiation and not to cell
proliferation in land plants [3]. In order to identify our cloned KNOX fragments, the sequences were
aligned with other known KNOX genes (sequences referenced in two previous studies) [3,20] with
Geneious version 10.1.2 [54]. Phylogenetic relationships were inferred from the nucleotide data using
maximum likelihood (ML) analyses. ML searches for the best tree and bootstrap were performed
simultaneously with 300 replicates with RaxML version 8 [55], partitioned by codon position with
GTR +I' + I model as recommended in a PartitionFinder2 analysis [56].

4.4. Anatomy and In Situ Hybridization (ISH) Experiments

Fixed material was embedded in paraplast (Fisher) and sectioned on a rotary microtome.
For histological analyses, sections were stained with Safranin O 1% in ethanol, Crystal Violet 1%
aqueous and Orange G 1% in clove oil [57]. For the ISH experiments, we followed the procedures
previously described [58,59] using specific probes for Class I KNOX and H4 generated with specific
primers designed for them (Supplementary Table S5). The similarity between probes is 57% in Class I
KNOX genes (Supplementary Figure S1).

4.5. Quantitative Real-Time PCR

In order to quantify the expression of Class I KNOX genes in the shoot apices and developing leaves of
terrestrial and climbing forms, we assessed the transcript abundance by a qRT-PCR analysis using a 7500
Real-Time PCR system (Applied Biosystems® by Life Technologies, NY, USA). A 3-actin specific sequence
was accessed with PCR reactions with primers (F: 5'-GATGGATCCTCCAATCCAGACACTGTA-3’ and
R: 5’-GTATTGTGTTGGACTCTGGTGATGGTGT-3") and was used as a housekeeping gene. The PCR
reactions were performed with 5 pl of cDNA; 12.5 pl of SYBR Green Master Mix (Applied Biosystems);
10 pmol/ul concentration of primers (specifically designed for qRT-PCR analysis, Supplementary Table S5);
and the following cycling conditions: 95 °C for 10 min, 44 cycles of 95 °C for 15 s, 55 °C for 30 s and
72 °C for 1 min. All the reactions were performed in three technical replicates, each one analyzing the
expression in four different samples: the developing leaves of the terrestrial form, the shoot apices of the
terrestrial form, the developing leaves of the climbing form, and the shoot apices of the climbing form.
Each sample was extracted from a single pool of material containing at least five different individuals
randomly collected from the population. The expression was calculated using the ACr (difference between
threshold cycles) method [60], and the statistical significance was determined with ACt values by using a
one-way ANOVA test followed by Tukey’s pairwise comparison (p < 0.05). This preliminary analysis can
detect only that these four samples have different relative gene expression, potentially underestimating
some of the differences due to biological variations between different individuals within the population.
Raw data and calculations are available (Supplementary Tables S2-54).

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/12/
4295/s1. Figure S1, Alignment of partial KNOX sequences with conserved domains and probe binding sites;
Figure S2, Phylogenetic tree showing relationships between KNOX genes; Figure S3, Relative expression of Class I
KNOX genes in different pools; Table S1, GenBank accession numbers of obtained sequences; Table S2, Ct values of
qRT-PCR and relative expression calculation; Table S3, ANOVA and Tukey’s pairwise comparison of MsC1IKNOX1
expression in different tissues; Table S4, ANOVA and Tukey’s pairwise comparison of MsC1KNOX2 expression in
different tissues; Table S5, Primer sequences.
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Class  KNOX  Class I KNOTTED-LIKE HOMEOBOX

ISH In-situ hybridization

LAM Leaf apical meristem

MM Marginal meristem

qRT-PCR Real-time quantitative reverse transcription polymerase chain reaction
SAM Shoot apical meristem
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Abstract: Despite the implications leaves have for life, their origin and development remain debated.
Analyses across ferns and seed plants are fundamental to address the conservation or independent
origins of megaphyllous leaf developmental mechanisms. Class I KNOX expression studies have been
used to understand leaf development and, in ferns, have only been conducted in species with divided
leaves. We performed expression analyses of the Class I KNOX and Histone H4 genes throughout
the development of leaf primordia in two simple-leaved and one divided-leaved fern taxa. We
found Class I KNOX are expressed (1) throughout young and early developing leaves of simple
and divided-leaved ferns, (2) later into leaf development of divided-leaved species compared to
simple-leaved species, and (3) at the leaf primordium apex and margins. H4 expression is similar
in young leaf primordia of simple and divided leaves. Persistent Class I KNOX expression at the
margins of divided leaf primordia compared with simple leaf primordia indicates that temporal and
spatial patterns of Class I KNOX expression correlate with different fern leaf morphologies. However,
our results also indicate that Class I KNOX expression alone is not sufficient to promote divided leaf
development in ferns. Class [ KNOX patterns of expression in fern leaves support the conservation
of an independently recruited developmental mechanism for leaf dissection in megaphylls, the
shoot-like nature of fern leaves compared with seed plant leaves, and the critical role marginal
meristems play in fern leaf development.

Keywords: Class | KNOX; Dryopteridaceae; Elaphoglossum; ferns; fronds; leaf diversity; leaf evolution
and development; megaphyll

1. Introduction

Leaves are the dominant organ in most extant vascular plants and their evolutionary origin, likely
in the early Devonian, fundamentally changed not only life on earth, but also the basic Bauplan of
vascular plants [1,2]. Despite this profound importance, the number of times leaves have evolved in
vascular plants is still debated, and it is mainly within Euphyllophytes (ferns and seed plants) that
the number of times leaves have evolved is still not settled. In Euphyllophytes, leaves have been
hypothesized to have evolved from one up to nine times [3-6]. Particularly in the ferns, there is currently
no consensus on whether the leaves of major lineages such as the Equisetaceae (horsetails), Psilotaceae
(whisk ferns), Ophioglossaceae, Marattiaceae, and the leptosporangiate ferns are homologous [7,8].

The leaves of the Euphyllophytes are also called megaphylls and are characterized by an enormous
morphological diversity; they can be simple, lobed, pedate, digitate, or divided (also termed compound
or dissected). The genetic developmental basis of this enormous diversity has been mainly studied in
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model angiosperms, but it is largely unknown in ferns. Comparative analyses across Euphyllophyte
lineages are essential to gain the comparative data needed to resolve the long-standing questions
of leaf evolution and development. Comparative approaches to understand the genetic pathway
affecting megaphyll shape outside of angiosperms have mainly focused on the Class | KNOTTED1-like
HOMEOBOX (Class I KNOX) genes [9-11].

In angiosperms, genetic studies have explored the basis for differences in leaf division in
the species with simple leaves: Arabidopsis thaliana, Zea mays, and Antirrhinum majus, compared
with species with divided leaves: Cardamine hirsuta, Lycopersicon esculentum, Pisum sativum, and
Medicago truncatula [12-14]. In angiosperms, Class I KNOX proteins are generally necessary for
meristem maintenance and are expressed throughout the vegetative and floral shoot apical meristems
(SAMs) and down-regulated in leaf primordia and floral organs [14-21]. In angiosperms with simple
leaves, Class IKNOX proteins are expressed in the SAM, and down-regulated in incipient leaf primordia
and throughout primordium development [14,17,20]. In many angiosperms with divided leaves,
Class I KNOX proteins are also expressed in the SAM and down-regulated in incipient leaf primordia;
however, they are expressed later in young leaf primordia and in sites of leaflet initiation [9,22]. Class I
KNOX expression and function in leaves have been shown to underlie divided leaf morphology in
angiosperms [9,22,23]. In angiosperms with divided leaves, over-expression of Class I KNOX produces
mature leaves that are highly divided [24-26]. Meanwhile, in plant species with simple leaves, an
overexpression of Class I KNOX genes does not result in divided leaves, but leaves with lobes or
crenulated margins [17,24,27,28]. Therefore, Class I KNOX genes are required, but not sufficient, to
produce divided leaves in angiosperms [9,29].

In gymnosperms, Class I KNOX expression has been reported for Picea abies (simple leaves) [30],
Zamia floridans (divided leaves) [9], and Welwitschia mirabilis (simple leaves) [31]. These studies have
shown that Class I KNOX are expressed in the SAM and down-regulated in incipient leaf primordia of
simple and divided gymnosperms leaves, and up-regulated in divided leaved species. These patterns
of expression are similar to those found in angiosperms, providing support for the homology of seed
plant leaves.

For ferns, the expression profiles of Class I KNOX genes have been studied only in the species
with divided leaves: Osmunda regalis [10], Anogramma chaerophylla [9], Ceratopteris richardii [32], and
Elaphoglossum peltatum f. peltatum [33]. These studies showed that Class I KNOX genes are expressed
in the fern’s SAM, in young leaf primordia, and in the margins of old leaf primordia, similar to seed
plants; but unlike in most seed plants, Class I KNOX genes were found not to be down-regulated
in incipient leaf primordia of ferns with divided leaves [9,32]. This lack of down-regulation has
been interpreted either as leaves of ferns and seed plants having evolved independently [9], or as a
reflection of the delayed determinacy (i.e., persistent meristematic activity) exhibited by fern leaves [10].
However, Class I KNOX expression in the margins of old leaf primordia in fern species with divided
leaves suggests that the same network for divided leaf development might be conserved in ferns
and seed plants [9,10,32]. Central to resolving this debate are ferns with simple leaves, whose Class I
KNOX expression patterns have not been studied before. The expression of Class I KNOX in simple
leaves in ferns will help to better understand if the differences in expression found between ferns and
angiosperms are linked to leaf morphology or if they can explain the different evolutionary origins of
fern and seed plants leaves. Such a comparative approach is fundamental to address questions about
the conservation or independent origins of megaphyllous leaf developmental mechanisms in plants.

Among leptosporangiate ferns, Elaphoglossum is one of the most diverse genera of ferns and
its nearly 600 species are characterized by simple entire leaves [34]. There are only six species of
Elaphoglossum that have divided leaves and four of them belong to a monophyletic group of 20 species,
Elaphoglossum section Squamipedia [35-37]. The species with divided leaves belonging to section
Squamipedia are E. colombianum (Maxon) Mickel, E. moorei (E. Britton) Christ, E. peltatum (Sw.) Urban,
and E. tripartitum (Hook. & Grev.) Mickel (Figure 1a). Phylogenetic molecular studies have shown that,
within section Squamipedia, the four species with divided leaves are not monophyletic and instead have
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had independent evolutionary origins from ancestors with simple, entire leaves [36] (Figure 1a). This
suggests that the four species with divided leaves in section Squamipedia represent four independent
reversions or new acquisitions of the divided condition [36,38], providing a fascinating system to study
the evolution and development of leaf division in ferns within a robust phylogenetic framework.
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Figure 1. Leaf morphological variation in the genus Elaphoglossum. (a) Phylogeny of Elaphoglossum
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with leaf dissection optimized onto the tree (characters were optimized under a parsimony criterium
with Mesquite V. 3.5). Black branches = divided leaves, white branches = simple leaves (modified
from [36]). Divided-leaf taxa are in bold and displayed as shadow diagrams (not to scale), and the letter
after species indicates species included in the expression studies. (b—d) The three closely related taxa
studied of Elaphoglossum section Squamipedia. (b) Elaphoglossum lloense (simple leaves). (c) Elaphoglossum
peltatum {. standleyi (simple leaves). (d) Elaphoglossum peltatum f. peltatum (divided leaves).

To better understand the genetic and developmental basis underlying fern leaf morphological
diversity and to compare this with what is known for ferns and seed plants, we isolated Class I KNOX
orthologs from ferns, investigated their evolution, and studied their expression in three taxa with
different leaf morphologies belonging to Elaphoglossum section Squamipedia (Figure 1). We also used
the expression of Histone H4 to better understand the leaf development of fern species with simple and
divided leaves. H4 genes have been previously used to assay cell-cycle activity in lateral organs and,
as such, they can be used as a cellular division marker [22,39].

The selected three taxa were as follows: Elaphoglossum lloense (Hook.) T. Moore with simple, entire
leaves, typical of most species within the genus (Figure 1b); Elaphoglossum peltatum {. standleyi (Maxon)
Mickel with simple leaves that are circular to lunate (Figure 1c); and E. peltatum f. peltatum, with
divided leaves cleaved medially into two halves, where the two halves are divided subdichotomously

91



Int. J. Mol. Sci. 2020, 21, 5180

up to seven times (Figure 1d). Elaphoglossum peltatum and its forms (two of them included in this study,
forma standleyi and forma peltatum) have perplexed taxonomists for years [36,40—44]. Several authors
have considered these forms as different species and not as merely phenotypic variants, because they
appear quite distinct from each other and may even grow intermixed and maintain their distinctness.
However, recent studies considered them as different forms of the same species, because examination
of herbarium specimens reveals many intermediates among all the forms and because phylogenetic
studies recover all three forms as part of the same clade, but not reciprocally monophyletic [35,36].
By studying these three closely related fern taxa with different leaf morphologies, two with simple
leaves, we wanted to better understand if the leaf developmental genes and their expression are
conserved among ferns and angiosperms with different leaf morphologies, and if differences in the
patterns of expression of Class [ KNOX genes correlate with different fern leaf morphologies.

2. Results

2.1. Evolutionary History of Class I KNOX Transcription Factors in Ferns

To gain a more detailed evolutionary history of Class I KNOX in ferns and to discover the putative
Elaphoglossum Class I KNOX gene copies for our expression studies, we isolated putative homologs
from selected species spanning the phylogeny of ferns, and all three orders of lycophytes by PCR and
database mining (Appendix A). We identified 13 new sequences by PCR. The final analyzed matrix
included 53 sequences, of which 22 belonged to ferns. The aligned matrix had 732 nucleotide and 244
amino acid characters and included the four domains encoded by KNOX genes (KNOX1, KNOX2, ELK,
and TALE-HD). The final data set is deposited in figshare (10.6084/m9.figshare.12576581). Analyses
of the nucleotide and amino acid sequences yielded congruent tree topologies. The phylogenetic
relationships found are presented as majority-rule consensus trees, including branch lengths and
posterior probability values for nodes (Figure 2).

Lycophyte sequences are not recovered as monophyletic, but in four different clades successively
sister to euphyllophytes. Each lineage of Lycophytes, Selaginellales, Lycopodiales, and Isoetales, has at
least two copies of Class I KNOX. Fern sequences form a monophyletic group sister to all seed plant
Class I KNOX genes. During the evolution of ferns, at least two major duplication events are inferred
(Figure 2, arrows), thus ferns have at least three copies of Class I KNOX genes. One copy (Copy 3 in
Figure 2), which is sister to the other two, consists exclusively of sequences from the heterosporous
ferns (order Salviniales). The other two copies of ferns Class I KNOX are sister to each other and
include all the major lineages of ferns. The two Class [ KNOX copies previously reported for the fern
Ceratopteris richardii (CrKNOX1 and CrKNOX2; Sano et al., 2005) belong to Fern Class I KNOX Copy 1
(Figure 2).

For two of our study species, Elaphoglossum peltatum £. peltatum (divided leaves) and E. peltatum
f. standleyi (simple leaves), our mining for KNOX genes using degenerate primers recovered Copyl
and Copy 2 of ferns Class | KNOX (EppC1KNOX1, EppC1KNOX2, EpsCIKNOX1, and EpsC1IKNOX2,
Figure 2); for E. lloense (simple leaves), we only recovered Copy 2 (EIICIKNOX2, Figure 2). We found
that all these Elaphoglossum Class I KNOX genes are recovered in a clade sister to all the well-known
Class I KNOX angiosperm genes (Figure 2). Comparison of both Class [ KNOX copies does not indicate
that they are differentially spliced (Figure S1).
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Figure 2. Phylogeny and evolution of Class I KNOX genes in ferns. (a,b) Phylograms inferred with
(a) nucleotides and (b) amino acids presented as majority-rule consensus trees recovered in Bayesian
inference (BI) analysis, including branch lengths and posterior probability (PP) values for nodes. Thick
branches indicate PP = 1. PP values below 0.90 are not displayed. Colors of clade names correspond to
the sources of the genes: green, bryophytes; purple, lycophytes; orange, ferns; light blue, gymnospermes;
dark blue, angiosperms. Species abbreviations are listed in Appendix A. Arrowheads in (a), genes used
for in situ hybridization analyses; arrows, inferred duplications within ferns.

2.2. Development of Simple and Divided Leaves of Elaphoglossum

One characteristic typical of most fern leaves is their coiled young emerging leaves. Those have
been referred to as crosiers or fiddleheads. Just as the whole leaf is coiled in bud, so too are its
subdivisions, the pinnae and/or pinnules. Presumably, the function of coiling is to protect the soft
meristematic parts concealed within the fiddlehead. Fiddleheads are highly distinctive of ferns because
they are absent from lycophytes and nearly all seed plants [7].

The three Elaphoglossum species studied here have long creeping stems (Figure 1b—d). Leaves are
distichous (two vertical columns on opposite sides of the stem), alternate, and distant. Leaf primordia
develop and grow slowly compared with the stem elongation rate, which is why in our studied species
there is a relatively long distance among the visible developing leaves. In general, when plants are
in the field growing with sufficient space and humidity, leaves only start to uncoil after the sixth
visible leaf (Vasco, pers. Obs.). Delayed leaf expansion seems to be a characteristic of ferns with long
creeping stems (Vasco, pers. Obs). Many studies of leaf development label leaves using plastochron
numbers. Using a similar terminology for this study was not possible, mainly because of the delayed
leaf expansion as described. Here, we defined five developmental stages based on leaf primordium
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morphology following our observations of histological sections and previously published fern leaf
morphological and anatomical analyses [45—49] (Figure 3).

Longitudinal sections through the SAM Longitudinal sections through the leaf primordium

T Al
/S:(\l Stagel \ E Stage 2 ) @Stagﬂ@

Figure 3. Stages of leaf development in the studied ferns and the meristems involved (pink = SAM,

blue = LAM, green = MM). Stage 0 (leaf initiation) Leaf initiation begins with the enlargement of an
epidermal cell close to the shoot apical meristem. Stage 1 (early leaf development): the leaf primordium
is a protrusion that is more or less circular in outline; it has a prominent leaf apical initial (LAI). The LAI
cuts off two files of cells that will become the marginal meristem (MM). Anatomically, the leaf apical
meristem (LAM) resembles the shoot apical meristem (SAM). Stage 2 (middle leaf development): the
apex of the leaf primordium is clearly curved with an apparent LAI and MM. Basipetal procambium
development is apparent. Stage 3 (late leaf development): the apex of the leaf primordium apex is
extremely curved towards the shoot apex owing to more cell divisions on the abaxial side. Stage 4 (late
crosier formation; pinna emergence): the crosier is apparent and the LAl is the same size as the rest of
the cells and no longer dominant; in divided leaves, acropetal development of pinnae is apparent (not
shown). Different stages not to scale. White regions in the SAM and LAM indicate leaf apical initial/s.

All leaves from the three Elaphoglossum species studied arise as lateral organs from the flank of
the SAM. Leaf initiation (Stage 0) is detected by the enlargement of a superficial cell on the flank
of the SAM. The morphology of leaf primordia of species with simple and divided leaves appears
similar from Stages 0-2; all primordia are simple, and no outgrowths are detectable in both simple and
divided leaved species (Figures 4 and 5). All leaf primordia are characterized by the presence of an
enlarged cell at the apex—the leaf apical initial (LAI), surrounded by small cells forming a wedge shape
around it, together comprising the leaf apical meristem (LAM) (LAI clearly seen in Figure 4b,c f,g,j and
Figure 5¢,g/k,1). In Stage 3 of leaf development, the apex of the leaf primordium apex is extremely
curved towards the shoot apex (Figure 4c,1). In Stage 4 of development, in species with divided leaves,
subdivisions are detectable in the apical portion of the leaf primordium, but the primordium and its
pinnae are still coiled (Figure 5n).

2.3. Patterns of Cell Division in Simple and Divided Leaves of Elaphoglossum

Generally, the first approach to study leaf development is to look at leaf primordia at different stages
of development under a scanning electron microscope (SEM). In our studied species, this approach
was not feasible owing to the presence of scales, which develop early, are large, and are copious around
the SAM and leaf primordia (Figure S2). Instead, to better understand the patterns of cell division in
developing simple and divided leaves of the three closely related species of Elaphoglossum with diverse
leaf morphologies, we used in situ hybridization analyses of the H4 genes. Using degenerate primers,
we recovered one copy of H4 for each of the three studied species (EIIH4, EppH4, EpsH4, Appendix B).

We found that H4 is expressed in punctate patterns during Stage 1 (Figure 4e,j) and Stage 2
(Figure 4b,f,g k). In these developmental stages, the H4 expression pattern is similar in species with
simple and divided leaves, suggesting that cell divisions in young leaf primordia are similar, occurring
randomly throughout the primordium and infrequently in the LAI, but more frequently in the cells
surrounding the LAIL In primordia of species with simple and divided leaves, H4 expression in Stage 3
is detected in the apical region behind the LAI and in the procambium (Figure 4c,1). However, at Stage 3,
in the species with simple leaves, H4 expression along the margins is continuous (Figure 4c), while H4
expression in divided leaves is discontinuous in the abaxial side, being detected in discrete regions of
the leaf margins (Figure 41). Although H4 expression is clearly different at Stage 3 between species with
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simple and divided leaves, morphologically, these primordia are indistinguishable (compare Figure 4c
with Figure 41). Transverse sections of Stage 4 leaf primordia of simple and divided developing leaves
show little expression of H4 in the petiole and random expression in the lamina (Figure 4h,m).

Figure 4. Cell division patterns as indicated by expression of Histone H4 genes during leaf development
in species of the fern genus Elaphoglossum with simple and divided leaves. (a—c) Elaphoglossum lloense
(simple leaves). (b,c) Expression patterns of EIH4, longitudinal sections through the leaf primordium.
(b) Expression in cells surrounding the leaf apical initial (LAI) and random cells throughout the
primordium. (c) Expression in the apical region behind the LAI, in the procambium, and in the apical
region of the margins. (d-h) Elaphoglossum peltatum f. standleyi (simple leaves). (e-h) Expression
patterns of EpsH4. (e-g) Longitudinal sections through the shoot apical meristem (SAM) and/or leaf
primordium. (e) Expression in random cells throughout the primordium that do not include the LAL
(f) Expression in the apical region right behind the LAI and in random cells throughout the primordium.
(g) Expression in the apical region behind the LAI, in the procambium, and in cells of the margins.
(h) Transverse section of old developing leaf, little expression in petiole and random expression
throughout the lamina. (i-m) Elaphoglossum peltatum f. peltatum (divided leaves). (j—-m) Expression
patterns of EppH4. (j-1) Longitudinal sections through the SAM and/or leaf primordium. (j) Expression
in the apical region including the LAI and in random cells throughout the primordium. (k) Expression
in the apical region behind the LAI, in the procambium, and in cells of the margins. (1) Expression
in the apical region, the procambium, and the margins; expression is discrete on the adaxial margin.
(m) Transverse section of old developing leaf, little expression in petiole and random expression
throughout the lamina. St, leaf developmental Stages following Figure 3; asterisk, SAM; brackets, LAI;
white arrowhead, procambium. Bars = 40 um.

2.4. Class I KNOX Gene Expression Patterns in Simple and Divided Leaves of the Fern Genus Elaphoglossum

To better understand the molecular genetic basis underlying fern leaf morphological diversity and
to compare our data with what is known for other ferns and seed plants, we used in situ hybridization
to determine whether changes in gene expression correlate with changes in leaf morphology in the
species with simple and divided leaves of our study group in the genus Elaphoglossum (Figure 1). We
compared and analyzed the expression profiles of two of the fern copies of the meristem maintenance
Class I KNOX genes (orthologous to all the well-known Class I KNOX angiosperm genes) specific to
Elaphoglossum lloense (simple leaves, only EICIKNOX2 copy), E. peltatum £. peltatum (divided leaves,
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EppC1KNOX1, EppC1KNOX2), and E. peltatum {. standleyi (simple leaves, EpsC1KNOX1, EpsC1IKNOX2)
(Figure 2 arrow heads).

We found that, in our studied species of Elaphoglossum, patterns of expression of both Class I
KNOX copies are similar to each other throughout leaf development (compare patterns of expression
in Figure 5 with Figure S3). Class I KNOX genes are expressed throughout the entire apical dome of the
shoot meristem and the procambium regardless of leaf morphology (Figure 5b,f,k,1). Interestingly, we
found evidence that indicates Class | KNOX are downregulated in incipient leaf primordia in at least
one of the species with simple leaves (Figure 5b). Because fern roots develop in the stem just beneath
the leaf primordium [50], we also detected Class I KNOX expression at developing roots, likely at the
root apical meristem (RAM) (Figure S3).
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Figure 5. Expression patterns of Class | KNOX genes during leaf development in species of the fern
genus Elaphoglossum with simple and divided leaves, longitudinal sections through the shoot apical
meristem (SAM) and/or leaf primordia. (a—d) Elaphoglossum lloense (simple leaves). (b—d) Expression
patterns of EICIKNOX2. (b) Expression throughout the entire apical dome of the SAM and procambium,
expression lacking from the incipient leaf primordium. (c) Expression throughout the entire young leaf
primordium, lacking from the LAI (d) Expression in the apical region, procambium, and the margins
distally particularly abaxially. (e—i) Elaphoglossum peltatum f. standleyi (simple leaves). (f-i). Expression
patterns in E. peltatum £. standleyi of (f=h) EpsCIKNOX2 and (i) EpsCIKNOX1. (f) Expression throughout
the entire apical dome of the SAM and procambium. (g) Expression in the SAM, procambium, and
throughout the entire young leaf primordium, lacking from the LAIL (h) Expression in the apical region,
procambium, and the margins, lacking from the LAL (i) Expression in the apical region including the
LAI and in the procambium; expression is absent from the margins. (j—n) Elaphoglossum peltatum f.
peltatum (divided leaves). (k—-n) Expression patterns of EppCIKNOX2. (k) Expression throughout the
entire apical dome of the SAM and procambium, including the incipient leaf primordium. (1) Expression
throughout the entire apical dome of the SAM, procambium, and throughout the entire young leaf
primordium, lacking from the LAI (m) Expression in the apical region, procambium, and margins;
expression is discrete on the adaxial margin. (n) Expression in the apical region where pinnae are
developing (white arrows), procambium, and adaxial margin. St, leaf developmental stages following
Figure 3; asterisks, SAM; brackets, LAI Bars = 40 um, (except n = 80 um).
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In E. lloense and E. peltatum f. standleyi, the species with simple leaves, Class I KNOX are expressed
throughout the entire young leaf primordium (not including the LAI) at Stage 1 (Figure 5c¢,g). This
expression is maintained throughout Stage 2 in the leaf apical region (including the LAI), procambium,
and in the margins (Figure 5h). Later in development, in Stages 3 and 4, Class I KNOX expression is
restricted to the leaf primordium apical region, procambium, and it starts disappearing or it is absent
from the margins (Figure 5d,i).

In E. peltatum f. peltatum, the species with divided leaves, Class I KNOX are expressed throughout
the entire young leaf primordium (not including the LAI) at Stage 1 (Figure 5k,1). This expression is
maintained throughout Stage 2 in the leaf apical region (including the LAI), the procambium, and in a
discontinuous pattern in the margins (Figure 5m). Later in development in Stage 4, when divisions are
evident at the apical region in older leaf primordia of the species with divided leaves, Class I KNOX
expression is detected at the apical region and developing divisions, in the procambium, and in the
margins of the leaf primordium adaxially (Figure 5n).

3. Discussion

3.1. Evolutionary History of Class I KNOX Transcription Factors in Ferns

Our results showed that, within vascular plants, Class I KNOX lycophyte sequences are recovered
in four different clades, successively sister to euphyllophytes, and not reciprocally monophyletic
(Figure 2). The non-monophyly of lycophyte sequences might suggest ancient duplication events of the
only inherited Class I KNOX gene in the ancestor of all vascular plants, or it might be the result of high
rates of evolution combined with limited sequence data (see [51,52] for similar results in different gene
phylogenies). Further analyses of additional lycophyte genomes are necessary to better understand
the evolutionary history of Class I KNOX in lycophytes and their relationship with those of other
vascular plants.

Our phylogenetic hypothesis recovered fern sequences as a monophyletic group sister to Class I
KNOX genes of seed plants, which suggests that all fern sequences are putative orthologs to the one
known Class I KNOX seed plant lineage. Although additional expression analyses using RNAseq
techniques might reveal additional Class I KNOX copies in certain fern groups, we found ferns have
at least three copies of Class I KNOX genes (Figure 2). The ferns Class I KNOX Copy3, which is
recovered sister to the other two, was found exclusively in sequences of the water fern order Salviniales
(sensu [53]). Two of those ferns, Azolla filiculoides and Salvinia cucullata, correspond to the family
Salviniaceae and are the only fern species whose genomes are currently sequenced and publicly
available [54]. The other sequence corresponds to Marsilea minuta in the family Marsiliaceae and was
revealed during our mining for KNOX genes using degenerate primers. Salviniaceae and Marsiliaceae,
which are sister families, not only predominantly grow in water, but also are the only ferns that are
heterosporic [53]. Although further genome sequencing may reveal additional fern taxa that have the
Class I KNOX Copya3, it is also possible that this copy may be restricted to heterosporic ferns and play a
role in heterospory.

The other two copies of fern Class I KNOX found, Copyl and Copy2, are sister to each
other and show phylogenetic relationships largely consistent with recently published fern species
phylogenies [53,55,56], suggesting the two copies diversified during the evolution of ferns (Figure 2).
Obtaining representative fern genomes and conducting further comparative analyses of the evolutionary
history of different gene families will be important to determine if the duplication that led to Copies 1
and 2 of Class I KNOX genes in ferns was the result of the whole-genome duplication predating the
core Leptosporangiate ferns inferred by Li et al. [54] or of another mechanism of gene duplication.

3.2. Class I KNOX Genes Are Expressed in Shoot and Leaf Fern Meristems

Developmentally, both seed plant and fern leaves (megaphylls) arise as lateral organs from the flank
of an indeterminate SAM in a distinct phyllotaxy, have adaxial/abaxial identities, and are determinate
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organs. Fern leaves, however, differ from seed plant leaves in several aspects. Morphological and
anatomical studies have shown that, in general, development of the fern leaf is from the leaf apical
meristem (LAM) and the marginal meristem (MM). The LAM is composed by a leaf apical initial (LAI)
and its derivatives, the LAl is an enlarged cell located at the tip of the fern leaf primordium [57-59].
The MM is located at the periphery of developing leaf primordia and is composed of marginal and
submarginal initials and has been argued to be organized similar to a SAM [49,57,60-63]. In ferns, the
MM makes a major contribution to lamina formation, and remains active until the general morphology
of the leaf is established and the location of all procambium has been determined [47,62,64].

Class I KNOX proteins in angiosperms have been shown to be generally necessary for meristem
maintenance [14-21]. We found Class I KNOX expression in the SAM, LAM, and RAM of ferns with
simple and divided leaves (Figure 5 and Figure S3). We also found Class I KNOX expression in the
margins in the early development of simple and divided leaved Elaphoglossum species (Figure 5). The
Class I KNOX expression in the margins of fern leaf primordia reflects the persistent meristematic
activity of the MM and the interpretation of the fern leaf margin as a region of sustained meristematic
activity [47,49,63].

3.3. Class I KNOX Gene Expression in Fern Leaves Recapitulates Shoot Expression

Compared with angiosperms, fern leaves have longer meristematic activity and maturation
toward the apex [65,66]. This has been explained by the presence in fern leaf primordia of the LAM
(LAI and derivatives) [57-59]. Angiosperm leaves do not have apical initials and, contrary to ferns,
leaf growth is not limited to the apex and margins; instead, it can be diffuse with meristematic activity
throughout the developing leaf, with some angiosperms having an intercalary meristem and plate
meristem that give rise to most cells of the lamina [45].

Anatomical and experimental studies have demonstrated that fern leaf primordia have shoot-like
characteristics, transitioning later to determinate fate when compared with angiosperms [65-72]. The
persistent Class I KNOX expression we found at the LAM (LAI and surrounding cells) of developing
leaves in the three species of Elaphoglossum supports these anatomical and experimental studies and
agrees with previous findings of other comparative genetic studies [9,73,74]. Studies of angiosperm
species with divided leaves, such as tomato, have considered divided leaves more shoot like, and this
was reflected by persistent Class I KNOX expression in the leaves [25].

Class I KNOX genes are expressed in the SAM of ferns [9,32,33]. Our previous study, concentrated
on Class I KNOX expression in the shoot apical fern meristem, found expression throughout the
shoot apical dome (apical initial and surrounding cells) and reported that, in 40% of the experiments,
expression of Class I KNOX was not detected in the shoot apical initial [33]. We found that this pattern
of expression is recapitulated in the LAM of both simple and divided leaves of ferns, with expression
detected at the apical portion of the leaf primordium throughout development but captured in the
LAI intermittently (Figure 5). The recapitulated Class I KNOX expression in the SAM and in the LAM
of leaf primordia of both simple and divided leaves in ferns, suggest that a similar developmental
mechanism is present during development in fern shoots and fern leaves, giving further genetic and
molecular support for the shoot-like nature (persistent meristematic activity) of fern leaves compared
with seed plants leaves. Our findings support the partial shoot theory of leaf evolution proposed by
Arber [75,76], who considered the shoot to be the fundamental organ of the plant, and that all leaves
were partial shoots because their indeterminate growth and radial symmetry are repressed.

3.4. Development of Simple and Divided Leaves in Ferns

Anatomical and morphological studies of fern leaf development have shown that primary fern leaf
primordium development is owing to the growth and divisions of the LAM and the MM [57,60,61,63].
The patterns of H4 expression we found in simple and divided leaves support these findings and
suggest that, regardless of final morphology, cell divisions in early developing leaf primordia are
similar in ferns (Figure 4).
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The expression patterns of Class I KNOXs we found at Stages 0-2 of leaf development are also
similar in the three species of Elaphoglossum, suggesting that Class I KNOX expression is necessary for
leaf development, but that early Class I KNOX expression cannot explain the morphological differences
between simple and divided leaves in ferns (Figure 5). Only later in leaf development (Stages 3 and 4)
does Class I KNOX expression and cellular division patterns (H4 expression) change between simple
and divided leaves (Figures 4 and 5). Notably, at Stages 3 and 4, the expression of Class I KNOX
persisted at the margins of leaf primordia of species with divided leaves (even after divisions develop)
compared with species with simple leaves (Figure 5i,n). This persistent expression in the species with
divided leaves compared with simple leaves indicates that temporal and spatial patterns of expression
of Class I KNOX genes correlate with different fern leaf morphologies. This suggests that, although
Class I KNOX alone is not sufficient to promote divided leaf development in ferns, Class | KNOX genes
might contribute to the morphological variation between simple and divided leaves in ferns, as has
been shown for angiosperms [22].

Previous anatomical and ontogenetic studies have suggested that, in leaf primordia of ferns
with divided leaves, the LAM (LAI and derivatives) remains active and divisions occurred when
the MM becomes interrupted in a regular manner, and some regions lose their meristematic
potential [47,57,60,61,63,64,73]. The Class I KNOX expression in the margins of leaf primordia of
ferns with simple and divided leaves highlights the critical role marginal meristems play in leaf
development in ferns. Interestingly, both of our studied species with simple leaves have similar Class I
KNOX expression patterns, even though the simple leaved E. peltatum £. standleyi is only a different
form of the same species as the divided leaved E. peltatum f. peltatum [35].

Notably, we detected down-regulation of Class I KNOX in incipient leaf primordia in one of the
Elaphoglossum species with simple leaves (Figure 5b), but not in the divided leaved species (Figure 5k
and Figure S3c). Although a lack of downregulation at Stage 0 in fern species with divided leaves has
also been reported before [9], it could be that this precise developmental stage is difficult to capture in
fern leaf development or that there is a difference in downregulation of Class I KNOX between species
of ferns with simple and divided leaves.

3.5. A Conserved Mechanism of Leaf Dissection in Megaphylls

Class I KNOX expression and function in leaf primordia of angiosperms has been shown to
underlie leaf morphology differences in angiosperms [9,22,77]. In angiosperms with simple leaves,
Class I KNOX are only expressed in the SAM, and down-regulated in incipient leaf primordia and
in mature leaves [14,17,20]. Whereas, in most angiosperms with divided leaves, Class I KNOX are
expressed in the SAM, down-regulated in incipient leaf primordia, expressed throughout the young
leaf primordia, and expressed in sites of leaflet initiation in older leaf primordia [9,22]. A notable
exception is the divided leaved species of tomato, where down-regulation of Class I KNOX in P0 has
not been found [24,25].

We found a fundamental difference in leaf development in the Class I KNOX expression patterns
between ferns and seed plants with simple leaves. In ferns with simple leaves, contrary to what
has been reported for most angiosperms, Class I KNOX are expressed early in leaf development
and maintained in the apical region of the developing leaf (Figure 5). On the other hand, similar
to angiosperms with divided leaves, we found that, in ferns with divided leaves, Class I KNOX are
expressed throughout the young leaf primordium and that this expression persists at the margins of
leaf primordia (Figure 5). Moreover, in ferns with divided leaves, Class I KNOX expression persists
in the apical region of the leaf primordium until very late in development. It has been shown that
Class I KNOX expression in leaves was independently recruited to control divided leaf development
in multiple seed plant lineages [9]. Our Class I KNOX expression data in a fern with divided leaves
suggest that this genetic mechanism might have also been independently recruited in ferns to control
divided leaf development.
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In angiosperms, there are several proteins and hormones known to act in the Class IKNOX pathway
that affect leaf shape, including the proteins belonging to the NO APICAL MERISTEM/CUP-SHAPED
COTYLEDON (NAM/CUC) and ASYMMETRIC LEAVES/ROUGH SHEATH2/PHANTASTICA (ARP)
families of transcription factors, that are known to be redeployed to make leaflets in a divided
leaf [29,78-81]. The complex patterns of Class I KNOX expression we found in all our studied fern
species, and the persistent Class I KNOX expression in leaf margins and divisions of species with
divided leaves compared with the species with simple leaves, could also be mediated by auxin
maxima that are generated by PIN1, an auxin efflux transporter [22,29,82,83], as well as changes in
protein partners such as members of the NAM/CUC family of transcription factors that maintain Class
I KNOX expression in a positive feedback loop in the SAM and within divided leaves for leaflet
formation [77,79,84]. Phylogenetic, expression, and functional studies of these genes in all the major
lineages of vascular plants will be important to fully understand to what extent the developmental
genetic network underlying megaphyll morphological diversity is conserved in Euphyllophytes (ferns
and seed plants).

3.6. Class I KNOX Genes and Megaphyll Evolution

The homology of megaphylls is still highly debated, and even within the ferns, it is not clear if
leaves are homologous [5,7]. Previous comparative studies have come to different conclusions about
the conservation of a leaf developmental network between ferns and seed plants [9,10,52,85,86].
Conservation in a leaf developmental program across ferns and seed plants was suggested by
comparative expression studies of two leaf developmental genes, Class I KNOX and Class III
HD-Zip [10,52]. The Class I KNOX downregulation in leaf primordia of fern species with simple leaves
we reported here, along with the other similarities in Class I KNOX expression between angiosperms
and ferns (SAM and margins of leaf primordia in species with divided leaves, Figure 5), supports the
hypothesis of a conservation in a leaf developmental program across ferns and seed plants, suggesting
an independent co-option of a common ancestral mechanism for leaf development.

Overexpression and complementation studies in angiosperms suggest that Class I KNOX homologs
from ferns can provide some of the same functions as endogenous angiosperm genes [10,32]. However,
a recent comparative study across ferns showed differential expression of another leaf transcription
factor, Class III HD-Zip in the SAM of ferns, where expression was not detected in Equisetum and
Osmunda, but was detected in leptopsorangiate ferns [52]. Additional expression studies in diverse
fern species as well as knockouts will be necessary to better understand what these genes do in their
native context, to further test hypotheses of leaf evolution, and to better understand the differences in
connection with the leaf developmental network across ferns.

4. Materials and Methods

4.1. Sampling for the Phylogenetic Analyses of Class I KNOX Genes

To gain a more detailed evolutionary history of Class I KNOX in ferns and to discover the putative
Elaphoglossum Class I KNOX gene copies for our expression studies, we obtained representative species
across the fern and lycophyte phylogeny from publicly available databases and by cloning. We included
Class I KNOX genes previously published from the lycophytes Selaginella krausiana [10], Huperzia selago
and Isoetes tegetiformans [87], and Lycopodium deuterodensum [88]; from the ferns Ceratopteris richardii [32],
Elaphoglossum peltatum f. peltatum [33], and Equisetum diffusum [88]. We got these sequences from
GenBank, the 1KP plant transcriptome project (http://www.onekp.com, accessed May 2018) databases,
or directly from the published papers. BLAST similarity searches (Altschul et al., 1990) in the lycophyte
Selaginella moellendorffii genome available in Phytozome (https://phytozome.jgi.doe.gov, last accessed
May 2018) were used to identify Class I KNOX copies in S. moellendorffii. BLAST searches were
also conducted in the fern genomes of Azolla filiculoides and Salvinia cucullata, available in Fernbase
(https://www.fernbase.org/, last accessed May 2019). Further lycophyte and fern sequences were
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obtained using degenerate primers previously published [33]. For the phylogenetic analyses, published
sequences from GenBank for the other lineages of vascular plants (gymnosperms and angiosperms)
were also included. Class I KNOX Physcomitrium patens sequences available at GenBank were used as
outgroups and to root the trees. A list of all sampled species, provenance, and accession numbers is
provided in Appendix A (these will be provided during review).

4.2. Sequence Analysis, Alignment, and Phylogenetic Analysis

New sequence contigs were assembled using Geneious V. 11 (Biomatters Ltd., New Zealand).
Sequences were compiled and cleaned to keep just the open reading frame. Nucleotide sequences were
aligned using the online version of MAFFT v.7 [89]. The alignment was refined by hand, using Mesquite
V. 3.5 [90], considering protein domains and amino acid motifs that have been reported as conserved
for KNOX genes. A matrix that included KNOX, the ELK, and the TALE-HD was used for phylogenetic
analyses. Phylogenetic relationships were inferred from the nucleotide data using Bayesian inference
(BI). Analyses were performed on CIPRES (http://www.phylo.org) [91]. The best partition scheme was
found with PartitionFinder2 [92], for the nucleotides matrix 15 data blocks were defined by dividing
the matrix into five regions (KNOX 1 (first KNOX domain), KNOX 1-KNOX 2 (region between KNOX
1 and KNOX 2), KNOX 2 (second KNOX domain), KNOX 2-HD (region between KNOX 2 and the HD),
and HD (ELK and TALE-HD domains)), and by dividing each region by codon position. Analyses
were performed with nine subsets as estimated by the corrected Akaike Information Criterion (AICc)
implemented in PartitionFinder2 (Table S1; see Supplemental Data with this article). For the amino
acids matrix, the JTT+I+G model was used as estimated by the corrected Akaike Information Criterion
(AICc) implemented in PartitionFinder2 [93]. For both matrices, BI analyses were conducted using
MrBAYES 3.2.6 [93]. Two independent runs of 10 million generations were completed, with four
chains each (three heated, one cold), using a chain temperature of 0.2 and uniform priors. Trees and
parameters were sampled every 1000th generation. Samples corresponding to the initial phase of the
Markov chains (25%) were discarded as burn-in. The applicability of this burn-in value was determined
by the inspection of the likelihood scores and effective sample sizes. Post-burn-in trees were combined
to obtain a single majority rule consensus tree and the respective posterior probabilities (PPs) of nodes.
Trees were depicted using FigTree v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/).

4.3. Taxonomic Sampling for Gene Expression Studies

To better understand the molecular genetic basis for the differences in leaf form in ferns, we
studied gene expression patterns of Histone H4 genes (used as a cell division marker) and of Class I
KNOX genes in developing leaf primordia of two taxa with simple leaves (E. lloense and E. peltatum
f. standleyi) and one taxon with divided leaves (E. peltatum f. peltatum) belonging to the fern genus
Elaphoglossum (Figure 1b—d). Additionally, we compared our results of Class | KNOX expression to what
is known from similar studies performed in seed plants and lycophytes, in order to better understand
what these leaf developmental genes tell us about megaphyll leaf evolution.

For the expression analyses, the material of E. [loense was collected in the field in Ecuador (Vasco
865, NY), and both E. peltatum forms were sourced from specialist fern growers and kept in the Nolen
glasshouses at the New York Botanical Garden (NYBG).

4.4. RNA and DNA Extraction and cDNA Synthesis

For RNA and DNA extraction, we preserved the material collected in the field in Ecuador
in RNAlater (Life Technologies, Carlsbad, CA, USA); for the living plants growing in the NYBG
greenhouses, we preserved the material in liquid nitrogen. Total RNA was extracted from sporophyte
shoot apices (including the SAM and young leaves), as previously described [94] with some
modifications as follows. Approximately 5 g of tissue was ground to a fine powder in liquid
nitrogen with a mortar and pestle. The powder was added to 25 mL of lysis buffer containing 0.1 M
NaCl, 50 mM TrisHCl (pH 7.4), 50 mM EDTA (pH 8), 2% SDS, and proteinase K (200 ug/mL), and
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stirred at room temperature for 10-15 min. Cell debris was centrifuged at 10,000 rpm for 5 min, and the
supernatant was extracted twice with an equal volume of phenol/chloroform/isoamylalcohol (50:48:2)
and once with chloroform/isoamylalcohol (96:4), centrifuging each time at 10,000 rpm for 10 min. A
volume of 0.1 of 3M NaOAc and 2.5 volumes Ethanol (ETOH) were added to the aqueous phase and
centrifuged at 10,000 rpm for 5 min. The pellet was air dried from 5 min and resuspended in 700
uL DEPC-water. Then, 700 uL of LiCl (4M) was added and incubated overnight at 4 °C. The sample
was centrifuged at 10,000 rpm for 10 min at 4 °C, the supernatant was discarded, and the pellet was
resuspended in 200 uL DEPC water. Then, 20 uL of NaOAc (3M) and 500 uL. ETOH were added and
left at =20 °C for 30 min. The sample was centrifuged at 10,000 rpm for 10 min at 4 °C, and then
washed with 70% ETOH made with DEPC water. Finally, the pellet was air dried and resuspended in
20 uL of DEPC water. Samples collected in RN Alater were extracted with the same protocol, but the
tissue was ground in the lysis buffer. cDNA was synthesized using Superscipt III (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions.

4.5. Primer Design and PCR

Histone H4 and Class I KNOX sequences of the three Elaphoglossum species were isolated by
PCR with degenerate primers (01H4f5’ ATGTCWGGMMGRGGWAAGGGAGG, 01H4r5” CCRAAD
CCRTARAGVGTHCKKCC, 01KNOXf5" CCBGARCTBGACMABTTYATGG, and 02KN OXr5” CCAGT
GSCKYTTCCKYTGRTTDATRAACC) and by 5" RACE (Clontech Laboratories Inc., Mountain View,
CA, USA) according to the manufacturer’s protocol. PCR reactions used cDNA as template and
forward and reverse degenerate primers. PCR products were cleaned and cloned directly into the
pCRII vector (TOPO TA cloning kit, Invitrogen, Carlsbad, CA, USA). A total of 20-30 colonies were
grown in LB culture and plasmid DNA was isolated. Clones representing different banding patterns
were sequenced by the Sanger method (Macrogen, USA) and BLAST was used to compare sequences
in NCBL

4.6. In Situ Hybridization

Tissues were fixed in the field for E. lloense or at NYBG for both E. peltatum forms in formaldehyde
acetic acid for 2—4 h, and then dehydrated through a graded ethanol series to 100% ethanol. Tissue
was embedded in Paraplast X-tra (Fisher brand) and sectioned on a microtome to 10 um. Sections
were placed on ProbeOn Plus slides (Fisherbrand, Pittsburgh, PA). Gene-specific fragments for all
the recovered Elaphoglossum H4 and Class I KNOX copies (see results) were amplified using primers
designed for this study (Figure S1 and Table S2). Digoxigenin labeled gene-specific probes were
generated according to the manufacturer’s instructions (Roche Applied Science, Indianapolis, IN, USA).
Slides were left on a hot plate at 42 °C overnight. Treatment of cells and tissues prior to hybridization
was performed as previously described [95]. Hybridizations, washes, blocking, antibody incubation,
and detection were performed as in Torres et al. [96], except hybridization was performed overnight
in 50% formamide humidified box at 55 °C. Sense probes were used as negative controls on pairs of
slides and run in parallel with antisense probes. Sense probes gave no staining to illustrate that none
of the tissue was sticky, as already indicated by different expression patterns exhibited by antisense
KNOX and H4. Slides were examined and photographed on a Zeiss Axioskop microscope equipped
with a Zeiss Axiocam digital camera.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/15/
5180/s1. Table S1. Best partition scheme and models for the aligned Class I KNOX matrix as estimated by the
corrected Akaike Information Criterion (AICc) implemented in PartitionFinder2. Table S2. Forward and reverse
primers designed for in-situ hybridizations. Figure S1. (a) Nucleotide and (b) amino acid alignment of the three
copies of Class I KNOX genes recovered in ferns. In the nucleotide alignment, dark and white bars show the
location of the forward and reverse primers respectively, designed for in-situ hybridizations. Figure S2. Scanning
electron microscope images of shoot apices of Elaphoglossum peltatum f. peltatum showing massive presence of
scales over the SAM and coiled young leaf primordia. (a) Shoot apex completely covered by scales. (b) Stage 3,
leaf primordium completely covered by scales. (c) Stage 4 leaf primordium with coiled subdivisions (pinnae)
completely covered by scales. (d) Late Stage 4 leaf primordium, only at this stage of development is lamina visible.
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Star indicates the putative location of the SAM; L, leaf primordium; P, pinna; scales are highlighted with dotted
lines. Figure S3. Additional expression of Class | KNOX genes during leaf development in species of the fern genus
Elaphoglossum with simple and divided leaves. (a,b) Elaphoglossum peltatum f. standleyi (simple leaves), expression
of EpsC1KNOX1, longitudinal sections through the SAM, and/or leaf primordia. (a) Expression throughout the
entire apical dome of the SAM and procambium, including expression in the incipient leaf primordium (Stage 0).
(b) Expression throughout the entire young leaf primordium including the leaf apical initial (LAI); expression in
the root apical meristem (RAM). (c—g) Elaphoglossum peltatum f. peltatum (divided leaves). (c—f) Expression patterns
of EppC1IKNOX1, longitudinal sections through the SAM, and/or leaf primordia. (c) Expression throughout the
entire apical dome of the SAM and procambium, including expression in the incipient leaf primordium (Stage 0).
(d) Expression throughout the entire young leaf primordium including the LAL (e) Expression throughout the
entire apical dome of the SAM and procambium; expression in the root apical meristem (RAM). (f) Expression
throughout the entire apical dome of the SAM and procambium, including expression in the incipient leaf
primordium; expression in the apical region of an older leaf primordium (right). (e) Expression of EppC2KNOX1
in the leaf primordium, procambium and root primordium. Black arrowheads, leaf primordia; brackets, LAI stars,
SAM; white arrows = root primordium; white arrowheads, procambium; bars = 40 um.
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Abbreviations

C1IKNOX Class I KNOTTED1-like HOMEOBOX

LAI Leaf Apical Initial
LAM Leaf Apical Meristem
MM Marginal Meristem
RAM Root Apical Meristem
SAM Shoot Apical Meristem
Appendix A

Class I KNOX sequences used in this study. The information is presented in the following order: Lineage,

species, name of the sequence in the tree of Figure 2, database, accession number. The first instance of a lineage
and species is given in bold. Sequences MT680030- MT680042 are new sequences generated for this study.
Bryophytes: Physcomitrium patens (Hedw.) Bruch & Schimp., Physcomitrella_PpMKN2, NCBI,

XM_001758540. Physcomitrella_ PpMKIN4, NCBI, XM_001781425. Physcomitrella_ PpMKN5, NCBI, XM_001778213.
Lycophytes: Huperzia selago (L.) Bernh. ex Schrank & Mart.,, Huperzia_ HsKNOX1_1, NCBI, KX761181.

Huperzia_ HsKNOX1_2, NCBI, KX761182. Huperzia squarrosa (G. Forst.) Trevis., Huperzia_HsqC1KNOX1, NCBI,
MT680030. Isoetes riparia Engelm. ex A. Braun, Isoetes_IrC1KNOX1, NCBI, MT680031. Isoetes_IrC1IKNOX2, NCBI,
MT680032. Isoetes tegetiformans Rury, Isoetes_ItKNOX1, 1KP, PKOX_2098898. Lycopodium deuterodensum Herter,
Lycopodium_LdC1KNOX1, 1KP, PQTO-2010435. Lycopodium_LdC1KNOX2, 1KP, PQTO-2081329. Selaginella
kraussiana (Kunze) A. Braun, Selaginella SKKNOX1, NCBI, AY667449. Selaginella_SkKNOX2, NCBI, AY667450.
Selaginella moellendorffii Hieron., Selaginella_SmKNOX1, NCBI, XM_002988279. Selaginella_SmKNOX2,
NCBI, XM_002977393. Gymnosperms, Picea abies (L.) H. Karst., Picea_PaHBK1, NCBI, AF063248.

Picea_PaHBK2, NCBI, AF483277. Picea_PaHBK3, NCBI, AF483278. Picea_PaHBK4, NCBI, DQ257981 &
DQ258006. Pinus taeda L., Pinus_PtKN1, NCBI, AY680402. Pinus_PtKN2, NCBI, AY680403. Pinus_PtKN3,
NCBI, AY680404. Pinus_PtKN4, NCBI, AY680387 & AY680398. Angiosperms, Arabidopsis thaliana (L.) Heynh.,
Arabidopsis_AtSTM, NCBI, NM_104916. Arabidopsis_AtKINAT1/BP, NCBI, U14174.1. Arabidopsis_ AtKINAT2,
NCBI, NM_105719. Arabidopsis_AtKNAT6, NCBI, NM_102187. Zea mays L., Zea_ZmKn-1, NCBI, X61308.
Zea_ZmrRS1, NCBI, L44133. Zea_Zmlg3, NCBI, NM_001112038. Zea_ZmKNOX5/lg4b, NCBI, NM_001111615.2.
Ferns, Angiopteris evecta (G. Forst.) Hoffm., Angiopteris_AeC1KNOX1, NCBI, MT680033 Azolla filiculoides
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Lam., Azolla_ AfC1IKNOXI1A, FernBase, Azfi_s2491.g111832 and Azfi_s0350.g066570. Azolla_AfC1KNOX1B,
FernBase, Azfi_s0006.g009595. Azolla_ AfC1KNOX3, FernBase, Azfi s2342.g110698 and Azfi_s0350.g066569.
Ceratopteris richardii Brongn., Ceratopteris_CrKNOX1, NCBI, AB043954. Ceratopteris_CrKNOX2, NCBI,
AB043956. Cyathea dregei Kunze, Cyathea  CdC1KNOX2, NCBI, MT680034. Elaphoglossum ciliatum
(C. Presl) T. Moore, Elaphoglossum_EcCIKNOX2, NCBI, MT680035. Elaphoglossum lloense (Hook.)
T. Moore, Elaphoglossum_EIICIKNOX2, NCBI, MT680036. Elaphoglossum peltatum f. peltatum
(Sw.)  Urb., Elaphoglossum_EppC1KNOX1, NCBI, KT382287.  Elaphoglossum_EppCI1KNOX2, NCBI,
KT382288. Elaphoglossum peltatum f. standleyi (Maxon) Mickel, Elaphoglossum_EpsC1KNOX2, NCBI,
MT680037.  Elaphoglossum_EpsC1KNOX1, NCBI, MT680038. Elaphoglossum tripartitum (Hook. &
Grev.) Mickel, Elaphoglossum_EtC1KNOX2, NCBI, MT680039. Equisetum diffusum D. Don, Equisetum
_EdKNOX1A, 1kp, CAPN-2006400. Equisetum_EdKNOX1B, 1kp, CAPN-2006401. Marsilea minuta L.,
Marsilea_ MmC1KNOX2, NCBI, MT680040. Marsilea_ MmC1KNOX3, NCBI, MT680041. Pilularia globulifera
L., Pilularia_PgCINOX2, NCBI, MT680042. Salvinia cucullata Roxb., Salvinia_ScC1KNOX1A, FernBase,
Sacu_v1.1_s0115.g020964. Salvinia_ScC1KNOX1B, FernBase, Sacu_v1.1_s0011.g005308. Salvinia_ScC1KNOX3,
FernBase, Sacu_v1.1_s0091.g018785.

Appendix B

Histone H4 sequences recovered in this study. The information is presented in the following order: species,
name of the sequence, database, accession number. The first instance of a lineage and species is given in bold. All
sequences are newly generated for this study.

Elaphoglossum lloense (Hook.) T. Moore, EIIH4, NCBI, MT776685. Elaphoglossum peltatum f. peltatum
(Sw.) Urb., EppH4, NCBI, MT776686. Elaphoglossum peltatum f. standleyi (Maxon) Mickel, EpsH4, NCBI,
MT776687.
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Abstract: The colonization of land by streptophyte algae, ancestors of embryophyte plants, was a
fundamental event in the history of life on earth. Bryophytes are early diversifying land plants that
mark the transition from freshwater to terrestrial ecosystems. The amphibious liverwort Riccia fluitans
can thrive in aquatic and terrestrial environments and thus represents an ideal organism to investigate
this major transition. Therefore, we aimed to establish a transformation protocol for R. fluitans to make
it amenable for genetic analyses. An Agrobacterium transformation procedure using R. fluitans callus
tissue allows to generate stably transformed plants within 10 weeks. Furthermore, for comprehensive
studies spanning all life stages, we demonstrate that the switch from vegetative to reproductive
development can be induced by both flooding and poor nutrient availability. Interestingly, a single
R. fluitans plant can consecutively adapt to different growth environments and forms distinctive and
reversible features of the thallus, photosynthetically active tissue that is thus functionally similar to
leaves of vascular plants. The morphological plasticity affecting vegetative growth, air pore formation,
and rhizoid development realized by one genotype in response to two different environments makes
R. fluitans ideal to study the adaptive molecular mechanisms enabling the colonialization of land by
aquatic plants.

Keywords: Riccia fluitans; liverwort; adaptation; terrestrialization; transformation; sexual induction

1. Introduction

The conquest of land by plants around 470 million years ago (MYA) formed new ecosystems
as well as carbon cycles. This foundational event enabled the evolution of three-dimensional land
plants with adaptations to new environments such that land plants represent today 80% of the total
biomass on earth [1,2]. Recent molecular studies demonstrated that the monophyletic land plant group
evolved from streptophyte algae and that the Zygnematophyceae, conjugating green algae, are sister
to land plants [3-5]. The pioneering land colonization behavior of streptophyte algae is still present
in modern habitats. Zygnema is a member of the advanced Zygnematales group of the streptophyte
lineage that already possesses many genes required for a life on land. These streptophyte algae are
abundant in freshwater as well as in hydro-terrestrial habitats and adapted to water loss and increased
light exposure [6-9]. The earliest diverging land plants, the bryophytes, formed novel features to cope
with the challenges associated with a permanent life on land. Breathing structures for CO, uptake and
balancing of water loss along with anchoring rooting structures mediating also nutrition and water
uptake were key adaptations enabling to increase plant size and complexity during further land plant
evolution [5,10]. The complex liverwort Marchantia polymorpha has been informative to understand
the evolution of key adaptations such as rhizoid and air pore formation [11-13]. This dioecious plant
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forms for sexual reproduction gametangiophores, erected reproductive structures with antheridia and
archegonia comprising the respective male and female gametes [14]. Appreciation of M. polymorpha
for molecular analyses has been boosted by the availability of molecular tools, particularly different
genome editing techniques for sporeling, gemmae, and thallus transformations [15-20]. M. polymorpha
is a terrestrial species that is well adapted to growth on land. For investigation of the molecular
mechanisms enabling the water-to-land transition, an ideal model would be a basal land plant species
with the ability to thrive in freshwater as well as in terrestrial environments. This requires phenotypic
plasticity, defined as changes in the phenotype realized by a single genotype in response to different
environments [21].

Riccia fluitans is an amphibious liverwort that grows in water transition zones where it develops
in dependence on water levels either a water form (WF) or a land form (LF) [22,23]. This widespread
species, belonging to the subclass of Marchantiidae, quickly adapts to different environments by
undergoing severe and traceable morphological changes that have intrigued scientists already since
the early 20th century [24]. Further analyses investigated R. fluitans rhizoid and air pore formation
in adaptation of the WF to the LF and recently molecular analyses started with sequencing of its
chloroplast genome [22,25-27]. The phenotypic plasticity of R. fluitans enables dynamic adaptations
of its morphogenesis to changing environments and reveals its potential to investigate molecular
mechanisms contributing to the successful conquest of land.

Here, we established a transformation protocol for this amphibious liverwort facilitating functional
genetic analyses and we demonstrate dynamic and reversible adaptations of R. fluitans plants to aquatic
and terrestrial life styles. Abiotic stresses were investigated to induce a switch from vegetative to
reproductive R. fluitans growth and two ecotypes were characterized that are available for future studies.

2. Results

2.1. Comparison of R. fluitans Water and Land Form Thalli

The amphibious liverwort R. fluitans typically occurs as an aquatic species forming free floating
mats and also grows as a terrestrial plant on moist grounds in drying ponds or streams [23]. R. fluitans
is a popular aquarium plant and an axenic aquatic culture was purchased from an aquarium plant
supplier and named R. fluitans 001TC according to the item number. R. fluitans 001TC was cultivated
as WF (Figure 1A) and WF thallus pieces were spread on solid medium to induce growth of LF thalli
(Figure 1B).

Next, morphologies of the two R. fluitans 001TC forms were compared to identify distinct characteristic
features. The WF develops slender, elongated thalli with a width of about 250-500 um that branch
only occasionally (Figure 1A,C) and grow towards the water surface (inset in Figure 1A). Ventral scales
but no rhizoids are regularly formed on ventral WF thallus sides (Figure 1E,]). Cross sections reveal a
continuous epidermal cell layer encompassing the WF thallus lacking air pores and air chambers for gas
exchange. Cells containing chloroplasts are scattered throughout the epidermis and parenchymatous
thallus (Figure 1G). LF thalli display different morphological features, where thallus width is increased
to about 500-1000 um and dichotomously branching occurs more frequently than observed in the WF
(Figure 1B,D,F). Numerous rhizoids are formed on the ventral LF thallus side and, as in the WE, scales are
regularly initiated (Figure 1EL). Air pores in the LF epidermis and subjacent air chambers facilitate gas
exchange (Figure 1H,K). The roundish or elongated pores are simple opening structures, lacking the
complexity known from pores of other liverworts such as M. polymorpha.

To summarize, R. fluitans 001TC forms under LF and WF growth conditions distinctive
morphological features affecting thallus width, branching frequency, air pore, and air chamber
formation for gas exchange as well as rhizoid development for anchoring. Our data support
observations from earlier R. fluitans studies with other ecotypes [24-26], emphasizing that similar
morphological adaptations of different ecotypes to two distinct growth environments enable molecular
studies to unravel the underlying regulatory mechanisms.
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Figure 1. Land form (LF) and water form (WF) thallus morphologies of Riccia fluitans 001TC.
(A) WF thalli were transferred to solid medium for image taking. Inset shows submersed growth of the
WE. (B) LF thallus, grown on solid medium. (C) WF and (D) LF dorsal thallus side. (E) WF ventral thallus
side. (F) LF ventral thallus side revealing thallus branching and rhizoid formation. (G) WF thallus
cross section lacking air chambers. (H) LF cross section revealing air chambers (ac). (I-L) SEM pictures
of thallus tips. (I) Dorsal WF thallus side lacking air pores. (J) Ventral WF side develops ventral scales
(white asterisks) but no rhizoids. (K) Dorsal LF thallus side with air pores. Three air pores are indicated
by white arrows. (L) Ventral LF thallus side forming rhizoids and ventral scales (white asterisks).
Scale bars A,B: 5 mm; C-F: 500 um; G-L: 200 pm.

2.2. Induction of Reproductive Tissues

The ability to induce the switch from vegetative to reproductive tissue formation is important
for analysis of all R. fluitans life phases. It has been known for over 100 years that the R. fluitans WF
easily propagates vegetatively via ruptured thallus pieces [24]. Sexual reproduction in bryophytes
requires the formation of female and male gametangia, archegonia and antheridia, respectively.
However, fertile R. fluitans producing archegonia as well as sporophytes have so far only been reported
once and antheridia have never been observed [28]. Different approaches were tried to induce
reproductive R. fluitans 001TC growth. At first, we tested the sexual induction treatment for the
liverwort M. polymorpha [18] and grew both, the R. fluitans 001TC WF and LF, under long-day and
also short-day conditions with far-red light supplementation. However, WF and LF plants continued
vegetative growth even after more than 6 weeks of cultivation. Next, the impact of water availability
was tested by transferring WF thalli to solid medium, where WEF plants accordingly developed into
the LE. After transfer of LF thalli to water, these floating plants were no longer anchored and developed
WE features. Neither one of these transitions provided an appropriate stimulus to induce reproductive
tissue formation.
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Considering natural R. fluitans habitat conditions, flooding of LF thalli adhering on the ground
can occur after strong rainfalls and could mediate inductive conditions. A LF culture was flooded with
water to simulate raising water levels in ponds (Figure 2A,B) and their thalli did not drift to the water
surface, as they were still anchored to the substrate by their rhizoids (Figure 2B).

Figure 2. Reproductive tissue induction in R. fluitans 001TC by flooding and starvation. (A) Typical
LF culture. (B) Culture shown in (A) 3 days after flooding with water, when thalli start to grow
towards the water surface. (C) 14 days after flooding, the induced culture forms multiple archegonium
cavities (arrows). (D) Close up of thalli with archegonium cavities (arrows). (E) Dorsal view of one
archegonium cavity with entrance marked by an arrow. (F) Squash mount of an archegonium cavity to
visualize the archegonium. Venter (v), neck (n), cover cells (c) of the archegonium. (G-I) SEM pictures.
(G) Dorsal side of induced thallus with two archegonium cavities (arrows), the youngest is initiated
close to the meristematic zone. (H) Archegonium cover cells (arrow) protruding the archegonium
cavity. (I) Removal of dorsal thallus tissue uncovers the archegonium in the archegonium cavity.
(J-L) R. fluitans 001TC forms archegonium cavities (arrows) 5 weeks after cultivation on solid 1/100
GBS starvation medium. (K) Close up of archegonium cavities (arrows). (L) Archegonium cavity with
entrance (arrow). Scale bars A,B,C,J: 1 cm; D, K: 2 mm; E,L: 500 um; EI: 100 pm; G: 200 um; H: 50 um.

Plants reacted to this stimulus after around 3 days by directing thallus growth towards the water
surface (Figure 2B). Notably, after around 7 days, plants started to produce morphological changes,
discernable as thallus swellings. After 14 days of submersed thallus growth, several swellings were
regularly spaced every 5-10 mm along the thalli (Figure 2C,D). Closer inspection revealed that these
thallus areas represent archegonium cavities, which contain a single archegonium with a length of
about 300 um (Figure 2E,EI). Riccia archegonia are composed of a central egg cell enfolded by venter
cells. Neck cells form a tubular structure ending with cover cells at the tip that are reaching out of the
archegonium cavity (Figure 2EH,I) [29]. Cover cells of the youngest archegonium are already visible
close to the apical cells, indicating that archegonia formation is initiated in the meristematic region at
the thallus tip (Figure 2G). Induction of female reproductive growth was reproduced several times
independently, providing the robustness of the anchored LF-WEF R. fluitans sexual induction system.
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Selkirk [30] reported an induction of R. fluitans archegonia under nutrient starvation conditions.
To test this condition, we transferred LF thalli to liquid and to solid starvation medium containing
only 1/100 GB5. The plants on solid starvation medium developed elongated, yellowish thalli within
a few days indicating nitrogen deficiency. After 5 weeks, first thallus swellings with archegonium
cavity formation were observed (Figure 2J-L). Plants transferred to 1/100 GB5 liquid medium floated
on the medium, likely mediated by air chambers of LF thalli. These plants remained in the vegetative
phase, decreased growth, and ultimately died. Reproductive R. fluitans tissues have only very rarely
been documented in the wild [28] and our analyses in the natural habitat of the Botanical Garden of
Osnabriick support the assumption that R. fluitans reproduces mainly vegetatively.

Here, we report a reliable induction of female reproductive growth within 2-3 weeks by flooding
LF thalli with water. Additionally, induction of R. fluitans archegonia formation is also possible by
transferring LF thallus to a solid starvation medium, which then takes 5 weeks.

2.3. Analysis of Dynamic Growth Transitions in Individual R. fluitans Plants

We further investigated the adaptive morphological transformations occurring within individual
plants during the switch from water to land under in vitro culture conditions. To mimic a shore
situation with a water-to-land transition zone, growth containers with slanted agar surfaces were
prepared and filled with liquid medium. Thalli from a WF culture were transferred to the water part of
a slanted agar container. When growing WF thalli reached the imitated transition zone, their tips came
into contact with agar. In response to the changed environment, thalli broadened and started to branch
regularly, revealing typical LF features including rhizoid formation for anchorage on the solid medium
(Figure 3A,B).

Figure 3. Phenotypic plasticity of R. fluitans 001TC plants. (A) WEF thalli after growing for 13 days in a
growth container with a slanted agar surface, liquid medium is stained with toluidine blue. WF thallus
tips entered the solid phase and developed branching LF thalli. (B) Top view of (A) with a dashed line
indicating the water/land border. (C) A LF culture was flooded to induce WF and archegonia formation
and was then transferred into a slanted agar growth container and grown for 17 days. WF thallus tips
entered the solid phase, stopped producing archegonium cavities and developed LF features, such as
thallus branching. (D) Top view of (C). (E) Visualization of sequentially formed, distinct morphological
adaptations within a single plant that has experienced LF-WF-LF transitions. The blue bar marks
sexual WF thallus induced by flooding of the LF and the green bar indicates formation of the broadened,
typical LF thallus with dichotomous branching. Scale bars A-D: 1 cm; E: 1 mm.
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Next, we investigated the response of sexually induced thalli to cultivation on land by conducting
double LFE-WF-LF transition experiments. Archegonia formation was induced in LF thalli by water
flooding and thalli harboring archegonium cavities were then transferred to the liquid part of slanted
agar containers. When these thalli reached the solid phase, plants quickly adopted to the novel
environment imitating the shore zone of a pond or stream. We then observed a broadening of the
thallus, initiation of thallus branching, and thalli stopped producing further archegonium cavities
(Figure 3C,D).

These data demonstrate that single R. fluitans plants are capable to respond consecutively to
the LE-WEF-LF transition conditions, which enables to observe dynamic vegetative and reproductive
growth responses of one genotype to two different environments along the growth axis of a single
plant (Figure 3E).

2.4. Establishment of a Transformation Protocol for R. fluitans

Spore, gemmae, and thallus transformation protocols have been established for the related
liverwort species M. polymorpha [18-20]. Given the absence of gemmae production in R. fluitans and
lack of a male line for spore generation, we aimed to establish a R. fluitans thallus transformation protocol.

At the start, four antibiotics frequently used for M. polymorpha selection were tested for R. fluitans
001TC. LF thallus was chopped and spread on medium containing hygromycin (2.5, 5, 10 ug/mL),
G418 (5, 10, 20 pg/mL), chlorsulfuron (0.25, 0.5, 1 uM), and gentamycin (100, 200, 400 ug/mL) (Table S1).
Observation of mortality rates after 1, 2, and 3 weeks identified 5-10 pg/mL hygromycin and 20 ug/mL
(G418 as suitable selections, whereas chlorsulfuron and gentamycin were not effective.

The binary pMpGWB-mCherry vector was used for establishing a transformation protocol.
This pGWB2 derivate vector comprises the hpt gene mediating hygromycin resistance and the mCherry
CDS, which was used as reporter fluorophore expressed under the control of the M. polymorpha
MpEF1a promoter [31,32]. At first, a method based on M. polymorpha transformation protocols [18] was
tested using chopped R. fluitans 001TC LF thallus pieces, which failed to produce lines surviving the
hygromycin selection. Several modifications such as injuring thallus pieces in a bead ruptor, enzymatic
digestion of cell walls and testing different Agrobacterium strains (EHA105, LBA4404, GV3101) as well
as co-cultivation on solid medium and in the dark, reported to increase M. polymorpha transformation
efficiencies [33], also failed to generate hygromycin-resistant R. fluitans lines expressing mCherry.

To optimize transformation approaches for species that are difficult to transform, such as
rice and maize, callus tissue has been successfully used [34,35]. Formation of callus tissue,
comprising redifferentiated, pluripotent cells can be induced by auxin application [36]. Addition of 10 uM
1-naphthaleneacetic acid (NAA), a synthetic auxin, has been reported to affect growth of M. polymorpha,
but was not sufficient to induce callus growth [37]. To determine a NAA concentration suitable to induce
callus formation in R. fluitans, LF thalli were chopped into 1 mm pieces (Figure 4A) and spread on medium
containing NAA concentrations of 50, 100, 200, and 400 pM. The 50 and 100 uM NAA caused only
curling of the thalli and 400 uM NAA exerted a severe growth inhibiting effect causing early tissue death.
Growth on 200 uM NAA was ideal, as it led to callus tissue formation of most tissue pieces and only a few
pieces developed into small and curled thallus-like structures (Figure 4B).

Therefore, 250 mg chopped R. fluitans LF thallus pieces were plated on a 200 pM 1-naphthaleneacetic
acid (NAA) plate. After 4 weeks of cultivation, all tissues were collected from the plate, chopped again
to 1 mm pieces, and equally distributed into three Erlenmeyer flasks containing 25 mL liquid 3
GB5 medium. The three cultures were each inoculated with 1 mL Agrobacterium cells harboring the
pMpGWB-mCherry vector and further grown for 2 days. After removal of Agrobacterium cells,
plant tissue from each Erlenmeyer flask was distributed on three selection plates (Figure 4C).
Three independent experiments were carried out, each starting with 250 mg chopped thallus used for
generating one callus plate per experiment. Concentration of 5 and 10 ug/mL hygromycin were used
for selection and also 2.5 pg/mL hygromycin was tested as calli might be more sensitive to hygromycin
than the investigated thallus tissue.
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Figure 4. Scheme of the R. fluitans 001TC transformation procedure. (A) Chopped LF thallus pieces
were plated on 200 uM NAA-containing medium. (B) Four weeks after plating NAA induced mainly
callus (arrow) and also curled thallus tissue growth. (C) Overview of the transformation procedure.
(D) mCherry expression in thallus tip region of a yoMpEFIa::mCherry T1 line. (E) mCherry signal
detection in a transgenic line after three rounds of vegetative propagation. Scale bars A,B: 2 mm;
D: 5 mm; E: 100 pm.

Selection with 2.5 pg/mL hygromycin resulted in growth of 144 surviving candidates that were
transferred to a second selection step using 10 pg/mL hygromycin. Seven transformants survived the
second selection, all of which expressed mCherry fluorescence (Table 1, Figure 4D). Using a 5 pg/mL
hygromycin selection, the number of surviving lines was lower, and 39 lines could be transferred to
plates with 10 ug/mL hygromycin. Of these, five lines survived and revealed mCherry fluorescence
(Table 1). Only one plant survived the first selection on 10 pg/mL hygromycin, which also continued
growth under the second 10 pg/mL hygromycin selection and showed mCherry signal (Table 1).
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Table 1. R. fluitans 001TC transformation results. Three independent transformation experiments
using the p,oMpEFIa::mCherry construct were successively subjected to two hygromycin selection steps
with indicated concentrations. Together, 13 T1 lines survived the selection procedure and expressed
mCherry fluorescence.

Transformation - Plants Transferred to Plants Surviving 2nd
. Plants Surviving 1st . . .
Experiment Selection 2nd Selection Selection + Expressing
(hyg png/mL) (10 pg/mL hyg) mCherry
1(2.5) 144 144 7
2(5) 39 39 5
3(10) 1 1 1

Strong mCherry expression was observed in cells of the thallus tips and further subcellular
investigation detected mCherry fluorescence in the cytoplasm and nuclei of these meristematic cells
(Figure 5A). The mCherry signals did not overlap with chlorophyll a autofluorescence (Figure 5B,C)
and no signal could be detected in untransformed wild type controls (Figure 5D-F).

Figure 5. Transformed R. fluitans 001TC plant expressing mCherry. (A-C) proMpEF1a::mCherry T1 line.
(D-F) Wild type control. (A,D) mCherry fluorescence channel. (B,E) Chlorophyll a autofluorescence
channel. (C) Merged channels of (A) and (B). (F) Merged channels of (D) and (E). Scale bars 200 pum.

The stability of the transformations was tested by chopping thalli from three lines
(proMpEF la::mCherry#l, proMpEF1 oz::mCherry#4, proMpEF la::mCherry#5 ) and regenerating growth on
solid medium with 10 pg/mL hygromycin selection. After three consecutive repetitions of this
vegetative propagation procedure, regenerated plants of the three lines were still expressing mCherry in
meristematic regions of their regenerating thalli (Figure 4E). Additionally, thalli of the third propagation
step from the three lines and from one wild type control line were chopped and again spread on solid
medium without selection. After recovery of thallus growth for 4 weeks, 60 young plants per line
were again transferred to selection medium containing 10 pg/mL hygromycin. All 60 plants of the
three transgenic lines continued normal thallus LF growth, while the control wild type plants died
(Figure S1). These data demonstrate that the hygromycin and mCherry expression remained stable
throughout prolonged cultivation times and over four vegetatively propagated generations.

To summarize, we established a R. fluitans callus transformation protocol enabling to generate
stably transformed T1 lines within 10 weeks. In three transformation experiments 13 independent lines
were generated, which showed all fluorophore expression and revealed under selective conditions a
wild type like growth.
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2.5. Characterization of Two R. fluitans Ecotypes

High inter-species similarities exist within the Riccia genus. Furthermore, R. fluitans is difficult to
be distinguished within the taxonomically challenging R. fluitans complex, which is further complicated
by the two morphologically distinct R. fluitans LF and WE. These obstacles can lead to misidentifications
and even R. fluitans LF and WF have been described as different species [22,38]. In addition to R. fluitans
001TC with an unknown origin, we established an axenic culture of an ecotype derived from the
main pond of the Botanical Garden of the University of Osnabriick and named this ecotype R. fluitans
BoGa. In this habitat, plants grow free floating in the water (Figure 6A lower side of white dashed
line, Figure 6B) as well as terrestrial, close to the littoral zone (Figure 6A upper side of dashed line,
Figure 6C).

Figure 6. R. fluitans BoGa ecotype. (A) R. fluitans BoGa in its natural habitat, a waterside of the
main pond in the Botanical Garden of Osnabriick. White dashed line indicates the water to land
border. (B) Floating WF thalli of R. fluitans BoGa. (C) LF forms dense mats close to the littoral zone.
(D) Top view of a WF culture, where inset shows a side view of the floating culture. (E) LF grown in
axenic culture. Thallus cross section with air chambers (ac) of the WF (F) and LF (G). Scale bars D:
1 cm; E: 5 mm; F, G: 100 pm.

Further analyses were conducted to exclude species misinterpretations. The R. fluitans LF can be
mixed-up with R. canaliculata, forming as distinctive features a furrowed thallus and an apical scale
overtopping the apex [39] not observed in BoGa and 001TC ecotypes (Figure 1J,L). The R. fluitans WE
resembles R. stenophylla, which is monoecious and forms consistently sporophytes [23], which were not
formed by both R. fluitans ecotypes. Moreover, the WF of R. fluitans and R. rhenana are morphologically
highly similar. Univocal discrimination is possible by chromosome counting, as R. fluitans possesses
eight and R. rhenana 16 chromosomes [23]. Chromosome analysis of R. fluitans BoGa and R. fluitans
001TC revealed that both ecotypes do not possess duplicated chromosome sets (Figure S2).
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The R. fluitans BoGa WF floats just below the water surface, while the R. fluitans 001TC WEF exhibits
a more submersed growth (Figures 1A and 6D). Cross sections revealed that the R. fluitans BoGa
WEF develops air chambers, which likely mediate an impetus towards the water surface (Figure 6F),
whereas the WF of the R. fluitans 001TC ecotype does not form air chambers, explaining a submersed
growth (Figure 1G). LF comparisons showed that the R. fluitans BoGa LF forms slightly larger air
chambers compared to R. fluitans 001TC (Figure 6G).

Taken together, morphological and chromosome analyses demonstrate a clear R. fluitans
species affiliation for the two investigated different ecotypes, which can be used for future
transformation approaches.

3. Discussion

The liverwort M. polymorpha is well adapted to a terrestrial life and has been established as a
basal land plant model system [14,40,41]. Notably, liverworts also comprise the amphibious species
R. fluitans, which lives in water and on land and is thus ideal to close the gap between aquatic and
terrestrial plant model species. Here, we report the establishment of R. fluitans transformation and
sexual induction protocols and characterized dynamic growth adaptations.

3.1. Agrobacterium Mediated Transformation Makes R. fluitans Amenable for Molecular Analyses

Given the absence of gemmae and spore formation in R. fluitans, various transformation approaches
using thallus pieces were initially tested that were not successful. For optimization, we tried callus tissue,
a cell mass of redifferentiated pluripotent cells known to mediate efficient and stable transformations
in maize and rice [34,35,42,43]. Application of callus tissue enabled the successful transformation of
R. fluitans and 13 transgenic lines were generated in three experiments. The transformation procedure
starts with the induction of callus growth from LF thalli followed by Agrobacterium co-cultivation and
two consecutive selection steps, together generating transgenic R. fluitans lines in 10 weeks.

We conclude from our tested conditions that a first selection with 5 ug/mL and a second selection
with 10 ug/mL hygromycin is advisable to increase transformation results. It has been shown that the
MpEF1a promoter drives strongest reporter gene expression in meristematic zones of M. polymorpha [32],
which was similarly observed in transformed R. fluitans plants. The 13 transgenic R. fluitans lines
showed strongest mCherry fluorophore signals in thallus tips. Three lines were further investigated
and survived three successive vegetative propagation steps under selection and continuously expressed
mCherry. After an additional cultivation for 4 weeks without selection followed by growth on selection
plates, again all propagated lines survived and expressed mCherry.

Together, these alternating selection regimes over prolonged cultivation periods strongly support
that continuous expression of the hygromycin resistance and fluorophore genes are the result of
stable transformations.

3.2. Abiotic Stress Stimuli Induce R. fluitans Reproductive Tissue Formation

As sessile organisms, plants are exposed to various stresses from which they cannot escape and
thus require developmental and metabolic adaptations. Starvation is an important stimulus to switch
from vegetative to reproductive growth in chlorophytic algae as well as in angiosperms, benefiting
from recombination events to adapt to novel environmental conditions [44,45]. A report that R. fluitans
archegonia formation is induced under starvation conditions [30] prompted us to test our investigated
ecotypes. R. fluitans 001TC and BoGa LF thalli that were cultivated on 1/100 GB5 medium developed
archegonia after 5 weeks.

Additionally, we investigated whether flooding induces R. fluitans to enter the reproductive phase.
Flooding is a major environmental change that is likely often experienced by the R. fluitans LF and
requires rapid metabolic and morphological adaptations. We observed that thalli of flooded LF plants
quickly developed the WF and initiated archegonia after only 2 weeks. Interestingly, under both stress
conditions, starvation and flooding, induced R. fluitans thalli revealed a similar morphology and formed

118



Int. J. Mol. Sci. 2020, 21, 5410

thin, elongated, less branched thalli with a brighter greenish coloration. The thallus stress-response
phenotype was formed independently of aquatic or terrestrial growth and archegonia emerged on
an induced WF and also on a starving LF. The two independent induction systems demonstrate that
different abiotic stresses can cause an induction of reproductive tissues in R. fluitans.

Furthermore, we demonstrate for the first time that a single R. fluitans plant can switch from
vegetative to reproductive growth and then back to vegetative growth, revealing a remarkable capability
to adapt dynamically to different environments. Notably, Hellwege and colleagues showed that abscisic
acid (ABA) levels are increasing in R. fluitans WF plants transforming into LF plants and that WF to LF
transition can be induced by supplementation of ABA in an aquatic environment [26]. Charophyceae,
freshwater green algae, possess homologs of ABA synthesis but lack the genes for the receptors [46],
whereas liverworts already possess all components of the ABA signaling pathway [41]. Functional ABA
signaling might therefore have exerted an important contribution to land plant adaptations.

Thus far, only one fertile R. fluitans population with archegonia and sporophytes has been
reported, however without any male structure identification [28]. Donaghy [24] described an additional
sporophyte formation in R. fluitans LF plants, but as he mentioned a furrowed thallus, the described
plants could have been R. canaliculata and not R. fluitans. It is known that misdeterminations can
occur in the Riccia genus that are caused by high inter-species similarities and also intra-species
variations considering the different WF and LF morphologies of R. fluitans [22,38]. Hence, in addition
to morphological analyses to discriminate the two investigated R. fluitans ecotypes from highly similar
species, chromosome counting was carried out. Thereby, we demonstrate that R. fluitans 001TC and
R. fluitans BoGa were correctly identified. Although antheridia formation in R. fluitans has not been
reported, it is commonly accepted that R. fluitans is a dioecious species [23,39]. The Riccia genus
contains dioecious and monoecious species [39] supporting that both possibilities could hold true.
In our studies, we observed that R. fluitans 001TC forms female structures and also all isolated and
induced R. fluitans BoGa plants only formed archegonia. This invariable gender occurrence suggests
that each ecotype could have been formed by clonal reproduction of a single female individual. In our
Botanical Garden, similar to what McGregor [47] observed, a thallus fragment might have been
introduced by a water bird followed by further spreading throughout the pond. The two established
sexual induction approaches will be helpful to further investigate whether amphibious R. fluitans
forms female and male structures and whether this occurs on the same or on distinct plants.

3.3. Adaptations to the Two R. fluitans Life Forms and Ecotype Differentiations

In comparison to M. polymorpha that forms smooth and pegged rhizoids, R. fluitans only forms
smooth rhizoids as pegged rhizoids were secondarily lost in this genus [48]. Air pores and air chambers
are crucial structures for gas exchange and respiration. In Riccia, air pores are simple openings, while air
pores in Marchantia are complex, forming a compound barrel shape [14]. Molecular data indicate that
compound, complex air pores are ancestral in liverworts and that the simple pores formed by Riccia
are derived [48]. Together, secondary losses of pegged rhizoids and complex air pores indicate that
Riccia holds a derived and not basal phylogenetic position in the Marchantiidae sub-class [48,49].

Interestingly, most liverwort lineages have notably slow rates of evolution, including Marchantia,
whereas Riccia reveals a faster evolution rate and is the most species-rich genus in complex
liverworts [48,50]. The faster evolution rate might have supported the evolution of its phenotypic
plasticity and ability to grow submersed, which is likely rather a secondary adaptation of R. fluitans given
the exceptional amphibious lifestyle of R. fluitans within the Riccia genus. Additionally, it might also
have supported further adaptations to different ecological niches. R. fluitans 001TC, with an unknown
origin, might have evolved submersed growth in adaption to special light and CO, concentrations [51]
and could therefore have been selected to meet the demands of customers using this liverwort for
greening of aquarium bottoms. We generated a novel axenic R. fluitans BoGa ecotype culture with
known origin and compared it with the R. fluitans 001TC ecotype. While R. fluitans 001TC WF lacks air
chambers which likely mediate a submersed growth, BoGa ecotype WF thalli develop air chambers
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and float below the water surface. These minor morphological differences could be adaptations to
individual ecotype habitats with varying light availability, as floating forms might inhabit deeper,
turbid lakes whereas submersed growing forms inhabit shallow, clear waters. It has been reported that
R. fluitans can sink to the bottom of ponds to survive colder temperatures during winter time [24,28],
which further strengthens an adaptability by likely adjusting air chamber formation and thus thallus
impetus to altered environmental conditions.

3.4. Outlook

The amphibious life style of R. fluitans liverwort enables the investigation of dynamic transitions
between water and land plant forms as well as adaptations to different stress factors in a single basal
land plant. Two ecotypes, R. fluitans 001TC and R. fluitans BoGa, are available as axenic cultures
and the establishment of transformation and sexual induction protocols make R. fluitans accessible
for future molecular analyses. Drought, UV light, and strongly fluctuating temperatures have been
central abiotic stressors for plants during the conquest of land over 470 MYA until today, where climate
change represents a challenge. Investigating the impact of these diverse stresses on R. fluitans growth
and unravelling the adaptive molecular mechanisms will provide insights in plant terrestrialization
processes and support climate-change focused plant breeding.

4. Materials and Methods

4.1. Plants and Growth Conditions

An axenic invitro culture of R. fluitans was purchased from Tropica Aquarium Plants
(Egd, Denmark) (https://tropica.com/en/plants/plantdetails/Ricciafluitans(001TC)/4386) and accordingly
named R. fluitans 001TC. For LF growth R. fluitans 001TC was cultivated on damp autoclaved aquarium
scaper’s soil (Dennerle GmbH, Miinchweiler an der Rodalb, Germany) and WF thalli were grown
in containers with a bottom layer of scaper’s soil filled with ddH,O. For vitro cultivation, LF was
grown on solid half strength Gamborg’s B5 medium including vitamins (% GBS5) (Duchefa, Haarlem,
The Netherlands) supplemented with 14 g/L agar-agar Kobe I (Roth, Karlsruhe, Germany). WF thalli
were grown on solid % GB5 medium overlaid with liquid % GB5 medium.

Slanted growth containers were prepared by fixing cylindrical growth containers at a 45° angle
while the agar solidified, which was afterwards overlaid with liquid % GB5 medium. Induction of
reproductive tissues by flooding was carried out axenically on agar or on aquarium scaper’s soil.
Antibiotics for selection of transgenic lines were added at indicated concentrations. Plants were grown
in a climate chamber at 22 °C under long day conditions (16 h light:8 h dark) and cool white (840)
fluorescent tubes emitting 90 ptmol m~2 s~! photons.

R. fluitans thalli were also collected from the main pond of the Botanical Garden of the University of
Osnabrtick, referred to as R. fluitans BoGa. Tips from WF thalli were isolated and rinsed under running
water for 15 min to remove debris. Tissues were then surface sterilized using 50 pL. NaOCl (11-15%
available chlorine) in 1 mL ddH,0 for 4 min and afterwards washed with ddH,O. Sterilized thalli were
transferred to solid 1 GB5 plates containing 100 ug/mL cefotaxime (Duchefa, Haarlem, The Netherlands)
for removal of remaining bacteria.

Voucher specimens are deposited at the OSBU herbarium under accession numbers OSBU 28206
(R. fluitans BoGa) and OSBU 28207 (R. fluitans 001TC).

4.2. Microscopy and Sectioning

Habitus pictures were taken with a Canon EOS 750D DSLR camera or Leica M165 FC
stereo microscope equipped with a Leica DFC490 camera. Pictures of cross sections, archegonia,
and chromosome analyses were taken with a Leica DM5000 B microscope and Leica DFC490 camera.

120



Int. J. Mol. Sci. 2020, 21, 5410

80 to 130 um thallus cross sections were prepared using a Leica VI'1000S vibratome. Thalli were
immersed in 1% liquid agarose and vacuum was applied for 30 s. Degassed thalli were transferred to
3% liquid agarose and hardened by cooling to room temperature.

Tissues for scanning electron microscopy were fixed in FAE fixative (2% formaldehyde, 5% acetic
acid, 50% ethanol) at 4 °C for 2 days and then washed and dehydrated using an ethanol series. Critical
point drying was conducted in the Leica EM CPD300 system. The chamber was cooled to 10 °C, 36 CO,
changes were applied to the tissue, and the chamber was afterwards heated to 40 °C. Dried samples
were gold sputtered in the Leica EM ACE600 sputter coater. Sputtering was performed twice at
0° and 15° angles resulting in a gold coat of 10 nm. Samples were analyzed with a Jeol JSM-IT200
scanning microscope.

Fluorescence pictures of transgenic thalli were taken with a Zeiss LSM 880 in airy scan mode.
For mCherry detection, thalli were excited with laser DPSS 561-10 at a wavelength of 561 nm and
maximum emission was detected at 615 nm. Chlorophyll a autofluorescence was exited at 633 nm
using the laser HeNe633 and maximum emission was detected at 687 nm. Raw pictures were processed
and assembled using the Fiji image processing program (version 2.0.0-rc-69/1.52i) [52].

4.3. Chromosome Counting

Chromosome counting was carried out according to Schwarzacher [53]. Briefly, thallus tips from
freshly started R. fluitans 001TC and R. fluitans BoGa cultures ensuring high cell division rates, were collected
and transferred to ice water for 24 h and afterwards incubated in saturated 8-hydroxyquinoline solution
for 3 h. Thallus pieces were then fixed overnight in Carnoy’s solution. The next day, thalli were washed
five times with 10 mM citric acid buffer (pH 4.6) to remove the fixative. Thalli were then digested
with 2.5% pectolyase (Duchefa, Haarlem, The Netherlands), 2.5% pectinase (Sigma-Aldrich, Darmstadt,
Germany), and 2.5% cellulase (Duchefa, Haarlem, The Netherlands) for 30 min and washed with ddH,O.
DAPI (10 pg/mL) staining was performed on object slides, tissue was then squashed with a cover slip,
and staining results were immediately observed using a Leica DM5000 B microscope.

4.4. Generation of R. fluitans Callus Tissue and Transformation Procedure

First, 250 mg of axenic grown LF thallus was chopped into 1 mm pieces with a flame-sterilized
razor blade and spread with a Drigalski glass spatula on one % GBS plate supplemented with 200 uM
NAA (Duchefa, Haarlem, The Netherlands). Plates were gown for 34 weeks until calli and curled thalli
were formed. These tissues were then chopped again into 1 mm pieces and material from one plate
was split up into three 100 mL Erlenmeyer flasks each containing 25 mL } GB5 medium supplemented
with 0.03% L-glutamine (Roth, Karlsruhe, Germany), 0.1% casamino acids (Roth, Karlsruhe, Germany),
and 2% sucrose (Roth, Karlsruhe, Germany).

Transformation experiments were carried out with the pGWB2 vector derivate pMpGWB-mCherry
comprising the hpt hygromycin resistance gene and mediating mCherry expression [31] under the
control of the M. polymorpha EF1a promoter, known to confer a strong and almost ubiquitous expression
in Marchantia [32]. Co-cultivation with Agrobacterium tumefaciens strain C58C1 (pGV2260) carrying the
pMpGWB-mCherry plasmid was performed as described by Ishizaki et al. [18] with slight modifications
according to Althoffet al. [32]. Tissues from the three flasks were transferred after 2 days of co-cultivation
to three 50 mL falcon tubes, passively sedimented and the supernatant, containing Agrobacterium
cells, was replaced by three washing steps with ddH,O. Next, plant tissues were divided on nine
(three per falcon) square petri dishes (10 x 10 cm) containing 3 GB5 medium supplemented with
hygromycin (Roth, Karlsruhe, Germany) (2.5, 5, or 10 png/mL) and 100 pg/mL cefotaxime (Duchefa,
Haarlem, The Netherlands) to remove Agrobacterium cells and sealed with micropore tape (3M).

Selection plates were cultured under long day conditions at 22 °C for 3 weeks. Whole young
regenerated transformants were transferred to fresh plates with 10 pg/mL hygromycin and 100 pug/mL
cefotaxime selection and mCherry expression was analyzed after 3 weeks of selective growth conditions.
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Abstract: Nepenthes is a genus of carnivorous plants that evolved a pitfall trap, the pitcher, to catch
and digest insect prey to obtain additional nutrients. Each pitcher is part of the whole leaf, together
with a leaf blade. These two completely different parts of the same organ were studied separately
in a non-targeted metabolomics approach in Nepenthes x ventrata, a robust natural hybrid. The first
aim was the analysis and profiling of small (50-1000 m/z) polar and non-polar molecules to find a
characteristic metabolite pattern for the particular tissues. Second, the impact of insect feeding on the
metabolome of the pitcher and leaf blade was studied. Using UPLC-ESI-qTOF and cheminformatics,
about 2000 features (MS/MS events) were detected in the two tissues. They showed a huge chemical
diversity, harboring classes of chemical substances that significantly discriminate these tissues.
Among the common constituents of N. x ventrata are phenolics, flavonoids and naphthoquinones,
namely plumbagin, a characteristic compound for carnivorous Nepenthales, and many yet-unknown
compounds. Upon insect feeding, only in pitchers in the polar compounds fraction, small but
significant differences could be detected. By further integrating information with cheminformatics
approaches, we provide and discuss evidence that the metabolite composition of the tissues can point
to their function.

Keywords: Nepenthes; carnivorous plants; UPLC-qToF-MS; metabolomics; tissue specificity; cheminformatics

1. Introduction

Metamorphosis of plant organs is a common feature in higher plants and often an adaptation
to the particular environment. Metamorphosis covers genetically fixed changes in both morphology
and anatomy leading to new structural or functional modifications. In higher plants, leaves are
mainly involved in photosynthesis and transpiration, but many leaf metamorphoses are also known
for exhibiting new functions. Examples are spines as protection against herbivores (cacti), needles
to reduce water loss (conifers), bulbs for storage of water and nutrients (onion), and tendrils for
climbing (pea). Striking structures of leaf metamorphosis are found in many carnivorous plants that
live on nutrient-poor soil and catch animal prey to get additional nutrients, such as nitrogen and
phosphate [1,2]. Here, the leaves are employed in catching prey, mainly insects. For instance, in Venus
flytrap (Dionaea muscipula), rapidly closing snap traps are found, in sundew (Drosera) species sticky
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flypaper traps, and in bladderwort (Utricularia) species sucking bladder traps [1,2]. Another type of
trap is realized in so-called pitcher traps that can be found in the genus Nepenthes (Figure 1), occurring
in Southeast Asia.

Figure 1. Nepenthes x ventrata. Natural hybrid of N. ventricosa and N. alata.

These passive traps attract prey to the pitcher opening, the peristome, which is extremely slippery
for insects causing them to fall into the pitcher. The lower part of the pitcher is filled with a fluid
where the prey drowns. Subsequently, plant-derived hydrolytic enzymes inside the fluid digest the
prey and generate absorbable forms of nutrients, which are taken up and delivered further to the plant
body through bi-functional glands [2,3]. In Nepenthes species, the whole leaf underwent an extensive
metamorphosis: the typical leaf lamina (synonym: leaf blade) turned into a pitcher for catching prey,
the petiole into a tendril to climb, and the leaf base into a basal leaf-derived leaf blade (from now on:
leaf blade) substituting the lamina to ensure photosynthesis (Figure 2) [4,5].

(A) (B) Lamina

i PP
Petiole f"—’/ 7
A

‘{— Leaf base

‘ . Stem

< AYO
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; '_‘ A (— Tendril

r Lamina [3AE) )

2 cm Pitcher @

Figure 2. Comparison of leaf morphology. (A) Nepenthes x ventrataleaf. (B) Typical foliage leaves (upper),
Nepenthes leaf (below). In italics, the leaf parts developed in Nepenthes as result of metamorphosis
of the typical leaf parts. For further explanation, see the text. Copyright © of drawing (B) held by
Sarah Zunk.

For many years, scientists studied the different trapping mechanisms in order to understand their
function and biomechanics. However, changes and adaptations in leaf morphology and anatomy also
come along with changes in the physiology, biochemistry, and molecular biology of carnivorous plants.
Thus, in recent years, many studies in carnivorous plants focused more and more on molecular aspects
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and “omics” approaches, except metabolomics. Those studies have produced more and deeper insights
in the molecular events accompanying the various steps necessary for successful prey hunting and
digestion, suggesting, for example, that plant carnivory originates from defense mechanisms [6—12];
however, most studies are still related to the particular traps.

In Nepenthes, the pitcher fluid was investigated in detail, including its proteome [13-15] and
the composition of organic and inorganic low-molecular-weight compounds [16]. Based on such
studies, we learned that the pitcher fluids consist of enzymes necessary for digestion and also defensive
proteins belonging to the group of pathogenesis-related proteins [17]. Moreover, the pitcher fluid
is poor in inorganic nutrients and contains secondary metabolites with antimicrobial properties,
i.e., naphthoquinones; droserone and 5-O-methyl droserone are described for N. khasiana [18] and
plumbagin and 7-methyl-juglon for N. ventricosa [16]. These compounds are not widespread in plants
but very often occur in carnivorous plants of the order Nepenthales [19], a sensu stricto sister group to
Caryophyllales [5]. For Nepenthes, some of these naphthoquinones were described as inducible by chitin
and prey [18,20], suggesting a functional role after prey catch. Naphthoquinones are highly bioactive
compounds with defense-related properties [21]. Therefore, it has for a long time been suggested that
these compounds are involved in protection against various microbes and pest attack and preserving
prey during digestion [16-19]. Plumbagin and some other naphthoquinone derivatives have also been
found in various tissues of Nepenthes species including the pitchers [16,20,22,23]. In addition, in the
literature, the presence of carotenoids, flavonoids, sterols and triterpenes was mentioned for Nepenthes
leaves [2,24,25].

As many carnivorous plants, including Nepenthes, harbor a huge chemical diversity,
many secondary metabolites from carnivorous plants are currently isolated for pharmaceutical,
biotechnological and pseudo-medical use [2,26,27]. This approach per se has led to pharmacologically
valuable molecules, and, notably in times of an ongoing pandemic, its value is obvious. However,
metabolomics studies to better understand the role of metabolites concerning their ecological function
in a carnivorous plant are not available but nevertheless important. As suggested by Hatcher and
colleagues [19], the metabolite diversity may represent a mechanism supporting the evolution of
carnivory and the ability to cope with new and harsh environments. In addition, regarding the
metabolome, carnivorous plants’ responses to the assimilation of animal-derived nutrients remain
largely unknown. Thus, the examinations of metabolite changes in pitcher and leaf blade tissues before
and after prey digestion may also provide insight into dynamic processes in plant metabolism.

In order to address these questions, we used a non-targeted approach to analyze and compare,
in Nepenthes x ventrata, the ionizable metabolites of specialized tissues; i.e., pitcher traps that are
involved in prey catch and (basal) leaf blades involved in photosynthesis. In addition, we analyzed
changes in the metabolite composition upon insect prey digestion. Besides these ecological aspects,
the unique metamorphosis of a typical leaf organ into highly specialized tissues adds a fascinating
developmental aspect.

2. Results

2.1. Metabolomics Reveals a Loss in Metabolite Load and Diversity in the Specialized Pitcher Organ

Drosophila melanogaster-fed and non-fed pitchers and related leaf blades of N. x ventrata were
subject to independent polar and non-polar extractions. Extracts were analyzed by UPLC-ESI-qTOF in
positive mode, with data-dependent fragmentation. Data was acquired in positive mode due to higher
sensitivity and the higher quality of fingerprint predictions of SIRIUS+CIS-FingerID in positive as
compared to negative mode. Since, in polar extractions, the chromatograms were dominated by a few
peaks, to increase the coverage the samples were injected twice; as concentrated extracts and as ten-fold
dilution. Using MetaboScape®, in the non-polar extraction 1396 peaks were detected and adducts
grouped into 1226 features, 984 of which had at least one MS/MS event. In the polar extracts, 1398 and

127



Int. J. Mol. Sci. 2020, 21, 4376

560 peaks were detected, grouped in 1250 and 509 features, with 1012 and 383 fragmentation events in
concentrated and diluted samples, respectively; both matrices of polar features were concatenated.

To gain an overview of the metabolomics changes, non-supervised analysis was performed
separately on both polar and non-polar extracts. For both extractions, a Principal Component Analysis
(PCA) showed that the main source of variation is the tissue, separated by the first component,
explaining 35% and 25% of the variance in polar and non-polar metabolites, respectively (Figure 3).
Interestingly, only the polar features of fed and non-fed pitchers were separated in the PCA (by the
third component), explaining around 5% of the variance (Figure 3a). None of the other combinations
of PCs, cumulatively explaining up to 95% of the variance, managed to separate samples by feeding
status. Remarkably, a consistent trend can be seen in the score plots (Figure S1), where leaf-specific
features have a higher m/z than pitcher-specific peaks in both polar and non-polar extracts.
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Figure 3. Unsupervised analysis of all detected features. PCA analysis of features detected in polar
(A) and non-polar (B) extracts. Tissue and feeding status are indicated by the colors dark green
and light green, showing fed and not-fed leaves, and red and orange, showing fed and not-fed
pitchers, respectively.

To complement the non-supervised analysis and to estimate the effect of tissue type and feeding
status, two-way ANOVA tests were run on the features. Ratifying the previous observation, only
tissue had features that were significantly different (FDR < 0.01). After removing duplicated signals, in
the polar fraction 797 differentially accumulated features (DAFs) were found, with the vast majority
(634) being highly accumulated in leaf compared to pitcher (163 features; Figure S2). Correspondingly,
the non-polar fraction had 449 DAFs that were more balanced, with 272 and 177 over-accumulated in
leaf and pitcher, respectively (Figure S3). The DAFs are shown in the cloud plot of Figure 4, where the
trend hinted at by the PCA score plots is confirmed: in both polar and non-polar extracts, features
over-accumulated in leaf are of higher m/z than those over-accumulated in pitcher, with a difference of
medians of 122 Th and 121 Th, respectively (Figure S4).

Moreover, besides the finding that leaves show more significantly accumulated features,
the fold-change of those features is also remarkably higher (size of the circles in Figure 4) than
the features over-accumulated in pitchers (Figure S5).
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Figure 4. Mirror plots of differentially accumulated features (DAFs). DAFs (FDR < 0.01) in polar (A)
and non-polar (B) extracts are shown for leaf (top) and pitcher (bottom). Circle size depicts the absolute
value of the log, of the average fold change, on the top if it is over-accumulated in leaf, and on the
bottom otherwise. Color and y-axis value depict the m/z value of the feature, with blue being low- (100)
and red high- (1000) m/z features; the further away from the origin, the higher the m/z, as indicated
by the y-axis. The superimposed, raw base-peak chromatograms (BPC) of all runs are shown in the
background, colored accordingly: green, all leaf BPCs; orange, all pitcher BPCs.

2.2. Database-Independent Spectral Analysis Identifies Key Substructures in DAF

Assignation of feature identity is a complicated endeavor, which in MS-based metabolomics relies
heavily on compound databases. Unequivocal identification of a compound requires isolation and
analysis by NMR, and putative identification by fragmentation patterns requires manual curation of
candidate lists, generated by algorithms that automate comparisons to databases. Given that Nepenthes
is an understudied genus, we expect few of the detected compounds to be present in chemical databases;
however, some structural information can be directly extracted from the MS/MS spectra.

With that purpose, for every adduct of all DAFs, we collected fragmentation spectra and analyzed
it using SIRIUS [28-30] and CSI-FingerID [31], from which the best-predicted fingerprint vectors for
each DAF were selected for analysis. In total, 580 DAFs (72%) from the polar and 212 DAFs (47%)
from the non-polar fractions were each assigned a vector of chemical fingerprints. For reference,
only 11 DAFs (2%) of the non-polar fraction had a hit using the extended database LipidBlast [32].
CSI-FingerID vectors contain 2937 chemical fingerprints [31] to which we assigned one of three values
(present, absent, and uncertain) based on their posterior probabilities. We then calculated enrichment
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probabilities of the presence and absence of each fingerprint in each tissue, separately for polar and
non-polar; the significantly enriched ones (FDR < 0.05) are shown in Tables S1 and S2.

Strikingly, pitcher DAFs have an increased presence of phosphate groups (Figure 5). They also
mostly lack tertiary and quaternary carbons and rings, which would point at acyl lipids and
phospholipids as those lipids in pitchers that best differentiate them compared with leaves. Accordingly,
leaf DAFs have a distinctive annulated ring structure, along with fingerprints of at least two six-carbon
rings, ternary carbons and branched fatty acyl chains, all typical fingerprints of sterol lipids. Indeed,
analyzing the heatmap of the selected vectors (Figure 5) it can be seen that the right-most clusters,
with most of the leaf DAFs, show typical sterol fingerprints. In contrast, the left-most clusters, with the
majority of the pitcher DAFs, have at most one ring. In addition, this cluster harbors the prominent
PO;,-containing cluster, consisting almost entirely of pitcher DAFs.

Concerning the fingerprints of the polar extracts, there are many more DAFs in leaves than in
pitchers. Because structural variability is strikingly higher in polar compounds, interpretation is less
straightforward. However, pitcher DAFs are seemingly enriched in compounds with heteroatoms,
such as nitrogen or phosphate, and pentose fingerprints. Some diimines are found naturally in purines
and ureides—both soluble molecule families that have a high nitrogen load. Given that there are five
times more DAFs with fingerprints in leaf than in pitcher, not many characteristic fingerprints can
be robustly assigned to be leaf-specific. Nevertheless, one of the main DAFs found in leaf blades,
which appears to be 32 times higher in leaf blades than in pitchers, has been tentatively identified
as the naphthoquinone plumbagin. In sum, in the corresponding fingerprint heatmap (Figure 6) the
enrichment is not as clear cut as in the lipids, given the low abundance of pitcher DAFs. However,
it is still noticeable that the right-most cluster concentrates almost exclusively pitcher DAFs: of the 11
DAFs simultaneously having four of these five fingerprints, only one is from leaf. Only one of these
compounds had a biologically relevant database hit, resembling a uridine bisphosphate. In addition,
interestingly, only five out of the 16 DAFs with a pentose fingerprint are accumulated in leaf.

2.3. Differences in Pitcher Due to Feeding Status

As the PCA suggested that only the polar extract of pitchers had a difference depending on feeding
status, and to avoid interference with external variance, a one-way ANOVA was performed specifically
in the polar extract of fed and non-fed pitchers. Thus, we found 73 DAFs due to the feeding status,
with 27 features accumulating in fed pitchers, and 46 accumulating in non-fed pitchers (Figure S6).
Unlike the above-mentioned examples, fold changes appear to be balanced, although the features
accumulating in fed pitchers appear to have a higher m/z than those in non-fed pitchers (Figure S7).
Notably, almost all of the DAFs (69 out of 73) are present only in the concentrated extract, and even
there with low intensity.

Since most compounds do not have fragmentation due to low intensity, the full pipeline of
SIRIUS+CSI-FingerID was followed, and the candidate list was manually curated. The results are
shown in Table S3, where it can be seen that only 11 DAFs had a fragmentation pattern that allowed
structural interpretation. Although the largest DAF-containing group is the one of non-fed pitchers
(46 DAFs), only four features have assignations. Interestingly, three are nitrogenated: a putative
nitrogenated heptose (C;H15NOy), an unidentified, densely nitrogenated compound (C13H;7N¢O15),
and a third that appears to be a nucleotide phosphate with an either cyclic (C10H;7N4O7P) or
acyclic (C1oH15N4OgP) attachment. As for the fed pitcher, seven DAFs were identified, four likely
to be phenolic compounds and three nitrogenated compounds. The phenolics were likely three
simple phenolics (C19H19O03, C17H2O0g, and C13H14041, the latter two glycosylated) and a flavonoid
(C17H1407). The nitrogenated compounds had no hits in biologically relevant databases, only in
PubChem; of those, two were compounds with four nitrogen atoms (C;H4N4O7 and Cy7H18N4Og)
with very similar fingerprints, with more than two aromatic rings and nitrogen atoms in heterocycles,
and the remaining one (C14H4NOs) had a single aromatic ring and a single nitrogen.
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Figure 5. Fingerprint heatmaps of non-polar DAFs. A heatmap (A) is shown of the DAFs (columns)
that had a fingerprint vector assigned, colored by tissue (green: leaf; orange: pitcher) on the top band.
Only the enriched fingerprints (rows) are shown, named by CSI-FingerID relative index position (A).
Based on posterior probabilities, the fingerprints were determined to be absent (blue), present (red), or
uncertain (white). A cluster of DAFs almost exclusively accumulated in pitchers is highlighted in black,
with the enriched fingerprints being described in (B) and, if graphical representation is possible, in (C).
Any means it can be any kind of bond, RngAny means the bond is in a ring (of any kind), S/A means it

is a single bond that can be anywhere (within a ring or not).

131




Int. J. Mol. Sci. 2020, 21, 4376

. T T

tissue

(408)

(178)

(353)

(1738)

(B)  (406) - m6l(:n)(n)
(561) — n:icinic
(178) — [IC;Ic;1#1;1HOI~*~[IC;Ic; 1#1;1HO]
(353) — [#8]~[#15]
(1738) - 0OCC10CC(0)C10

(C)
(406) .. (561) Sl (178) AWA Any
HN*" T NH HN™" “NT Q Q
- HO
(353) (1738)
Any OH
OH
O

Figure 6. Fingerprint heatmaps of polar DAFs. A heatmap (A) is shown of the DAFs (columns) that
had a fingerprint vector assigned, with blue cells being present, red being absent, and white being
uncertain fingerprints. Given the nature of the sample, being mostly leaf DAFs, only the positive
fingerprints enriched in pitcher and absent in leaf are shown. These fingerprints are described in (B)
and the graphical approximation of their substructure in (C). It is important to note that the right-most
cluster is unusually enriched in pitcher DAFs, with a high number of positive assignations of most of
the selected fingerprints.

3. Discussion

Many low-molecular-weight compounds identified so far in carnivorous plants are volatile
compounds suggested to be involved in prey attraction [19,33]. For instance, in N. rafflesiana, more
than 50 volatiles have been found [34]. Less information is available for non-volatile compounds.
Thus, we performed an untargeted metabolomics approach to determine which compounds might be
related to carnivory in the metabolism of Nepenthes x ventrata, used here as a model plant. Two different
questions have been addressed; first, we wanted to see whether or not the leaf blade and the pitcher
contain different tissue- and function-specific metabolite patterns; second, we looked for differences
in the tissues before and after insect feeding. This is the first study where a metabolomic profiling
of the carnivory process in the genus Nepenthes is performed. Due to the technical design of this
untargeted metabolomics work, the vast majority of primary metabolites fall inside the exclusion range
for fragmentation (50-150 m/z); therefore, no meaningful assignation of identity or fingerprints could
be performed on primary metabolites.
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3.1. Metabolite Differences in Nepenthes Tissues: Leaf Blade vs. Pitcher

Overall, the number of features observed in leaves was much higher compared with pitcher tissue.
In particular, there is a clear trend for the presence of polar compounds with m/z > 300 and of non-polar
compounds with m/z > 400 in leaves. In addition, more over-accumulated features were found in
leaves, with higher fold changes compared to pitcher. This means that both metabolite levels and
diversity are lower in pitchers.

In the non-polar phase, the DAFs that best discriminate between pitcher and leaf are very likely
acyl lipids and phospholipids, which are preferentially found in pitchers, and sterol derivatives, which
are preferentially accumulated in leaves. The different membrane composition of these two tissues
may be reflective of the differing functions. Sterols affect membrane fluidity and permeability, making
the membranes more rigid, and are considered membrane reinforcers [35]. In addition, sterols are
critical for the formation of lipid “rafts”, which regulate biological processes such as signaling and
transport across the membrane [36]. In Nepenthes, first, nutrient uptake from the pitcher fluid is
performed by the bi-functional glands localized inside the pitcher. Besides carriers, clathrin-mediated
endocytosis is involved in this process [37]. Specific for the vesicles of the clathrin-mediated pathway
are phospholipids, favoring vesicle formation in contrast to sterols [38]. This might be another point
that explains the different distribution of lipophilic metabolites in pitchers and leaves. In addition,
a unique feature of Nepenthes pitchers is the waxy coating of the inner part of the pitcher, making it
slippy for any prey trying to escape. This might also explain the difference in lipophilic metabolites in
the pitcher compared with the leaf.

Interestingly, there is a family of polar compounds that simultaneously have a methylene-
interrupted heteroatom, diimine-like structure (*~N=C=N~* and *~N=C=N=C-*), and phosphate
and pentose fingerprints, and are exclusive to pitchers (10 out of the 11 DAFs with at least four of
the five fingerprints). This finding was surprising as the carnivorous plants actually are limited in
nitrogen and phosphate, and none of these DAFs are changing significantly due to feeding status.
Nevertheless, since pitchers need to be ready for catching and digesting prey, they might be active
in transport of both phosphate- and nitrogen-containing compounds. The presence of nucleotide
phosphates supports the view at the pitcher as an active tissue ready to start de-novo synthesis of all
necessary biosynthetic pathways. As long as no prey or not enough prey has been caught, even the
pitcher must be seen as a sink tissue, and transport can occur in any direction. The putative nitrogen-
and phosphate-containing glycosylated compounds are not present in biological databases and may
hold valuable information on nitrogen and phosphate transport. The nature of these compounds,
which might be mobile within the plant, is still an open question. Nitrogenous bases, like ureides,
are well known to undergo long-distance transport in rhizobia-legume symbioses [39] as well as in
non-nodulated plants [40]. Interestingly, the final enzymatic step to release ammonia from ureides
is catalyzed by a urease. Its presence and activity were recently demonstrated for Nepenthes and
other carnivorous plants [41]. Whether or not this scenario mirrors the nitrogen translocation and
distribution that occurs in Nepenthes remains to be elucidated.

3.2. Insect Feeding Causes Changes in Polar Metabolite Pattern in Pitchers

In order to better understand the dynamics of the metabolic processes of carnivory in Nepenthes
plants, immediately after opening, the pitchers were fed with fruit flies or not fed for 72 h. Results
of the MS-based untargeted metabolomics analysis determined small but significant changes only in
the pitcher tissue and, moreover, only in the fraction containing the polar metabolites. No significant
changes in the leaf blade and no changes in the pitchers’ non-polar metabolites were found as a result
of feeding. Nevertheless, there was a trend showing that fed pitchers accumulated more compounds
with higher molecular weight compared with non-fed pitchers, indicating a modulated, increased
metabolic activity. Without knowing the exact structures of the compounds, the ecological relevance
of changes in metabolite composition remains speculative. It might be due to higher physiological
activities, in the sense that mobile compounds are built which can more easily be distributed within the
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plant or that the pitcher tissue needs to be more defended against detrimental organisms showing up
together with caught prey. This would explain an increase in, for example, some phenolic compounds.
For example, in our experiment, the fed pitchers were found having an around four times higher
concentration of a flavonoid-related feature (c_331.0809-12.16; C1yH1407; Table S3) compared with
non-fed pitchers. Itis also suggested that Nepenthes is a slowly digesting plant [42]. For example,
prey-initiated induction of digestive enzymes such as the protease nepenthesin can take days [43].
Thus, it is conceivable that the selected 72 h of prey digestion were not sufficient to detect more induced
metabolites, qualitatively or quantitatively. Following this thread, it may also explain why no effect
of feeding was found in the leaf blades. Experiments with N. hemsleyana, a coprophagous Nepenthes
species that does not catch prey any more but feeds on bat feces [44], showed that upon N-enriched
urea application into pitchers, after only four days, >N was significantly detectable in protein fractions
of leaf blades [41].

These data suggest the lipid composition of pitcher appears to favor vesicle formation, while leaf
blade lipids promote rafts and membrane rigidity; pitcher-specific DAFs contain nitrogen and
phosphorus, with typical fingerprints of molecules known to undergo long-distance transport;
and changes in leaf and pitcher features are weak due to feeding status. We may further speculate that
prey-derived nutrients are taken up via vesicles in the pitcher, further degraded, fixed in organic N- and
P-rich compounds, and eventually systemically distributed, thereby passing the proximal leaf blades.
This is supported by research showing that developing leaves incorporated a higher level of 1°N, being
preferentially supplied compared with a leaf that carries a fully developed pitcher [45]. Additional
future experiments with different time points of harvesting may provide more insight into the dynamics
of prey-induced changes in the Nepenthes metabolome in different tissues. However, as carnivorous
plants mainly hunt for nitrogen and phosphate, it was not surprising to find prey-induced metabolite
changes in the fraction containing polar, water-soluble compounds.

LC-MS-based metabolomics is a powerful tool for assessing chemical diversity in an un-biased
manner, and is particularly useful for characterizing non-model plants, for which available data is
scarce. However, the very nature of understudied plants complicates interpretation of the results, as
most methods of putative identification rely heavily on databases, suffering greatly from popularity
bias, and require manual curation, hindering analysis of systemic changes, such as those in pools
of metabolites. Cheminformatics has long been used to extract information from large databases
in an automated manner, but usually requires the existence of a chemical structure. We used
a cheminformatics-aided metabolomics approach for characterizing the carnivorous plant N. x
ventrata, using CSI-FingerID [31] fingerprint vectors directly, entirely bypassing structure assignation,
the weakest link in the metabolomics pipeline. This minimizes false positives, and produces a robust,
evidence-based approach for exploring systemic changes in metabolites.

In order to elucidate the real structures of the numerous compounds, further analyses are necessary,
such as NMR. However, the compounds we found occur at low abundance, and this makes it extremely
difficult to isolate enough material for analysis. However, the methods employed in the present study
highlight general tissue-specific metabolites and their changes upon prey digestion.

Nevertheless, the fact that many features could not be identified in biologically relevant databases
highlights the need to characterize non-model plant species to increase our knowledge of chemical
diversity and find still-unknown compounds, which might be biologically or pharmaceutically
relevant. In particular, Nepenthes species are well known in traditional medicine. Various reports are
available describing curative effects of extracts from different Nepenthes species and tissues on diseases,
for example, on cough, fever, hypertension, urinary system infections [46], malaria [47,48], asthma,
pain [48]; Staphylococcus infection [49], celiac disease [50], and recently on different kinds of oral cancer
cells [51]. Thus, further work on the isolation and structure elucidation of Nepenthes metabolites as well
as the analysis of their putative pharmaceutical uses seems promising in order to find new structures
and therapeutics.
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In conclusion, the studied Nepenthes x ventrata plant contains a huge variety of different metabolites.
We focused on MS-based and data mining approaches to visualize the metabolic differences between
leaf and pitcher tissues, and between fed and un-fed plants. Leaf metamorphosis into pitchers and
leaf blades generated new tissues that are different in function, which is also clearly represented in
their respective DAFs. Surprisingly, insect prey feeding has a much smaller impact on the measured
metabolites. Cheminformatics approaches suggest the presence of many structurally unknown
compounds which might be of therapeutic interest, bearing in mind that Nepenthes species have
been long used in traditional medicine. Further research should be carried out addressing the
remaining questions of metabolite identification, biosynthetic pathways and the ecological relevance
of Nepenthes metabolites.

4. Materials and Methods

4.1. Plant Material, Treatment, and Sampling

We used the natural hybrid Nepenthes x ventrata (N. alata x N. ventricosa) as a model organism. N. x
ventrata plants were grown in the greenhouse of the MPI for Chemical Ecology at 21-23 °C, 50-60%
relative humidity and a 16/8 h light/dark photoperiod. To avoid contamination, still-closed pitchers
were covered with a mesh. Once the pitchers opened, they were left untreated for controls or prey
degradation was induced by adding 30 wild-type Drosophila melanogaster, representing ca. 31 mg
fresh weight. Individual pitchers represent independent biological replicates from different plants.
After 72 h, pitchers were emptied, i.e., the digestive fluid with or without the remains of fruit flies
was discarded, and subsequently rinsed 3 times with sterile distilled water. Next, both the tissue
from the glandular zone (lower third part of the pitcher) and the related leaf blade were dissected
and sampled in 50-mL Falcon tubes and immediately frozen in liquid nitrogen. The plant material
was finely ground in liquid nitrogen using a mortar and pestle. Then, ground material was stored in
screw-cap Eppendorf tubes and stored at —80 °C until further processing.

4.2. Metabolomic Extraction

Altogether, 28 individual samples were examined—7 D. melanogaster-treated and 7 untreated
pitchers—and their corresponding leaf blades harvested after 72 h. Samples were extracted following
a procedure derived from [52,53] with some modifications. In short, double extractions of 100 mg
FW tissue powder were performed in 2-mL Eppendorf tubes at room temperature, using 500 uL
MeOH:ammonium acetate buffer (pH 4.8). Therefore, after 5 min shaking, a 15 min sonication in water
bath followed (3x for 5 min and 3 min resting in between). Extracts were centrifuged at 20,000x g
for 10 min. Clear supernatants were combined and filtrated using a PTFE syringe filter (hydrophilic
0.22 pm pores, 13 mm diameter, Fisherbrand, Cat.# 15161499, Fisher Scientific, Schwerte, Germany).
This extract was diluted 1:10 with 75% MeOH and further analyzed.

4.3. Lipidomics Extraction

Here, altogether 30 individual samples were examined: 5 non-treated control pitchers and leaf
blades were taken directly after pitcher opening at 0 h; 5 D. melanogaster-treated and 5 untreated pitchers
and their corresponding leaf blades taken after 72 h. Each sample represents an independent biological
replicate. Extractions were done following a procedure derived from Matyash et al. (2008) [54] and
Chen et al. (2013) [55] with some modifications. All steps were performed in glass test tubes and kept at
room temperature. In short, an adjusted volume of methanol was added to 100 mg FW of tissue powder,
based on a ratio of 150:1 v/w DW. Milli-Q water was added to a final ratio of 3:1 MeOH:H,O, taking the
water content (87%) of the tissues into consideration, which was determined before. Next, samples
were vortexed followed by 5 min sonication in a water bath (5x for 1 min and 1 min resting in between).
Thereafter, methyl-tert-butyl ether (MTBE) was added to achieve a ratio of 10:3:1 (MTBE:MeOH:H,0).
Samples were vortexed again, sonicated as described and shaken at 100 rpm for 1 h. Afterwards,
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milli-Q water was added to reach a total ratio of 20:6:7 (MTBE:MeOH:H,0). Samples were vortexed,
sonicated as previously described, and shaken for 10 min. To separate them into two phases, samples
were centrifuged at 100x g for 20 min. The organic phase was recovered, while the aqueous phase was
extracted again in 2 mL, keeping the ratio of MTBE:MeOH (20:6:7). Both organic phases were combined
and evaporated under vacuum at 45 °C. The dry aqueous and organic samples were resuspended in
acetonitrile:isopropanol (50:50) to a concentration equivalent to 1 g/L DW and filtrated using a PTFE
syringe filter. This extract was diluted 1:10 with acetonitrile:isopropanol (50:50) and further analyzed.

4.4. Metabolic Profiling Using HPLC-qToF-MS

Samples were analyzed using an Elute LC system (Bruker Daltonik, Bremen, Germany) coupled
via ESI to a Maxis II g-TOF (Bruker Daltonik, Bremen, Germany). Polar compounds were separated
using a Kinetex® XB-C18 column (100 x 2.1 mm, 2.6 um, 100 A; Phenomenex, Aschaffenburg, Germany)
at 40 °C with a gradient from water to acetonitrile, both modified with 0.1% formic acid, according
to [52] with minor modifications. Namely, there was a flow of 0.2 mL/min, a linear gradient from 5% to
75% acetonitrile over 20 min, increased linearly to 95% acetonitrile over 5 min, followed by a 5-min
equilibration at the initial conditions. Non-polar compounds were separated using a Luna® Omega PS
C18 column (150 x 2.1 mm, 3 pm, 100 A; Phenomenex, Aschaffenburg, Germany) at 50 °C. Mobile phase
A was a mixture of water and acetonitrile (4:1 v/v) and mobile phase B was an isopropanol:acetonitrile
mixture (9:1 v/v); both phases were modified to a final concentration of 10 mM ammonium acetate and
0.1% formic acid. The gradient was as previously published [56] with minor modifications: at a flow of
0.2 mL/min, a linear increase from 40% B to 45% B in 2 min, then to 55% B in 8 min, followed by an
immediate step increase to 70% B, then a linear increase to 99% B in 10 min, holding at 99% B for 5 min,
and finally returning to the initial conditions for 5 min. For analysis of the extracts, 5 uL of a 10-fold
dilution was injected, and, for the polar extracts, a second batch of 5 uL of concentrated extract was
injected. Injections in each of these three batches were randomized, with 5 evenly interleaved quality
control injections of pooled samples, preceded by 4 “dummy” injections of pooled quality control
samples to passivate the column, which was extensively washed after each batch. Analyses of the
quality control samples are shown in Figures S8-510.

Acquisition of MS data was done using the same conditions for both polar and non-polar
compounds. Ionization was performed via pneumatic-assisted electrospray ionization in positive
mode (ESI+) with a capillary voltage of 4.5 kV and an end plate offset of 500 V; a nebulizer pressure of
3 bar was used, with nitrogen at 350 °C and a flow of 12 L/min as the drying gas. Acquisition was
done at 12 Hz following a mass range from 50 to 1000 m/z, with data-dependent MS/MS and an active
exclusion window of 0.2 min, a reconsideration threshold of 1.8-fold change, and an exclusion range of
50-150 m/z. Fragmentation was triggered on an absolute threshold of 400 and acquired on the most
intense peaks using a target intensity of 20,000 counts, with MS/MS spectra acquisition between 12 and
20 Hz, and limited to a total cycle time range of 0.5 s. Collision energy was determined automatically
by the software depending on mj/z value. At the beginning of each run, an injection of 20 uL of a
sodium formate—isopropanol solution was performed in the dead volume of the injection, and the m/z
values were re-calibrated using the expected cluster ion m/z values.

4.5. Feature Detection

Peak detection was done using Metaboscape software (Bruker Daltonik, Bremen, Germany) with
the T-Rex 3D algorithm for qTOF data. For the non-polar runs, parameters for detection were an
intensity threshold of 500 with a minimum of 7 spectra, and features were kept if they were detected in
at least 3 replicates of the same treatment, tissue and time (60% of n). Adducts of [M+H]*, [M+Na]",
[M+K]*, and [M+NH4]* were grouped as a single feature if they had an EIC correlation of 0.8. For the
polar runs, the intensity threshold was set to 1000, the features were kept if detected in at least
5 replicates of the same treatment and tissue (70% of n), and adducts were grouped in the same manner,
only excluding the ammonium adduct, which was not expected in the polar runs.
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4.6. Spectral Analysis

Proprietary MS Bruker files were re-calibrated with cluster ions of sodium formate in the
dead-volume injection time and converted to mzXML [57-59] using Bruker DataAnalyst software
(Bruker Daltronik, Bremen, Germany). Access to the raw data in mzXML files was done in R with
the aid of the mzR library [60]. MS/MS data was extracted for selected features using an in-house
built code that searched in all samples for fragmentation events triggered in a window of 0.5 min
within the feature retention time (RT). To avoid misassignation of closely eluting isobaric compounds
within the RT window, the maximum of intensity in the MS1 extracted ion chromatogram (XIC) of
the feature m/z (with 5 ppm error) that was closest to the feature RT was searched. Only contiguous
peaks decreasing in intensity from the previous point in the MS1 XIC and with intensity higher than
10% of the maximum were kept. The new RT window was determined by the time in the first and last
events. Within this new RT window, all fragmentation events whose parent ions matched the feature
m/z within a 5 ppm error were stored. The fragmentation events of the most abundant 5 (non-polar)
and 7 (polar) peaks for each feature adduct were merged using previously published in-house binning
algorithm [61], and saved as MASCOT generic format (MGF) files.

Candidate structures and database-independent fingerprint vectors were obtained by loading
the above-mentioned MGTF files into the SIRIUS [28-30] and CSI-FingerID [31] pipeline. Candidate
structures for the DAFs of fed and non-fed pitchers were obtained by searching the top hit of
CSI-FingerID in all databases and manually curating the results; for all the other analyses, fingerprint
vectors of the top 10 candidates of all predicted formulas were exported and loaded in R. When more
than one adduct was present in a feature, only the formulas that matched the formulas of the adducts
were kept. Then, only fingerprints that explained more than 3 peaks and more than one third of
the intensity were kept. The final selection of the fingerprint vectors was made by collapsing all the
adducts per feature, only keeping the fingerprint vectors corresponding to the top-scoring candidate
and those that were less than 30% different. Fingerprints were assigned as present if the highest
posterior probability of fingerprint vectors and adducts was greater than 0.75, as absent if the lowest
posterior probability was less than 0.25, and as uncertain otherwise. Enrichment for presence and
absence were calculated via a hypergeometric test, with uncertain assignations not being considered
in the probability calculations as either hits or fails. The p-values of the hypergeometric tests were
corrected for multiple testing.

4.7. Statistical Analysis

All statistical analyses were performed using the R 3.6.1 base package [62] and graphics using
a combination of the ggplot2 [63] and gplots [64] libraries, unless otherwise specified. Analysis of
polar and non-polar fractions was done separately, given the nature of the experiments. Since the
maximum signal-to-noise ratio was assumed to be 1/3, the zeroes in the matrices were replaced by
their respective minimum measured area, divided by three, and then logjo-transformed. The resulting
matrices, estimated as Normal by Q-Q plots, were used for ANOVAs. For principal component
analysis, these logo-transformed matrices were z-scaled by subtracting the mean and dividing by the
standard deviation in a feature-wise manner. For the non-polar analysis, a two-way ANOVA was done
on samples after 72 h, taking tissue and treatment as factors, and blocking by extraction batch. Since no
difference was found by treatment, the 0 h control was added to analysis discriminating tissue, blocking
by all other variables. For the polar analysis, a two-way ANOVA was done on the concatenated
matrix of concentrated and diluted injections, taking tissue and treatment as factors. The features were
de-duplicated only after statistical testing and false discovery rate correction, and this deduplication
was only performed on significantly different peaks. Features were considered duplicated if they shared
the same m/z (within 10 ppm or an absolute 0.0025 difference) and retention time (within 0.15 min)
and were not detected as different features in either the concentrated or diluted injections. That is, if 3
(significantly different) features were detected in the concentrated batch within that window (10 ppm,
0.15 min), and 2 (significantly different) features were detected in the diluted sample, the deduplication
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would keep all 3 (significantly different) features in the concentrated sample because, even when they
share m/z and RT, they were detected as different features by MetaboScape. This is a conservative
approach for calculating both FDR and fold change. All statistical testing was controlled for multiple
testing by Benjamini and Hochberg’s (1995) [65] false discovery rate correction.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/12/4376/s1,
Figure S1: PCA Scores vs. m/z; Figure 52: Heatmap of polar DAFs; Figure S3: Heatmap of non-polar DAFs;
Figure S4: The mj/z plots; Figure S5: Fold-change density plot; Figure S6: Heatmap of polar DAFs in pitchers
due to feeding status; Figure S7: Feeding fold-change density plots; Figure S8: Quality control injections in the
lipidomics experiment; Figure S9: Quality control injections in the polar experiment, injecting the raw extracts;
Figure S10: Quality control injections in the polar experiment, injecting the ten-fold diluted extracts; Table S1:
Polar fingerprints; Table S2: Non-polar fingerprints; Table S3: Features. Raw data was deposited in Metabolights
Study MTBLS1783, as well as in the EDMOND database (DOI: https://dx.doi.org/10.17617/3.42).
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Abstract: Galls are characteristic plant structures formed by cell size enlargement and/or cell
proliferation induced by parasitic or pathogenic organisms. Insects are a major inducer of galls, and
insect galls can occur on plant leaves, stems, floral buds, flowers, fruits, or roots. Many of these
exhibit unique shapes, providing shelter and nutrients to insects. To form unique gall structures,
gall-inducing insects are believed to secrete certain effector molecules and hijack host developmental
programs. However, the molecular mechanisms of insect gall induction and development remain
largely unknown due to the difficulties associated with the study of non-model plants in the wild.
Recent advances in next-generation sequencing have allowed us to determine the biological processes
in non-model organisms, including gall-inducing insects and their host plants. In this review, we
first summarize the adaptive significance of galls for insects and plants. Thereafter, we summarize
recent progress regarding the molecular aspects of insect gall formation.

Keywords: adaptive significance of insect galls; gall-inducing insects; gall formation mechanism;
insect effectors

1. Introduction

Galls are induced on plants by viruses, mycoplasma, bacteria, fungi, nematodes,
insects, mites, and other plants. They are defined by an abnormal plant organ devel-
opment with ectopic cell proliferation and expansion, generating a wide range of gall
morphologies [1,2]. Among them, insect-induced galls have attracted the attention of many
researchers because of their unique shapes and wide range of variation. The estimated
number of gall-inducing insects ranges from 21,000 to 211,000 [3,4]. Furthermore, host
plant species span numerous phylogenetic lineages, suggesting that gall-inducing systems
have evolved independently during the insects evolution [3-6].

Insect galls can be induced on plant leaves, stems, floral buds, flowers, fruits, or roots,
and exhibit unique shapes (Figure 1).
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Figure 1. Examples of insect galls generated on leaves. (A) Glochidion obovatum gall by the micromoth Caloptilia cecidophora.

(B) Eurya japonica gall by the micromoth Borboryctis euryae. (C) Distylium racemosum gall by the aphid Neothoracaphis yanonis.

(D) Rhus javanica gall by the aphid Schlechtendalia chinensis. (E) Artemisia montana gall by the gall midge Rhopalomyia

yomogicola. (F) Ulmus parvifolia gall by Tetraneura akinire. Panels (A,D) are from a previous study [7].

Although galls often resemble fruits or floral buds, their morphologies are generally
considerably different from those of plant structures. Therefore, gall-inducing insects
appear to hijack the plant developmental system to generate a novel structure in plants.
Gall-inducing insects produce stimuli that initiate the development and maintenance of
gall tissue. Interestingly, phytohormones, such as indole acetic acid and cytokinins, are
detected at higher concentrations in gall-inducing insects than in galls generated on host
plants [8-12]. There is also evidence that certain amino acids and proteins are possible
signals for gall induction [6]. These results suggest that substances transferred to plants via
an insect ovipositor, secreted from larval saliva and/or excrement from larvae, induce the
reprogramming of plant cells [5,6,13].

The unique shapes and wide range of variation in galls have attracted the attention
of researchers in entomology, botany, and ecology, as well as amateur nature enthusiasts.
Each specific insect species generates more or less a fixed gall shape on their respective
host plants, indicating that gall-inducing insects activate specific developmental pathways
of each host plant and tightly control these pathways. However, the molecular and cellular
mechanisms of gall development remain poorly understood, and further studies are needed
that focus on a variety of insect and plant taxa.

In this review, we assess insect galls from the perspective of plant molecular biology,
with the hope of promoting future molecular plant studies on insect galls. First, we review
the evolutionary aspects of the gall-inducing life histories of insects and plants and their
adaptive significance. We then briefly review the recent advances made in the molecular
aspects of insect gall formation.
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2. Significance of Morphology and Function of Galls for Insects

The shape and cell status of galls have raised three major hypotheses for their adaptive
significances of gall-inducing insects: nutrient hypothesis, microenvironment hypothesis,
and enemy hypothesis [3,6]. These are profits of galls for insects, rather than host plants.
The nutrient hypothesis explains that galls play a role as a nutrient source for insects, and
in turn, insects somehow keep regulating plant cell differentiation to provide nutrients,
since gall-inducing insects can live within galls for several months. For instance, aphid—
induced galls on leaves accumulate a much higher amount of amino acids than intact
leaves, suggesting that the galls provide a nitrogen source to gall-inducing insects [14,15].
Photoassimilates accumulate in some aphid-induced galls, suggesting that galls act as a
sink organ [16,17]. Structurally, leaf galls of Glochidion obovatum, induced by micromoth
Caloptilia cecidophora, generate several cell layers with different characters surrounding the
central chamber, one of which is speculated to be nutritive tissue (Figure 2) because the
tissue is almost completely consumed by the pupation of inside larvae [18]. Another type
of leaf gall on Eurya japonica induced by micromoth Borboryctis euryae are much thinner
compared to the G. obovatum galls and are called mine-galls, but larvae actively induce
callus proliferation within the leaves, and feeding on the induced tissues are essential for
the pupation [19]. These results strongly support the hypothesis of galls as nutrient source
for gall-inducing insects. Interestingly, both C. cecidophora and B. euryae show mixed feeding
habits, where early instars are normal leaf miners, but larvae suddenly begin inducing
galls after molting into species specific instars [18,19]. Recent phylogenetic studies clearly
show that the two gall-inducing leaf-miner species evolved independently from normal
leaf miners [20,21]. The fact that both C. cecidophora and B. euryae cannot complete their
larval period without feeding on gall tissues, coupled with their phylogenetic positions,
indicates that these gall-inducing insects lost their ability to survive by feeding only on
normal leaf tissues during the course of the evolution of their gall-inducing ability, and that
some nutrients obtained from gall tissues are not supplemental but vital for their survival.

The enemy hypothesis explains that the galls protect the residential insects from
their enemies and pathogens. Many galls have enclosed environments surrounded by the
lignified cell layer for protecting the insects inside of the gall against attack by nonspecialist
predators and pathogens [22]. However, the gall structures never provide complete enemy-
free space: there are many specialist enemies including fungi, wasps, beetles, moths,
and flies, which confer higher mortality [3,6,23]. Nevertheless, the enemy hypothesis is
supported for the case of gall-inducing sawflies which are attacked by fewer parasitoid
species with lower mortalities than free-living forms [24].

The microenvironment hypothesis states that gall tissues would protect gall-inducing
insects from unfavorable abiotic stress conditions such as temperature and humidity [3,25,26].
For instance, when a hole is made on the closed gall of Distylium racemosum generated by
social aphid Nipponaphis monzeni, many soldier nymphs inside the gall gather to the hall
and discharge their body fluid to plug the hall, as well as activating plant cell proliferation
around the hall [27]. This strongly suggests that the gall-inducing insects actively maintain the
microenvironment within the gall. Humidity is suggested to be important for insects, since
desiccation can be lethal for their lives [3,6]. There are ambiguous supports for temperature
and protection: the temperature does not differ significantly between the inside and outside of
galls, and there are many species of both parasitoids and inquilines targeting the gall-inducing
insects [3,6,28]. Although the lignified cell layer of galls suggests the function as a shelter from
predators, more investigation would be required to confirm this hypothesis.

It is interesting that the outer surface of some galls turns red, due to accumulation of
secondary metabolites such as anthocyanins (Figure 1). Red is the contrast color of green
and must be remarkable to birds or mammalian animals, a candidate predator of insects.
Three hypotheses have been suggested for significance of gall coloring for distinct reasons:
(i) representing aposematic or warning coloration to potential enemies of gall-inducing
insects, (ii) causing early senescence of the plant tissue for nutrient translocation, and (iii) an
adjunct during gall induction caused by cytokinin and sugar [23,29,30]. Another possibility
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is that, if galls affect plant growth negatively, turning the surface color with accumulation
of anthocyanin could be a plant response to remove the galls by predators such birds, but
evidence supporting this hypothesis has not been reported thus far. Alternatively, since
galls carry molecular features such as flowers and fruits (shown by transcriptome analyses:
see below), coloration of galls are one of the characteristics of these reproductive organs.
There are several other hypotheses, therefore the coloration of galls would be an interesting
phenomenon worth investigating its adaptive significance.

Figure 2. Inside of leaf gall on Glochidion obovatum. (A) Transverse section. (B) Sagittal section showing callus-like cells, silk
covering the chamber wall, and larva inside the chamber. (C,D) Histological transverse (C) and sagittal (D) sections. Ln:
lacuna, Ic: larva chamber, mv: midvein. (E) 3D representation of gall inside based on histology sections. Dark green: xylem,
red: phloem, pink: nutritive tissue, green cross: sclerenchyma, red cross: collenchyma, purple: frass. Bars: A, B, 1 mm; C, D,

0.5 mm. Panels are cited from [7,18].
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3. Benefits of Gall Formation for Plants

Galls do not appear to carry adaptive benefits for plants; on the contrary, they either
negatively affect plant growth or have no effect, as observed in many cases. Plants may
generate galls to localize parasitic gall-inducing insects in a limited space, allowing plants
to inhibit the spread of damage, although evidence supporting this hypothesis is poor [1,3].
Another hypothesis is that plants use excrement from gall-inducing insects by absorbing
them from galls. For instance, in closed galls of Distylium racemosum and Syrax japonicus,
honeydew from gall-inducing aphids is absorbed by the galls through the plant vascular
system, and this mechanism helps aphids avoid drowning in their secretions within the
gall. This suggests the possibility that plants use secretions from gall-inducing insects;
however, the sugar concentration of honeydew from these aphids is low and devoid of
sucrose [31]. In the S. chinensis-Rhus chinensis galling system, the gall and the aphids inside
are composed of a metabolic and nutrient exchange hub that benefits not only the aphid
but also its host plant. Consequently, host plants provide both shelter and nutrients, and in
turn, aphid-derived metabolites compensate host metabolism to a certain extent [32]. A
gall-inducing weevil, Smicronyx madaranus forms spherical galls on the shoots of an obligate
parasitic plant, Cuscuta campestris. Parasitic C. campestris usually shows low chlorophyll
content and has less photosynthetic activity because it usually depends on host plants for its
nutrients. However, S. mandaranes-induced galls have significantly increased chlorophyll
content and photosynthetic activity, suggesting that the gall-inducing weevil enhances the
photosynthetic activity to modify the plant developmental programs for producing insect
nutrients [33].

The galled shoot of Silphium integrifolium formed by the cynipid wasp, Antistrophus
silphii increases photosynthesis activity, stomatal conductance, and xylem water potential
in drought-stress conditions compared with the ungalled shoot, suggesting that the cynipid
wasp enhances photosynthesis and water potential not only in gall tissues but also in whole
shoots attached to galls [34]. As another example, Eucalyptus plants with galls exhibited
indirect effects, resulting in tolerance to cold injury, compared to those without galls [35].
Although these examples show the benefits of galls for plants, direct or indirect evidence is
required to elucidate the benefits derived from galls in plants.

4. Molecular Biology in Host Plants in Insect Gall Formation
4.1. Changes in Plant Hormonal Regulation during Gall Development

The common characteristics of complex insect gall structures include the lignified
outside cell layer, which has a protective function against natural enemies and the outside
environment, and the nutritive tissues of callus-like cells, which contain insect nutrients
and vascular tissues to transport nutrients to these tissues [1,6,18,19]. To construct gall
structures, many gall-inducing insects are believed to have the ability to secrete certain
effectors, including plant hormones, into plant tissues using their mouthparts or ovipos-
itors to induce gall formation in the host plants [5,8,11,36,37]. To induce complex gall
structures in plant tissues, gall-inducing insects must control the cellular machinery of
their hosts, including development, metabolism, chemistry, and physiology to hijack host
gene expression programs in favor of those of the insect.

During the growing process of the gall tissues, a combination of cell division and
cell growth occurs by the action of gall-inducing insects. In this process, phytohormones
produced by gall-inducing insects have long been hypothesized to play a key role in
inducing gall structures to exogenously control phytohormone regulatory pathways in
host plants [9,12,38]. However, little was known regarding the gene expression profiles in
developing galls because of the difficulty of studying non-model plants in the wild. Recent
progress in next-generation sequencing (NGS) has allowed us to determine the structure
of biological processes in non-model organisms, including gall-inducing insects and their
host plants. Recently, several transcriptome analyses indicated that a significant number of
phytohormone-regulatory genes are upregulated in various developing galls.
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For instance, a transcriptome analysis of psyllid galls on the Hawaiian Metrosideros
polymorpha showed that auxin response genes were upregulated in galls [39]. In galls formed
on R. chinensis and R. javanica, the genes involved in the metabolic and signal transduction
pathways of auxin and cytokinins were found to be substantially activated [40,41].

Comparison of transcripts in four different galls, suggested that 38 genes are com-
monly up regulated. GO analysis showed that peptide biosynthesis and metabolism are
commonly involved in the four different galls [7]. Among these, AtMYB77 is involved in
lateral root formation via auxin signaling [42]. Since Arabidopsis cell regeneration mediates
the process of lateral root development [43], the callus generation within the gall may be
mediated by AtMYB77 and auxin signaling.

4.2. Attempts to Identification of Effector Molecules Involved in the Gall Formation

In addition to the effects of insect-derived phytohormones for inducing gall structures,
other effector molecules are believed to be needed for constructing complex insect gall
structures [5]. A gall midge, the hessian fly (Mayetiola destructor), produces nutritive
tissue which acts as a sink tissue with its host plant [44]. The hessian fly was the first gall-
inducing insect for which the genome and salivary gland transcriptome and proteome were
published [45-47]. The genome provided evidence for hundreds of transcripts encoding
candidate effectors [47]. Map-based cloning identified four candidate avirulence effectors
(vH6, vH9, vH13, and vH14) [47-49]. RNA-interference-knockdown of the vH13 gene
confirmed that knockdown of that the gene allows larvae to survive on H13-resisitant
plants, suggesting that the vH13-encoded protein is an avirulence effector, but not a gall-
inducing effector [48].

Gall-inducing effector candidates have been identified from the transcriptome analysis
of ovaries and venom glands of two cynipid gall wasps, Biorhiza pallida and Diplolepis
rosae, inducing galls on oak and rose, respectively [50], or the analysis of salivary gland
proteome of root-galling grape phylloxera, Daktulosphaira vitifoliae [51]. However, there is
no direct evidence showing that these effector candidates have gall-inducing activity in
their host plants.

Recently, a novel insect secretory protein, designated as BICYCLE, was identified
from the gall-inducing aphid Hormaphis cornu, which produces distinctive cone galls on
the leaves of Hamamelis virginiana [52]. Bicycle genes were most strongly expressed in
the salivary glands of gall-inducing generations. These results suggest that BICYCLE
proteins regulate the gall development process in H. virginiana. A insect-derived plant
regulators, Bruchins identified from both cowpea weevil (Callosobruchus maculatus F.) and
pea weevil (Bruchus pisorum L.) were revealed to show neoplasm formation activity on
pods of all of the pea line tested when few amounts of these compounds were applied to
intact plants [53]. Thus, several effector candidates have been identified. However, because
of the lack of model systems for analyzing gall-inducing insect and host plant interactions,
it is not known whether these effector candidates indeed have a gall-inducing function.
Future studies are needed to establish a model system for assessing gall induction and
development processes at the molecular level.

4.3. Changes in the Expression Patterns of Genes Involved in the Biosynthesis of the Metabolic
Process during Gall Formation

Tannins are crucial for the protection of host plants and gall-inducing insects from
herbivores. Aphid galls on R. chinensis accumulate gallotannin, and genes involved in
gallotannin biosynthesis [54], gallic acid synthesis [41], and lignin biosynthesis [40] have
been identified. In the developing gall of the chestnut gall wasp, Dryocosmus kuriphilus, on
the Chinese chestnut, Castanea mollissima, the expression of genes related to metabolic pro-
cesses, such as phenylpropanoid biosynthesis, secondary metabolism, and plant-pathogen
interactions, was altered compared to that of non-infested leaves [55]. Galls induced on
elm leaves by a gall-inducing aphid, Tetraneura akinire, were shown to express the genes
encoding lignocellulose synthase, suggesting the reinforcement of cell walls to improve
resistance to damage by aphids [56].
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4.4. Regulation of Transcriptional Factors for Reproductive Organ Development

Darwin proposed that the shapes of complex insect galls resemble those of flowers or
fruits [57]. Indeed, many remarkable flower- and fruit-like structures have been observed
in insect galls, particularly those induced by gall midges, aphids, and cynipids in various
host plant species [58], suggesting that the formation of gall tissues is similar to the
development of flowers or fruits [59,60]. It has recently been shown that genes involved in
the development of flowers and fruits are activated in the leaf galls in Vitis riparia induced
by the phylloxera, D. vitifoliae [60].

Activation of reproductive organ genes has also been reported during the early devel-
opment of galls on R. javanica induced by a gall-inducing aphid, S. chinensis. Additionally,
class-1 KNOX transcription factors were shown to be overexpressed ectopically in the early
developmental gall tissue of R. javanica. Because the class-1 KNOX transcription factors are
known to lead to the formation of de novo meristematic structures in leaves [61], the results
support the hypothesis that gall-inducing insects convert source tissues into meristematic
tissues by expressing the class-1 KNOX genes in leaf tissue cells.

This hypothesis was partly supported by comparative transcriptome analysis using
four different insect galls generated on leaves: galls on G. obovatum induced by the micro-
moth C. cecidophora, on E. japonica by the micromoth B. euryae, R. javanica by the aphid S.
chinensis, and on Artemisia montana by the gall midge Rhopalomyia yomogicola. Comparison
of these different galls revealed that (i) photosynthetic genes are downregulated in galls,
supporting the hypothesis that galls are converted to sink organs rather than source organs
on leaves; (ii) developmental, cell cycle, and phytohormone genes are upregulated in
galls; and (iii) approximately 40 genes are commonly upregulated in these four galls. In
particular, several key regulators of stem cell generation (CLE44, BAM3, WOXs) [62,63] and
maintenance floral organ development (SEPALLATA, AGAMOUS, and APETALAT) [64]
were commonly upregulated in A. montana, G. obovatum, and R. javanica galls. Intriguingly,
these floral organ regulatory transcription factors were not expressed in the E. japonica gall
tissues. This gall has rather thin layers with a simple pouch-type gall structure compared
with the other fruit-type galls, suggesting that these transcription factors do not induce the
galls of E. japonica. We realize that the comparison of only four species is not sufficient to
cover a wide range of variations in gall morphology. However, the accumulation of this
type of comparable data will reveal the common mechanisms of gall development and
those that generate diversity in galls.

Collectively, we propose following processes that occur during the early stage of gall
formation: (i) unknown insect effectors alter the gene expression in host plant organs (e.g.,
leaves); (ii) source organs (leaves) change their cell fate to meristematic character; (iii) a
different combination of floral homeotic genes generate various gall structures (Figure 3).
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Figure 3. A hypothesis of gall formation processes in various host plants. Common candidate genes for stem cell generation
and floral organ development were extracted from transcriptome data of developing galls of A. montana, G. obovatum [7],
R. javanica [40] and V. riparia [60]. The thickness of arrow indicates the expression level of each gene. The gall formation
hypothesis explains the gall formation mechanism that sepal and carpel-based galls are generated by the ectopic over
expression of class-A, class-B, and class-E floral homeotic genes on leaves in A. montana and R. javanica, or carpel-based
gall is generated by the expression of class-C and E genes in V. riparia. No floral homeotic genes need for generation of
pouch-type thin gall of E. japonica.
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5. Conclusions

Herein, we reviewed the molecular aspects of insect gall induction and develop-
ment. The ancestral lifestyle of gall-inducing insects varies among taxa, from ectophagous
herbivores (foliage feeders, sap-feeders, and pollen-feeders), plant-mining herbivores (leaf-
miners and stem-borers), and fungus-feeders to parasitoids. Reports on the origin of leaf
miners are scarce. Regarding the adaptive significance of galls for insects, the nutritive
hypothesis has received the most experimental support through various direct approaches,
including chemical analyses and bioassays. In contrast, enemy and microenvironment
hypotheses are only supported by indirect evidence, such as comparisons of predation
rates by enemies between taxa with and without a gall-inducing lifestyle and comparisons
of the numbers of gall-inducing species between xeric and mesic habitats. Although gall
morphologies have received attention in terms of protection from predators and harsh
environments, few studies have been conducted on the coloration of galls. The adaptive
significance of coloration is an interesting topic worthy of investigation. Although very
few studies have been conducted on the plant benefits of galls, one study found that gall-
induced plants have increased tolerance. Thus, more studies will be needed to elucidate
the generality of this phenomenon. Finally, we note that an increasing number of studies
challenge the molecular aspect of gall induction and development, and recent studies have
revealed that the formation of gall tissues is similar to the development of flowers or fruits
in terms of gene expression patterns. Therefore, studies using a wide range of gall-inducing
insects and their host plant taxa would yield more detailed insights into molecular-level
insect-plant interactions, which may be divided into subcategories. These studies should
provide concise and precise descriptions of the experimental results, their interpretation,
and the experimental conclusions drawn.
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