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Abstract: Silver birch (Betula pendula Roth) is an economically important species in Northern Europe.
The current research focused on the molecular background of different xylogenesis scenarios in
the birch trunks. The study objects were two forms of silver birch, silver birch trees, and Karelian
birch trees; the latter form is characterized by the formation of two types of wood, non-figured
(straight-grained) and figured, respectively, while it is currently not clear which factors cause this
difference. We identified VND/NST/SND genes that regulate secondary cell wall biosynthesis in
the birch genome and revealed differences in their expression in association with the formation of
xylem with different ratios of structural elements. High expression levels of BpVND7 accompanied
differentiation of the type of xylem which is characteristic of the species. At the same time, the
appearance of figured wood was accompanied by the low expression levels of the VND genes and
increased levels of expression of NST and SND genes. We identified BpARF5 as a crucial regulator of
auxin-dependent vascular patterning and its direct target—BpHB8. A decrease in the BpARF5 level
expression in differentiating xylem was a specific characteristic of both Karelian birch with figured
and non-figured wood. Decreased BpARF5 level expression in non-figured trees accompanied by
decreased BpHB8 and VND/NST/SND expression levels compared to figured Karelian birch trees.
According to the results obtained, we suggested silver birch forms differing in wood anatomy as
valuable objects in studying the regulation of xylogenesis.

Keywords: figured wood; xylem vessels; xylem fibrous tracheids; xylem parenchyma cells; VND1;
VND7; NST1; SND1; ARF5; HB8

1. Introduction

The xylem of woody plants is characterized by a wide range of its structural elements—
vessels (water conduction function), fibrous tracheids (mechanical function as the main
one and water conduction function), fibers (mechanical function), and radial and axial
parenchyma cells (transport function and nutrient storage function). The whole variety
of xylem structural elements originates from the stem cells of the lateral meristem called
cambium. The differentiation stages of cambial derivatives into xylem elements include
cell enlargement, the formation of a secondary cell wall (SCW), and in the case of fibers and
vessels—programmed cell death (PCD) and autolysis of the cell content. Unlike poorly dif-
ferentiated parenchyma cells, fibers and vessels are dead cells that consist only of cell walls.
Cell walls in woody plants account for up to 90% of the dry weight. Compared to the thin
primary cell walls (PCW), SCW are much thicker and account for most cellulosic biomass
that serves as a renewable resource for biofuel production [1,2]. Lately, because of the grow-
ing interest in clean bioenergy and biofuels, significant progress has been achieved in un-
derstanding the ways of regulating SCW deposition and PCD [3–5]. Arabidopsis thaliana (L.)
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Heynh. is a widespread experimental model for studying the molecular genetic mecha-
nisms of regulation of xylogenesis [6]. Due to the sequencing of the genomes of tree species
from both gymnosperms (Picea abies (L.) H. Karst [7], Picea glauca (Moench) Voss [8]) and
angiosperms (Populus trichocarpa Torr. & A. Gray ex Hook [9], Eucalyptus grandis W. Hill ex
Maiden [10], Betula pendula Roth [11], Betula platyphylla Sukaczev [12]), it is now possible
to uncover the molecular mechanisms controlling the formation of both coniferous and
deciduous wood.

Now P. trichocarpa is considered a model species for studying the molecular genetic
aspects of the xylogenesis regulation in woody plants [13,14]. However, a specific for
Salicaceae Mirb. genome duplication event at 60 MYA [9] led to the emergence of a
large number (about 8000) duplicated gene pairs [15], and many of them had a different
function compared to the homologous genes of A. thaliana. In addition, axial parenchyma
is absent or extremely rare in the xylem of P. trichocarpa [16], while the proportion of this
parenchyma type can reach 30% or more in the xylem of other species of woody plants of
the temperate zone [17].

Meanwhile, B. pendula, a fast-growing woody plant, is a valuable source of woody
raw materials in Northern Europe [18]. The sequencing and publication of the silver
birch genome in 2017 opened up broad opportunities for the molecular genetic studies
of xylogenesis using this species as an example [11]. In addition, the whole-genome
sequencing of the economically valuable Asian white birch species B. platyphylla had been
recently performed and had shown a high degree of similarity of the genomes of the two
birch species [12].

The objects of the present study were two forms of silver birch differing in wood
texture: silver birch (B. pendula var. pendula) which forms a typical straight-grained wood
(Figure 1a,c,e); and a form of the silver birch—Karelian birch (B. pendula var. carelica
(Merckl.) var. Hämet-Ahti with figured wood (Figure 1b,d,f–i). The figured wood of
Karelian birch has a marble-like pattern, and its timber is one of the most expensive
in Northern Europe [19]. Its ornamental properties are associated with its macro- and
microstructure features: pearly luster is due to the swirl of wood structural elements and
figured pattern is generated by large inclusions of parenchyma cells [20–22]. The more
parenchyma inclusions there are, the richer the figure is (Figure 1b,g–i). While choosing the
study objects, we proceeded from the assumption that any deviation from the normality
can help comprehend the mechanisms of the normal process regulation deeper and more
comprehensively. The structural anomalies of wood are most pronounced in Karelian
birch compared to all tree birch species [23,24]. These abnormalities are characterized by a
wide variety of manifestations in ontogeny and by a high level of endogenous variability;
their appearance, development, and attenuation depend on the influence of environmental
factors [25]. The figured wood is a hereditary trait, but even with controlled pollination,
part of the trees in the progeny would still have straight-grained wood, the so-called
non-figured Karelian birch trees [20,26,27]. High endogenous variability makes Karelian
birch a unique object for studying mechanisms of wood formation [22,23,28].

The original Karelian birch wood is formed as a result of the cambium
deviations [20,24,27,29]. The program of cell death leading to the formation of vessels and
fibers of the xylem and sieve elements of the phloem does not start in the zones of devel-
opment of structural abnormalities; the differentiating cambial derivatives preserve the
protoplast and turn into the storage parenchyma cells, which accumulate large amounts of
storage substances [20–22]. The formation of abnormal patterned wood is associated with
suppressing the sucrose synthase pathway [30] and activating the apoplastic path [31,32]
of sucrose utilization. At the same time, the cellulose content in the abnormal tissues
decreases [33].

The transcriptional regulatory pathways play a pivot role in directing the cell fate
of cambial stem cells and initiating the transcriptional program controlling SCW forma-
tion [34,35]. The three layers of regulators, including NAC (NO APICAL MERISTEM,
ATAF1, ATAF2, and CUP-SHAPED COTYLEDON 2) domain master regulators, two
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MYB domain regulators, and many other regulators, are directly involved in regulat-
ing SCW biosynthetic genes [3,4,36]. The NAC proteins are critical regulators of many
developmental processes [8,37,38], including SCW formation [39] and biotic and abiotic
stress responses [40–42]. The specific transcriptional switches that regulate SCW biosyn-
thesis and belong to the NAC family include VASCULAR-RELATED NAC-DOMAIN1
(VND1-VND7), NAC SECONDARY WALL THICKENING PROMOTING FACTOR 1
(NST1, NST2), and NST3/SECONDARY WALL-ASSOCIATED NAC DOMAIN PROTEIN
1 (SND1) [34,35,43–47]. We assumed that the change in the ratio of the structural elements
in the mature xylem is probably accompanied by the different expression levels of the
genes encoding master regulators (VND/NST/SND) in the differentiating xylem.

Figure 1. Cross—(a,b,g–i) and longitudinal (c,d) wood sections, debarked wood surface (e,f) of
B. pendula var. pendula (a,c,e) and figured B. pendula var. carelica (b,d,f–i) trees. Bar: 2 cm.

Plant hormone auxin has been known for many years to play a crucial role in ini-
tiating vascular tissues and xylem formation [48–50]. The earliest stages of embryo
development involve the coordinated action of auxin synthesis, transport, and signal-
ing [51]. Auxin perception starts with auxin binding to TIR1 (TRANSPORT INHIBITOR
RESPONSE1)/AFB (AUXIN SIGNALING F-BOX) receptors. It leads to subsequent degra-
dation of the Aux/IAA (Aux/INDOLE-3-ACETIC ACID) proteins that repress auxin
signaling via physical interactions with auxin response factor (ARF) proteins [3,4,36,52–54].
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The auxin-stimulated protein turnover of Aux/IAAs releases the transcriptional activ-
ity of their partner ARFs to activate downstream auxin-responsive gene expression [54].
Different Aux/IAA-ARF modules regulate corresponding auxin-responsive genes and
developmental processes [54–57]. In Arabidopsis, ARF5/MP binds to the promoter of
ARABIDOPSIS THALINA HOMEOBOX 8 (ATHB8), which plays essential roles in the dif-
ferentiation of the primary xylem, the secondary xylem, and interfascicular fibers [9,30,31].
In Populus × tomentosa Carrière, functional characterization of the PtoIAA9–PtoARF5 mod-
ule revealed auxin-dependent differentiation of the secondary xylem derived from the
cambium. It demonstrated their roles in orchestrating xylem cell specification, woody cell
size, and vessel density. The PtoHB7 and PtoHB8, encoding HD-ZIP III transcription factors,
are direct targets of the PtoIAA9–PtoARF5 module. Moreover, it was shown that PtoHB8
and PtoARF5 regulated WND6A and WND6B expression, which were the closest homologs
of Arabidopsis VND6 and VND7 [54].

Thus, this work aimed to identify possible molecular genetic differences between
various scenarios of xylogenesis in silver birch, both non-figured and figured Karelian
birch trees. We studied the anatomical features of mature xylem of the sampled trees;
carried out identification and research of the genes encoding NAC-domain transcription
factors (VND, NST, and SND) that regulate secondary cell wall synthesis, development, and
differentiation of xylem cells; transcription factor BpHB8 that promotes xylem production
from the cambial cells, as well as auxin-dependent transcription factor BpARF5. As far as
we know, the function of these genes in connection with the regulation of xylogenesis of
adult trees growing in natural conditions has not been previously studied.

2. Results

The study objects were two forms of silver birch: B. pendula var. pendula—the form of
silver birch with straight-grained wood (hereafter Bp trees) and another silver birth variety
B. pendula var. carelica—Karelian birch. Among Karelian birch trees, we selected trees with
a high degree of the wood figure (figured B. pendula var. carelica trees, hereafter Bc FT trees)
and non-figured plants that had a typical straight-grained wood with a weakly expressed
texture (non-figured B. pendula var. carelica trees, hereafter Bc NF trees). The appearance of
the debarked surface of the trunk and the inner surface of the bark of the studied plants
are shown in Figure 2.

Figure 2. Debarked wood surface and inner bark surface of B. pendula var. pendula (a), non-figured
(b), and figured (c–f) B. pendula var. carelica trees.
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2.1. Features of the Structure of Mature Xylem in Different Forms of Silver Birch

The xylem of Bp and Bc NF trees has an ordered structure with no signs of anoma-
lies (Figures 2a,b and 3a,b). The xylem of Bc FT trees is characterized by a high level
of heterogeneity [21]: abnormalities can closely coexist with structurally normal areas
(Figures 2c–f and 3c). Microscopic analysis of tissues showed that xylem samples of the
studied trees differ from each other. The main features of the anomalous structure of
the xylem of Bc FT trees are the growth-ring curves and changes in the composition of
structural elements (Figure 3c).

Figure 3. Cross-sections of mature current year xylem of B. pendula var. pendula (a), non-figured
(b), and figured (c) B. pendula var. carelica trees. V—vessels, FT—fibrous tracheids, RP—radial
parenchyma cells. Scale bar: 200 µm.

In the mature xylem of Bp trees, the ratio of fibrous tracheids: vessels: parenchyma
cells was 74:18:8 and 73:18:9 in 2019 and 2020, respectively (Figure 4a–c,e–g). In the
abnormal xylem of Bc FT trees, the proportion of vessels was two times lower (Figure 4a,e),
and the ratio of parenchyma cells was 1.3 times higher (Figure 4c,g) than in Bp trees.
Although the proportion of fibrous tracheids in abnormal xylem did not differ from that of
the xylem of Bp trees, the cell wall thickness of fibrous tracheids was increased (Figure 4d,h).
We found that the vessel density was 1.7–1.9 times lower in the anomalous zones than
in the wood without anomalies (Figure 5a,b). In some sections, vessels in the area of
abnormalities are absent (Figure 3c).

In structurally normal xylem of Bc NF trees, the ratio of structural elements did
not differ from that of Bp trees (Figure 4a–c,e–g). At the same time, the cell wall thick-
ness of fibrous tracheids was higher than that of Bp trees but lower than that of Bc FT
trees (Figure 4d,h). The number of vessels per unit area was the highest among the samples
studied (Figure 5a,b).
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Figure 4. Anatomical parameters of B. pendula var. pendula (Bp) mature xylem, non-figured (NFT),
and figured (FT) B. pendula var. carelica mature xylem. Samples were collected on 25 June 2019
(a–d) and 26 June 2020 (e–h). Proportion (%) of vessels (a,e), fibrous tracheids (b,f), radial and axial
parenchyma (c,g), and cell wall thickness (µm) of fibrous tracheids (d,h) in the mature xylem of the
studied trees are shown. Different letters indicate significant differences at p-value < 0.05. Bars are
means of n experimental runs ± SD according to Mann–Whitney U-test n = 9.

Figure 5. The vessel density is defined as the number of individual vessels per mm2 in the mature
xylem of B. pendula var. pendula (Bp), non-figured (NFT), and figured (FT) B. pendula var. carelica
trees. Samples were collected on 25 June 2019 (a) and 26 June 2020 (b). Different letters indicate
significant differences at p-value < 0.05. Bars are means of n experimental runs ± SD according to
Mann–Whitney U-test. n = 9.
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2.2. NAC Family Genes Identification in the Silver Birch Genome

Previously, 108 NAC family genes have been identified in the silver birch genome,
and seven genes have been reported to be homologous to A. thaliana Class IIB NACs [42].
We carried out a detailed analysis of these seven genes and found that 6 of them encode
proteins homologous to VND, NST, and SMB/BRN of A. thaliana and P. trichocarpa. In
contrast, one gene encodes a truncated protein lacking C-terminus. In the genome of
silver birch, 2 VND genes and two genes belonging to the NST family were identified
(Figure 6). Another two genes belonged to the SMB/BRN family. Because these genes in
woody plants are expressed in root tissues [58], we did not further study the genes of the
SMB/BRN family.

Figure 6. Phylogenetic relationships of Class IIB NACs of B. pendula (dark blue dots), A. thaliana
(red dots), and P. trichocarpa (blue dots). Bootstrap values (1000 replicates) are shown next to the
branches, and only those values greater than 50 are displayed. The access codes of the A. thaliana and
P. trichocarpa proteins in the TAIR and Phytozome databases are indicated next to the corresponding
proteins.

Birch genes encoding homologs of A. thaliana and P. trichocarpa VND1 and VND7
were located on chromosomes 4 and 7 and contained 3 and 2 introns, respectively (Table 1,
Figure 7). We also identified genes encoding the homologs of A. thaliana and P. trichocarpa
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NST1 and NST3/SND1 (hereafter SND1), located on chromosomes 5 and 14, respectively,
and contained two introns. The corresponding proteins contained subdomains A, B, C, D,
E in the NAC domain located in the N-terminus and transcriptional activation regions in
C-terminus sequences. They shared 48.9–57.3% and 69.2–73.5% of identical amino acids
with the VNDs and NSTs of A. thaliana and P. trichocarpa, respectively.

Table 1. Characteristics of VND and NST members in birch.

Gene ID
B. pendula

Protein
Name

Protein
Length

(aa)
Genome Location

Closest Homolog A.
thaliana (%

Identity)

Closest Homolog P.
trichocarpa (% Identity)

Bpev01.c0022.g0005 BpVND1 394 Chr4: 1,788,544–1,796,957 AtVND1 (57.3%) PtVNS01 (73.5%)
Bpev01.c0411.g0006 BpVND7 319 Chr7: 25,758,566–25,760,964 AtVND7 (55.1%) PtVNS07 (69.2%)
Bpev01.c0001.g0043 BpNST1 385 Chr5: 20,598,169–20,599,517 AtNST1 (54.0%) PtVNS10 (65.9%)
Bpev01.c0522.g0030 BpSND1 426 Chr14: 273,787–275,254 AtSND1 (48.9%) PtVNS11 (69.2%)

Figure 7. Structure of B. pendula, A. thaliana and P. trichocarpa VND and NST genes. Intron, exon, and
untranslated regions (UTR) are represented by black lines, dark blue boxes, and pink boxes.

2.3. Expression of the Genes Encoding NAC-Domain Transcription Factors in the Differentiating
Xylem of Different Forms of Silver Birch

We assumed that the xylem formation with different anatomical characteristics in two
forms of silver birch would be accompanied by changes in the expression level of genes
encoding NAC-domain master regulators. The results showed that in the differentiating
xylem, the number of transcripts of the genes BpVND1, BpVND7, BpNST1, BpSND1 differs
in Bp, Bc NF, Bc FT trees, respectively.

In the differentiating xylem of Bp trees, the number of BpVND7 transcripts, which
was the closest homolog of AtVND7, was the highest, and the expression levels of BpVND1,
BpNST1, and BpSND1 genes were 2-, 13-, and 260-fold lower, respectively (Figure 8).

The expression level of BpVND7 and BpVND1 genes in Bc FT tress was significantly
15–17-fold lower than in Bp trees. At the same time, the number of BpNST1 and BpSND1
transcripts in figured plants was 2-fold and 10-fold higher, respectively (Figure 8).

Exciting data were obtained for non-figured Karelian birch plants. The expression
level of BpVND7 and BpVND1 genes was 2-fold higher than in Bp trees, BpNST1–10-fold
higher, and BpSND1–158-fold higher, respectively (Figure 8).
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Figure 8. Relative expression (arbitrary units) of genes with the NAC domain in the xylem of
B. pendula var. pendula, non-figured and figured B. pendula var. carelica trees. Samples were collected
on 25 June 2019. Different letters indicate significant differences at p-value < 0.05. Bars are means of n
experimental runs ± SD according to Mann–Whitney U-test. n = 6.

2.4. ARF Family Genes Identification in the Silver Birch Genome

In the genome of silver birch, 17 genes encoding proteins homologous to the ARF
proteins of A. thaliana and P. trichocarpa were identified (Figure 9). The silver birch ARF
family genes were located on 13 chromosomes and one contig and contained 1 to 15
introns (Table 2, Figure 10). All birch ARF proteins had a conserve N-terminal B3-like
DNA-binding domain (DBD) and a conserved C-terminal dimerization (CTD) domain and
shared 47.2–73.0% and 48.8–80.8% of identical amino acids with the ARFs of A. thaliana
and P. trichocarpa, respectively.

Table 2. Characteristics of ARF members in birch.

Gene ID B. pendula
Protein Name

Protein
Length (aa) Genome Location

Closest
Homolog A.
thaliana (%

Identity)

Closest Homolog
P. trichocarpa (%

Identity)

Bpev01.c0042.g0028 BpARF16.1 688 Chr5: 5,076,067–5,078,769 AtARF16 (59.6%) PtARF16.2 (67.6%)
Bpev01.c0051.g0166 BpARF19.1 1135 Chr10: 19,836,755–19,845,827 AtARF19 (65.2%) PtARF7.3 (74.8%)
Bpev01.c0052.g0036 BpARF2.2 825 Contig52: 293,588–301,375 AtARF2 (47.2%) PtARF2.3 (48.8%)
Bpev01.c0080.g0076 BpARF8 849 Chr2: 10,026,633–10,046,765 AtARF8 (68.2%) PtARF8.1 (79.6%)
Bpev01.c0245.g0053 BpARF1 718 Chr3: 494,058–504,888 AtARF1 (67.3%) PtARF1.2 (75.7%)
Bpev01.c0274.g0022 BpARF17 592 Chr1: 38,790,620–38,794,987 AtARF17 (50.5%) BpARF17.1 (65.3%)
Bpev01.c0337.g0016 BpARF6.2 912 Chr6: 7,510,485–7,517,394 AtARF6 (73.0%) PtARF6.2 (79.9%)
Bpev01.c0437.g0003 BpARF4 799 Chr13: 14,735,340–14,742,867 AtARF4 (62.5%) PtARF4 (71.2%)
Bpev01.c0555.g0030 BpARF9.1 683 Chr14: 1,409,167–1,413,267 AtARF9 (56.9%) PtARF9.1 (71.6%)
Bpev01.c0613.g0016 BpARF16.3 713 Chr13: 13,624,694–13,628,188 AtARF16 (55.3%) PtARF16.2 (61.1%)
Bpev01.c0821.g0005 BpARF19.2 1109 Chr7: 4,843,289–4,851,608 AtARF19 (48.9%) PtARF7.1 (79.8%)
Bpev01.c0833.g0001 BpARF6.1 894 Chr2: 16,657,839–16,679,834 AtARF6 (67.6%) PtARF6.5 (80.8%)
Bpev01.c0990.g0010 BpARF16.2 702 Chr8: 5,039,586–5,042,474 AtARF16 (58.6%) PtARF16.4 (76.2%)
Bpev01.c1202.g0035 BpARF2.1 841 Chr12: 25,724,880–25,729,200 AtARF2 (66.6%) PtARF2.2 (75.3%)
Bpev01.c1228.g0005 BpARF3 753 Chr6: 23,740,690–23,746,958 AtARF3 (47.5%) PtARF3.1 (64.1%)
Bpev01.c1481.g0008 BpARF9.2 690 Chr5: 21,299,075–21,303,311 AtARF9 (55.1%) PtARF9.1 (68.7%)
Bpev01.c2000.g0006 BpAFR5 933 Chr9: 2,615,628–2,622,870 AtARF5 (58.9%) PtARF5.2 (70.5%)



Plants 2021, 10, 1593 10 of 24

Figure 9. Phylogenetic relationships of ARFs of B. pendula (dark blue dots), A. thaliana (red dots),
and P. trichocarpa (blue dots). Bootstrap values (1000 replicates) are shown next to the branches, and
only those values greater than 50 are displayed. The access codes of the A. thaliana and P. trichocarpa
proteins in the TAIR and Phytozome databases are indicated next to the corresponding proteins.
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Figure 10. Structure of B. pendula, A. thaliana and P. trichocarpa ARF genes. Intron, exon,
and untranslated regions (UTR) are represented by black lines, dark blue boxes, and
pink boxes.

2.5. HD-ZIP III Genes Identification in the Silver Birch Genome

Four genes encoding the HD ZIP III homologs of A. thaliana and P. trichocarpa were
identified in the genome of silver birch (Figure 11). The HD ZIP III genes were located
on four chromosomes and contained 17 introns (Table 3, Figure 12). The corresponding
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proteins had a structure typical of HD ZIP III and contained homeodomain, START domain,
and the unique MEKHLA domain, and shared 80.7–88.3% and 86.3–92.7% of identical
amino acids with the HD ZIPs III of A. thaliana and P. trichocarpa, respectively.

Figure 11. Phylogenetic relationships of HD ZIPs III of B. pendula (dark blue dots), A. thaliana
(red dots), and P. trichocarpa (blue dots). Bootstrap values (1000 replicates) are shown next to
the branches, and only those values greater than 50 are displayed. The access codes of the
A. thaliana and P. trichocarpa proteins in the TAIR and Phytozome databases are indicated next
to the corresponding proteins.

Figure 12. Structure of B. pendula, A. thaliana and P. trichocarpa HD ZIP III genes. Intron, exon, and untranslated regions
(UTR) are represented by black lines, dark blue boxes, and pink boxes.



Plants 2021, 10, 1593 13 of 24

Table 3. Characteristics of HD ZIP III members in birch.

Gene ID B. pendula
Protein Name

Protein Length
(aa) Genome Location Closest Homolog A. thaliana (%

Identity)

Closest Homolog
P. trichocarpa
(% Identity)

Bpev01.c0135.g0014 BpCORONA 836 Chr5: 19,578,340–19,586,093 AtCORONA/ATHB15 (88.3%) PtHB6 (92.7%)
Bpev01.c0371.g0002 BpHB8 837 Chr9: 13,192,071–13,200,917 AtHB8 (80.8%) PtHB8 (90.0%)
Bpev01.c0613.g0006 BpREVOLUTA 843 Chr13: 13,883,876–13,890,572 AtREVOLUTA/IFL1 (84.6%) PtHB1 (86.3%)
Bpev01.c1631.g0001 BpPHABULOSA 833 Chr6: 9,307,551–9,315,088 AtPHABULOSA/ATHB14 (80.7%) PtHB4 (91.7%)
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2.6. Expression of the Genes Encoding Auxin-Dependent Transcription Factor BpARF5 and
Transcription Factor BpHB8 in the Cambial Zone and Differentiating Xylem of Different Forms
of Silver Birch

It was previously shown that PtoHB8 was one of the critical regulators of vascular
cambium differentiation to the secondary xylem in poplar and downstream targets of
PtoARF5 during wood formation [54]. Therefore, we investigated the expression level of
BpHD8 and BpARF5 genes in the cambial zone and the differentiating xylem in two forms
of silver birch.

We found that the number of BpHB8 transcripts in Bp and Bc NF trees did not differ,
both in the cambial zone and in the differentiating xylem. At the same time, in Bc FT trees,
BpHB8 expression was significantly lower than in plants with typical wood structures
(Figure 13c,d).

We showed that the number of BpARF5 transcripts from differentiating xylem from
the tissue layer, including the cambial zone and the vascular phloem, was higher in Bp
and Bc FT trees. In the xylem, the level of its expression in Bp trees was significantly
higher than that in Karelian birch plants with figured and non-figured wood. BpARF5
expression in Bp and Bc NF trees did not differ, while it was lower in the phloem in Bc FT
trees (Figure 13a,b).

Figure 13. Relative expression (arbitrary units) of genes BpARF5 (a,b) and BpHB8 (c,d) in tissues
including the cambial zone, the differentiating phloem and the mature phloem (Phloem), and the
differentiating xylem (Xylem) B. pendula var. pendula (Bp), non-figured (NFT) and figured (FT)
B. pendula var. carelica trees. Samples were collected on 26 June 2020. Different letters indicate
significant differences at p-value < 0.05. Bars are means of n experimental runs ± SD according to
Mann–Whitney U-test. n = 9.

2.7. AuxRE cis-Elements in Promoters of Studied B. pendula Genes

To get a complete picture of the regulation of figured wood formation, we analyzed
the promoter regions of the studied genes. We revealed the presence of different known
and putative auxin-responsive elements (AuxREs) [59] (Table 4).

Table 4. Presence of known and putative AuxRE cis-elements in promoters of studied B. pendula genes. Numbers indicate
the distance from the start of transcription, plus or minus in brackets shows strand.

Gene Name
Known AuxREs Putative AuxREs

TGTCTC TGTCCC TGTGGG GTCCCC

BpHB8 1273 (−), 471 (+) 470 (+)
BpVND1 458 (−), 46 (+) 1666 (−), 447 (+)
BpVND7 805 (−), 703 (−), 28 (+) 1956 (+) 1427 (+), 372 (−), 308 (−)
BpNST1 908 (−), 601 (−) 1554 (−) 491 (−)
BpSND1 1630 (−) 1746 (+), 288 (−) 709 (+)
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3. Discussion
3.1. Distribution of BpARF5, BpHB8, BpVND, and BpNST Genes Expression during the
Formation of Straight-Grained Wood of Silver Birch

The reactivation of cambium in birch under the conditions of Karelia (Petrozavodsk)
occurs in mid-late May, depending on weather conditions [29,60,61]. The cambial growth
stages include differentiation of conducting phloem (~mid-May); the beginning of the
xylem differentiation and the active formation of early thin-walled wood (late May–mid-
June); active formation of the secondary cell walls (late June–early July). Microscopic
studies showed that the plants sampled in 2019 (25 June 2019) and 2020 (26 June 2020) did
not differ significantly in the stage of cambial growth (Supplementary Figure S1). Active
cambial divisions and subsequent differentiation of xylem cells took place in 14–15-year-old
birch trees at the sampling dates.

The study of the birch cambium ultrastructure [29] showed that during the period of
intensive wood growth, xylem cells with a pronounced secondary thickening of the walls
could be observed at a distance of 8–10 cells from the cambium. The cell wall formation
was the leading process, to which the entire metabolism of the differentiating cells was
subordinated from the moment of division to forming a mature element [29]. We found
that genes encoding VND proteins (BpVND1 and BpVND7) were mainly expressed in
the differentiating Bp trees xylem, while the number of BpNST1 and especially BpSND1
transcripts were deficient.

Recent studies have shown that target genes of VND and NST/SND differ in Arabidop-
sis thaliana. In xylem vessels, VND proteins regulate both PCD and SCW biosynthesis [36].
VND6 and VND7 activated the expression of a broad range of genes involved in PCD, such
as xylem-specific papain-like cysteine peptidase [34,62–64]. Other VND family members,
i.e., VND1 to VND5, duplicated functions with VND6 and VND7 in vessel develop-
ment [46]. In A. thaliana, the NST1, NST2, and SND1 proteins regulated all three compo-
nents, i.e., cellulose, hemicellulose, and lignin biosynthesis in xylem fibers [35,43,45,65].
However, the expression specificity depending on the gene group as found in Arabidopsis
was not detected in the other plant species. In poplar, rice, and maize, the genes of both
VND and NST groups were expressed in vessels and fibers [66–68].

The co-expression network comprises Populus VND/NST/SND genes, PCW and SCW
PtrCESA genes, as well as xyloglucan and pectin biosynthetic genes associated with the
primary wall formation, demonstrated three distinct subclusters with member genes closely
co-varying [55]. PtrSND1, PtrNST1, and PtrVND3-1 (homologous to BpSND1, BpNST1,
and BpVND1, respectively) formed a subcluster connected to SCW PtrCESAs. According
to this fact, one can conclude that BpSND1, BpNST1, and BpVND1 regulate cellulose of
SCW biosynthesis. In poplar, these subclusters also included PtrVND7-1 (homologous to
birch BpVND7). In our studies, the level of BpVND7 expression in the differentiating xylem
was the highest in comparison with other genes. PttVND7-1 was strongly induced in the
zone of cell maturation/PCD. At the same time, the analysis of the co-expression network
revealed a positive correlation of PtrVND7-1 neither with SCW PtrCESAs, nor with PCW
PtrCESAs, nor with other cell wall biosynthetic genes in poplar. There was identified only
a negative correlation with the pectin biosynthetic gene (Potri.016G001700) [55]. On the
contrary, previously, S. Chen with colleagues [42] showed that in the xylem of B. pendula
plants, the expression level of BpNAC072 (BpSND1) and BpNAC002 (BpNST1), compared to
BpNAC005 (BpVND1) and BpNAC057 (BpVND7), was higher. It should be noted that the
study was carried out on the xylem tissues of two-year-old trees, which were taken from
the upper part of the stem (about 10th nodes), mainly consisted of the mature structural
elements; probably, it was the reason for the differences obtained. We found that a high
level of BpVND7 expression was confined to the differentiating xylem stage in 14-year-old
birch plants, including xylem cells enlargement, secondary cell wall formation, and PCD of
vessels and fibrous tracheids.

We found that BpARF5 expression was 5-fold higher in the differentiating xylem of Bp
trees than in the cambial zone and the conducting phloem. Previous studies had shown
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that auxin signaling levels increased in the differentiating cambium derivatives, while a
moderate level of signaling in the cambial stem cells was essential for cambium activity [69].
At the same time, the ARF5 restricts the number of stem cells by directly attenuating the
action of the stem cell-promoting WOX4 gene [69]. We found that the number of BpHB8
transcripts was also higher in the differentiating xylem than in the cambial zone. This was
consistent with the result that was shown for P. tomentosa, where PtoARF5 regulated the
expression of PtoHB7 and PtoHB8 via binding to the auxin response elements (AuxREs)
within their promoters [54].

In silico analysis of the regulatory cis-elements revealed that a series of known canon-
ical (TGTCTC and TGTCCC) and putative (TGTCCC and GTCCCC) AuxREs (potential
DNA binding sites for ARFs) were predicted in the 2-kb of BpSND1, BpNST1, BpVND7, and
BpVND1 promoters. The amount of AuxRE was the highest in the promoter of BpVND7.
At the same time, in Populus genes, the auxin-responsive element (AuxRE, TGTCTC) was
discovered only in the promoters of PtrSND1, PtrNST1, and PtrVND3-1 (homologous to
BpSND1, BpNST1, and BpVND1, respectively) [55]. Together, our data and literature data
allow us to suggest the active participation of BpVND7 in the initial stages of the xylem
differentiation in Bp trees.

3.2. The Formation of the Auxin-Deficient Phenotype of Karelian Birch Occurs against the
Background of a Decrease in the Expression of BpARF5 and BpHB8, and It Is Accompanied by a
Change in the Expression of the NAC Family Genes

We showed that areas with structural abnormalities in figured Karelian birch wood
contained much fewer vessels than straight-grained wood of silver birch. It was believed
that free (physiologically active) auxin was the only signal required for the differentia-
tion of vessels [49,70–73]. A reduced density of vessels in figured wood, as well as a
disturbance of their spatial orientation [28], indicated a decrease in free (physiologically
active) auxin [49,74]. The fact that the vascular tissues of the trunk of figured Karelian
birch trees had features of the auxin-deficient phenotype had been repeatedly discussed in
the literature earlier. Thus, the biochemical analysis carried out by S.V. Shchetinkin [75]
showed that in the figured sections of the trunk of Karelian birch trees, the content of free
(physiologically active) auxin was reduced both in comparison with non-figured areas of
the same trunk and in contrast, with the silver birch trunks. Analysis of the expression
of genes involved in auxin homeostasis (families Yucca, PIN, GH3, UGT) showed that
the reason for the formation of abnormal wood structure in Karelian birch could be the
inactivation of auxin in its conjugation reactions with amino acids and sugars [28,76].

We found that the level of BpARF5 expression in abnormal xylem of figured Karelian
birch trees was significantly reduced, from the side of the cambial zone, especially in
differentiating xylem straight-grained wood of silver birch. Previous studies had shown
that in places of anomalies in Karelian birch, ray initials undergo mainly anticlinal and
transverse divisions instead of ordered periclinal divisions, which were dominant during
the formation of typical straight-grained wood [29]. Based on the fact that the PtoHB8,
encoding HD-ZIP III transcription factor, is one of the direct targets of the PtoARF5 [54,69],
it seems pretty logical that BpHB8 has a lower level of expression in figured trees. A
decreased transcription of genes that control early xylem development was reflected in
Betula VND/NST/SND genes expression. Notably, BpVND7 and BpVND1 were lower,
while the expression of BpSND1 and BpNST1 was higher compared to straight-grained
wood of silver birch.

To explain the results obtained, we used the data reported on transgenic poplar lines
overexpressing stabilized PtoIAA9 (PtoIAA9m-OE) [54]. PtoIAA9 contains intact Domains
III and IV that mediate physical interaction with ARFs, to repress downstream auxin-
responsive gene expression, which may be similar to downstream ARF5 expression. In
P. tomentosa, the overexpression of PtoIAA9m inhibited the periclinal division of cambium,
thus leading to reduced wood formation. At the same time, the expression of both PtoHB7
and PtoHB8 were significantly decreased by 71% and 74% in the PtoIAA9m-OE lines [54]. We
had shown that in Bc FT trees, against the background of a decrease in the xylem growth, an
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increase in the thickness of the cell wall of fibrous tracheids occurred. Similar changes were
found in the PtoIAA9m-OE plants compared to WT [54]. Active cambium periclinal cell
divisions lead to rapid xylem mother cell accumulation. In contrast, a low rate of cambium
periclinal cell division slowly produces xylem mother cells, resulting in the absence of
the early developing xylem cell layers in the PtoIAA9m-OE lines [54]. Collectively, our
data allow us to propose that (1) a decrease in the expression level of BpARF5 in abnormal
regions could be the reason for the formation of the auxin-deficient phenotype of Karelian
birch and (2) an increase in the expression level of BpSND1 and BpNST1 may be associated
with their participation in the regulation of SCW biosynthetic genes.

3.3. Non-Figured Karelian Birch Plants Are of Particular Interest for the Study of the Development
of Secondary Conducting Tissues

We showed that in Bc NF trees, the expression of BpARF5 in the differentiating xylem
was approximately 5-fold lower than Bp trees and did not significantly differ from that
in the abnormal areas of Karelian birch. At the same time, from the side of the cambial
zone, the number of BpARF5 transcripts in Bc NF trees was even a bit higher than in Bp
trees. Our data indicated a well-pronounced expression of BpHB8 from the cambial zone
and the zone of the xylem differentiation in Bc NF trees. The number of transcripts of
these genes practically did not differ from that of Bp trees. Importantly, the expression of
the studied Betula VND/NST/SND genes, especially BpNST1 and BpSND1, significantly
exceeded that of Bp trees. Compared to the straight-grained wood of silver birch, the
fibrous tracheids’ vessel density and cell wall thickness in straight-grained wood of Bc
NF trees were significantly higher. Therefore, our data suggested that (1) a decreased
level of BpARF5 expression in differentiating xylem was characteristic of Karelian birch
plants, both with figured and non-figured wood; (2) at the same time, the conductive
tissues of the Bc NF tree trunk, in contrast to Bc FT trees, did not exhibit the features of the
auxin-deficient phenotype.

The expression of ARF genes is tissue-specific, varies slightly in response to hormonal
stimuli, and is regulated mainly on the posttranscriptional level by microRNAs (miRNA)
and trans-acting-small interfering RNAs (ta-siRNA) [77,78]. It is known that diverse
auxin-triggered developmental phenotypes depend on the expression of specific auxin-
responsive genes targeted by Aux/IAA-ARF pairs [54–56,79]. Under conditions when the
auxin concentration is low, Aux/IAAs are more stable and interact with ARFs to inactivate
them. At increased auxin concentration, auxin stabilizes the interaction between TIR1 and
Aux/IAA proteins. It leads to the Aux/IAA degradation, resulting in ARF derepression
and activating expression of specific gene sets [3,4,36,52–54,79].

Auxin biosynthesis and intercellular transport, auxin conjugation, and degradation
processes determine auxin levels in individual cells and thus auxin distribution patterns
within tissues [79–82]. We have previously shown that the auxin-deficient phenotype in
Karelian birch trunks tissues is formed against the background of overexpression of genes
involved in auxin biosynthesis (Yucca), polar auxin transport (PIN), and conjugation of
auxin with amino acids (GH3) and UDP-glucose (UGT84B1) [28,76]. We have suggested
that overexpression of GH3 and UGT84B1 genes encoding enzymes that participated in
auxin conjugation appears to significantly affect figured wood formation in birch than
overexpression of Yucca genes [76]. Interestingly, the expression of UGT84B1 and GH3
in trunk tissues of Bc NF trees was much lower than in Bc FT trees, and it had the same
level in Bp trees. Moreover, Bc NF trees had a higher expression of BpYucca3, BpYucca10,
and BpYucca12 in leaves and expression of BpYucca’s in the cambial zone compared to Bp
trees [76]. Collectively, the data obtained through this study and previously [28,76] allow us
to propose that increased auxin concentration can rescue the formation of straight-grained
wood in Bc NF trees against the background of low BpARF5 expression.
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4. Materials and Methods
4.1. Study Objects

The study objects were two forms of silver birch: Betula pendula Roth var. pendula—the
form of silver birch with straight-grained wood and B. pendula var. carelica—Karelian birch.
All plants grew in the same soil and climatic conditions on the experimental plot of the
KarRC RAS near the Petrozavodsk city. The trees were 14–15 years old. Karelian birch
plants were grown from seeds obtained from the controlled pollination of Karelian birch
plus trees. The number of trees in each group was 5–6. Samples were collected during
active cambial growth (25 June 2019, and 26 June 2020).

4.2. Plant Sampling

The trunk tissue samples were taken at breast height (1.3 m above ground level) on
the same side (the south side). The trunk sections with the highest degree of manifestation
of structural anomalies were selected for the sampling of plant material from the Karelian
birch trunks. For microscopic analysis, blocks including the last 2–3 annual increments
of wood were cut out (5 × 5 × 3 mm, length × width × height). For chemical analysis,
«windows» of 6 × 8 cm were cut out on the trunk, and the bark was separated from the
wood. During active cambial growth, the bark moves away from the wood along the
expanding xylem zone. Tissue complexes (hereafter phloem), including the cambial zone
(phloem mother cells, cambial initial, xylem mother cells), differentiating phloem, and
mature phloem, were prepared the inner surface of the bark. The layers of differentiating
xylem (hereafter xylem) were scraped off the exposed wood surface with a blade. The sam-
pling of stem tissues was monitored under a light microscope (Supplementary Figure S1).
The material for the genetic analysis was frozen in liquid nitrogen and stored at −80 ◦C.

4.3. Microscopy

Three samples of the mature xylem tissue from each tree were analyzed. Sample
preparation for microscopy was done as described previously [28]. Briefly, the samples
were fixed in glutaraldehyde, dehydrated in a series of alcohols of rising concentrations,
and embedded in Araldite-Embed-812 mixture following a well-known technique [83].
Panoramic transverse sections 2 µm thick were cut with an LKB Ultrotome IV (Sweden)
and stained with Safranin 1% aqueous solution. Microscopic analysis was carried out
under AxioImager A1 light microscope (Karl Zeiss, White Plains, NY, USA) equipped
with an ADF PRO03 camera. Images were processed with ADF Image Capture software
(ADF Optics, Ningbo, China). Anatomical measurements were made following available
guidelines using panoramic xylem cross-sections with an area of 7–10 mm2 [84–86]. The
proportion of various cell types in xylem was determined using the grid method [87].
Briefly, a grid of points 50 µm apart in horizontal and vertical directions was overlaid over
the image of the xylem section. A minimum of 300 points for each sample was analyzed
using ImageJ software (NIH, Bethesda, MD, USA). The percentage of each cell type was
estimated as several points of a given type divided by the total number of analyzed points.

4.4. Gene Retrieval from the Silver Birch Genome by Bioinformatics Methods

The search for NAC, ARF, and HD-ZIP III genes was carried out using the published
genome of Betula pendula Roth [11]. To this end, the CDS of A. thaliana and P. trichocarpa NAC,
ARF and HD-ZIP III genes and the amino acid sequences of corresponding proteins were
obtained from The Arabidopsis Information Resource (TAIR) database (release 13, https:
//www.arabidopsis.org, accessed on 1 June 2021) and Phytozome database (http://www.
phytozome.net/poplar, release v3.0, accessed on 1 June 2021), respectively. The resulting
sequences were then used as a BLAST search query across the genome of B. pendula var.
pendula (release 1.2, https://genomevolution.org/coge, accessed on 1 June 2021) to identify
homologous sequences.

The structures of candidate proteins were predicted using the National Centre for
Biotechnology Information (NCBI) resource (http://www.ncbi.nlm.nih.gov/Structure/
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cdd/cdd.shtml, accessed on 1 June 2021) [88]. Phylogenetic analysis was carried out
using MEGA X software [89]. Multiple sequence alignment for the protein sequences was
performed using ClustalW. Default parameters were used to determine the best-fitting
evolutionary models by the model test. Phylogenetic trees were constructed using the
Maximum Likelihood method based on the Jones–Taylor–Thornton (JTT) model with 1000
bootstrap replicates [90–93]. The percent identity of B. pendula and A. thaliana proteins was
determined using the EMBOSS Needle online tool (https://www.ebi.ac.uk/Tools/psa/
emboss_needle/, accessed on 1 June 2021). The gene structures were analyzed using the
Gene Structure Display Server (http://gsds.cbi.pku.edu.cn/, accessed on 1 June 2021) [87].

4.5. qRT-PCR

Isolation of total RNA was performed using an extraction STAB buffer (pH 4.8–5.0):
100 mM Tris—HCl (pH 8.0), 25 mM EDTA, 2 M NaCl, 2% STAB, 2% PVP; 2% mercap-
toethanol was added to the mixture before use. The plant tissue lysates were additionally
treated with DNase and RNase inhibitors (Syntol, Russia). Separation of the aqueous and
organic phases was done using a mixture of chloroform-isoamyl alcohol (24:1). RNA was
precipitated using 25 mM LiCl, then re-precipitation was carried out using an extraction
SDS buffer: 1 M NaCl, 0.5% SDS, 10 mM Tris—HCl (pH 8.0), 1 mM EDTA [94]. RNA was
re-precipitated with absolute isopropanol. The quality and quantity of the isolated RNA
and synthesized cDNA were checked spectrophotometrically and by electrophoresis in 1%
agarose gel.

Specific primers (Sintol, Russia) for amplification of the studied genes were designed
using the software Beacon Designer 8.21 (PREMIER Biosoft) (Table 5). As a reference gene
for normalization of quantitative PCR data, we assume to use Ef1a and GAPDH family [95].
Our previous research evaluated the suitability of five genes—GAPDH1, Actin1, Ef1a (1),
Ef1a (2), and 18SrRNA—in two forms of silver birch for use as a reference when staging
qRT-PCR based on the stability of their expression. The results of studying the expression
level of potential reference genes were analyzed using the NormFinder and BestKeeper
programs. We showed that Actin1, GAPDH1, and Ef1a (1) are the most stable expressed
in B. pendula samples (in leaves and trunk tissues) among the studied genes. In contrast,
GAPDH1 and Ef1a (1) genes were suggested by NormFinder as the best combination of
two reference genes and had the lowest stability index [95]. Families of genes coding for (1)
auxin-dependent transcription factor BpARF5, (2) transcription factor BpHB8 that promotes
xylem production from cambial cells, (3) NAC-domain transcription factors (BpVND1,
BpVND7, BpNST1, BpSND1) that regulate secondary cell wall synthesis, development, and
differentiation of xylem cells, were studied.

Amplification of samples was performed using an iCycler instrument with an iQ5
optical module (Bio-Rad) and the amplification kit with an intercalating dye SYBR Green
(Evrogen). The specificity of amplification products was checked by melting the PCR
fragments. PCR determined the effectiveness of PCR for primers of reference and target
genes with successive dilutions of the investigated cDNA sample [96]. The relative quantity
of gene transcripts (RQ) was calculated from the formula:

RQ = E−∆Ct, (1)

∆Ct = Ct(target gene) − Ct(reference gene) (2)

where Ct was the threshold cycle values for the target and reference genes, E—effectiveness
of PCR. Ct (reference gene) was calculated as the average meaning between Ct (GAPDH1)
and Ct (Ef1a (1)). To determine the efficiency (E), PCR amplification was performed with
each pair of primers in a series of 10-fold dilutions (10−1, 10−2, 10−3, 10−4, and 10−5) of
cDNA. Using Excel software, a plot of Ct versus Lg (conc. cDNA) was plotted and using
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the values of the slope of the curve (slope, k), the efficiency was calculated using the
formula [97] (Supplementary Data S1):

E = 10(−1/k) (3)

The level of expression of specific genes was expressed in relative units (arbitrary units).
We took three trees on 25 June 2019, to study BpVND1, BpVND7, BpNST1, BpSND1 in

Bp, NF, and FT trees Karelian birch, and two trunk sections were taken from each trunk.
We took three trees on 26 June 2020, for studying BpARF5, BpHB8 in Bp, NF, and FT

trees of Karelian birch, and three trunk sections were taken from each trunk.

Table 5. List of primers for the RT-PCR reaction.

Gene Name Gene ID Forward Primer (5′→3′) Reverse Primer (5′→3′) Tm, ◦C

Ef1a Bpev01.c0437.g0013 TCCTTGAGGCTCTTGACTTG ATACCAGGCTTGATGACACC 89.0
GAPDH Bpev01.c1040.g0016 AGAATACAAGCCAGAACTCAAC CTCTACCACCTCTCCAATCC 85.9
BpARF5 Bpev01.c2000.g0006 AGCGACACCTTCTCACAACTG GCCTCACACCAACCAATAACTG 84.9
BpHB8 Bpev01.c0371.g0002 GTAGTGGAGTGGATGAGAATG TCAAGAGCAGAGGCAAGG 88.0

BpVND1 Bpev01.c0022.g0005 AAGAGATAGAAGCGGATA TTATTAACGGCAGAGATG 76.8
BpVND7 Bpev01.c0411.g0006 TTATGAACAGAATGAGTGGTA GCAGTGGCTCTATTAGTC 74.3
BpNST1 Bpev01.c0001.g0043 AGTATATCAGTCAATGGA AGTATATCAGTCAATGGA 77.2
BpSND1 Bpev01.c0522.g0030 AACTTCTACACTACTACC CACATCTCTTGAATATCC 76.8

4.6. Analysis of Promoters

2-Kbp upstream promoter sequences from the start codon (ATG) of genes were used
to analyze cis-acting elements. The search for the known and putative AuxREs located
in the promoters of the studied genes was performed using the PlantPAN 3.0 resource
(http://plantpan.itps.ncku.edu.tw/, accessed on 1 June 2021) [98].

4.7. Statistical Data Processing

The results were statistically processed with PAST (version 4.0). Before starting the
statistical analysis, raw data was initially tested for normality using the Shapiro-Wilk test.
The significance of differences between variants was estimated by Mann–Whitney U-test.
The significant difference was evaluated at the level of p < 0.05. Also, neighbor-joining
clustering was used to select tree groups based on the expression of the studied genes.

All data in the diagrams appear as mean ± SD, where SD is the standard deviation.
Different letters indicate significant difference at p-value < 0.05 according to results of
Mann–Whitney U-test.

The research was carried out using the equipment of the Core Facility of the Karelian
Research Centre of the Russian Academy of Sciences.

5. Conclusions

We have studied for the first time the molecular aspects of the differentiation of
the cambial derivatives into xylem elements in different forms of silver birch, which are
very different in wood anatomy. We identified VND/NST/SND genes that regulated SCW
biosynthesis, development, and differentiation of xylem cells in the genome of silver birch
and showed changes in their expression in the differentiating xylem in connection with
the different ratio of fibrous tracheids: vessels: parenchyma cells in the mature xylem. We
found a high expression level of BpVND7 in Bp trees, which xylem displayed a typical for
the species ratio of structural elements. The formation of the xylem in Bc FT trees (which
were characterized by the reduced vessels density, the increased proportion of parenchyma,
and the thicker cell walls of fibrous tracheids) was associated with reduced expression of
VNDs and increased expression of NST/SND genes. The formation of the straight-grained
wood of Bc NF trees, which were characterized by a high density of vessels, occurred
against the background of the increased expression level of all VND/NST/SND genes.

http://plantpan.itps.ncku.edu.tw/
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We identified genes of ARF and HD-ZIP III families in the genome of silver birch.
Also, we investigated the expression level of BpARF5 (a key regulator of auxin-dependent
vascular patterning) and its direct target—BpHB8 in trunk tissues of different forms of
silver birch. We found that the level of BpARF5 expression in the differentiating xylem
of Karelian birch plants with both figured and non-figured wood was lower than in Bp
trees. At the same time, the formation of figured wood of Bc FT trees was associated with
low expression of BpHB8, whereas in Bc NF trees with a straight-grained wood expression
of BpHB8 was indistinguishable from that of Bp trees. Our data have suggested that the
increased auxin concentration can rescue the formation of straight-grained wood in Bc NF
trees with low BpARF5 expression. Further research should focus on a detailed analysis
of Aux/IAAs, ARFs, HD ZIPs III, and VND/NST/SND genes in the cambial zone and the
differentiating xylem in different forms of silver birch, which will make it possible to
investigate this hypothesis in the future.
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.3390/plants10081593/s1, Figure S1: Cross-sections of trunk tissues of B. pendula var. pendula (a,b),
non-figured (c,d) and figured (e,f) B. pendula var. carelica trees. Samples were collected on 25 June 2019
(a,c,e) and 26 June 2020 (b,d,f). NP—non-conducing phloem, CP—conducing phloem, CZ—cambial
zone, DX—differentiating xylem, MX—mature xylem. Scale bar = 100 µm, Data S1: The calculation
of efficiency (E) for each pair of the primers.
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4. Růžička, K.; Ursache, R.; Hejátko, J.; Helariutta, Y. Xylem development—From the cradle to the grave. New Phytol. 2015, 207,

519–535. [CrossRef]
5. Kondo, Y.; Tamaki, T.; Fukuda, H. Regulation of xylem cell fate. Front. Plant Sci. 2014, 5, 315. [CrossRef]
6. Ye, Z.-H.; Zhong, R. Molecular control of wood formation in trees. J. Exp. Bot. 2015, 66, 4119–4131. [CrossRef]
7. Nystedt, B.; Street, N.R.; Wetterbom, A.; Zuccolo, A.; Lin, Y.-C.; Scofield, D.G.; Vezzi, F.; Delhomme, N.; Giacomello, S.;

Alexeyenko, A.; et al. The Norway spruce genome sequence and conifer genome evolution. Nature 2013, 497, 579–584. [CrossRef]
[PubMed]

8. Birol, I.; Raymond, A.; Jackman, S.D.; Pleasance, S.; Coope, R.; Taylor, G.A.; Yuen, M.M.S.; Keeling, C.I.; Brand, D.; Vandervalk,
B.P.; et al. Assembling the 20 Gb white spruce (picea glauca) genome from whole-genome shotgun sequencing data. Bioinformatics
2013, 29, 1492–1497. [CrossRef]

9. Tuskan, G.A.; DiFazio, S.; Jansson, S.; Bohlmann, J.; Grigoriev, I.; Hellsten, U.; Putnam, N.; Ralph, S.; Rombauts, S.; Salamov, A.;
et al. The genome of black cottonwood, Populus Trichocarpa (Torr. & Gray). Science 2006, 313, 1596–1604. [CrossRef]

10. Myburg, A.A.; Grattapaglia, D.; Tuskan, G.A.; Hellsten, U.; Hayes, R.D.; Grimwood, J.; Jenkins, J.; Lindquist, E.; Tice, H.; Bauer,
D.; et al. The genome of eucalyptus grandis. Nature 2014, 510, 356–362. [CrossRef]

11. Salojärvi, J.; Smolander, O.-P.; Nieminen, K.; Rajaraman, S.; Safronov, O.; Safdari, P.; Lamminmäki, A.; Immanen, J.; Lan, T.;
Tanskanen, J.; et al. Genome sequencing and population genomic analyses provide insights into the adaptive landscape of silver
birch. Nat. Genet. 2017, 49, 904–912. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/plants10081593/s1
https://www.mdpi.com/article/10.3390/plants10081593/s1
http://doi.org/10.1016/j.pbi.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20381410
http://doi.org/10.1016/j.copbio.2011.12.003
http://doi.org/10.3389/fpls.2016.00356
http://www.ncbi.nlm.nih.gov/pubmed/27047525
http://doi.org/10.1111/nph.13383
http://doi.org/10.3389/fpls.2014.00315
http://doi.org/10.1093/jxb/erv081
http://doi.org/10.1038/nature12211
http://www.ncbi.nlm.nih.gov/pubmed/23698360
http://doi.org/10.1093/bioinformatics/btt178
http://doi.org/10.1126/science.1128691
http://doi.org/10.1038/nature13308
http://doi.org/10.1038/ng.3862
http://www.ncbi.nlm.nih.gov/pubmed/28481341


Plants 2021, 10, 1593 22 of 24

12. Chen, S.; Wang, Y.; Yu, L.; Zheng, T.; Wang, S.; Yue, Z.; Jiang, J.; Kumari, S.; Zheng, C.; Tang, H.; et al. Genome sequence and
evolution of Betula Platyphylla. Hortic. Res. 2021, 8, 37. [CrossRef] [PubMed]

13. Jansson, S.; Douglas, C.J. Populus: A model system for plant biology. Ann. Rev. Plant Biol. 2007, 58, 435–458. [CrossRef]
14. Douglas, C.J. Populus as a model tree. In Comparative and Evolutionary Genomics of Angiosperm Trees; Groover, A., Cronk, Q., Eds.;

Plant Genetics and Genomics: Crops and Models; Springer International Publishing: Cham, Switzerland, 2017; Volume 21, pp.
61–84, ISBN 978-3-319-49327-5.

15. Rodgers-Melnick, E.; Mane, S.P.; Dharmawardhana, P.; Slavov, G.T.; Crasta, O.R.; Strauss, S.H.; Brunner, A.M.; DiFazio, S.P.
Contrasting patterns of evolution following whole genome versus tandem duplication events in Populus. Genome Res. 2012, 22,
95–105. [CrossRef]

16. Wheeler, E.A. Inside wood—A web resource for hardwood anatomy. IAWA J. 2011, 32, 199–211. [CrossRef]
17. Morris, H.; Brodersen, C.; Schwarze, F.W.M.R.; Jansen, S. The parenchyma of secondary xylem and its critical role in tree defense

against fungal decay in relation to the CODIT model. Front. Plant Sci. 2016, 7, 1665. [CrossRef]
18. Hynynen, J.; Niemisto, P.; Vihera-Aarnio, A.; Brunner, A.; Hein, S.; Velling, P. Silviculture of Birch (Betula Pendula Roth and

Betula Pubescens Ehrh.) in Northern Europe. Forestry 2009, 83, 103–119. [CrossRef]
19. Hagqvist, R.; Mikkola, A. Visakoivun Kasvatus Ja Käyttö; Metsäkustannus & Visaseurary: Hämeenlinna, Finland, 2008; ISBN

978-952-5694-03-1.
20. Lyubavskaya, A.Y. Karelian Birch; Publishing House of Moscow State Forest University: Moscow, Russia, 2006.
21. Novitskaya, L.; Nikolaeva, N.; Galibina, N.; Tarelkina, T.; Semenova, L. The greatest density of parenchyma inclusions in Karelian

Birch wood occurs at confluences of phloem flows. Silva Fenn. 2016, 50, 1461–1478. [CrossRef]
22. Novitskaya, L.L.; Shulyakovskaya, T.A.; Galibina, N.A.; Ilyinova, M.K. Membrane lipid composition upon normal and patterned

wood formation in Betula Pendula Roth. J. Plant Growth Regul. 2018, 37, 958–970. [CrossRef]
23. Novitskaya, L.; Nikolaeva, N.; Tarelkina, T. Endogenous variability of the figured wood of Karelian Birch. Wulfenia 2016, 23,

175–188.
24. Novitskaya, L.L. Karelian Birch: Mechanisms of Growth and Development of Structural Abnormalities; Verso: Petrozavodsk, Russia,

2008; ISBN 978-5-85039-229-1.
25. Galibina, N.A.; Novitskaya, L.L.; Nikerova, K.M.; Moshkina, E.V.; Moshchenskaya, Y.L.; Borodina, M.N.; Sofronova, I.N.;

Nikolaeva, N.N. Labile nitrogen availability in soil influences the expression of wood pattern in Karelian birch. Bot. Zhurnal 2019,
104, 1598–1609. [CrossRef]

26. Paganova, V. Analysis of inheritance and growth of curly birch progenies from controlled hybridisation and possibilities of their
utilisation for timber production in agricultural landscape. Czech J. Genet. Plant Breed. 2004, 40, 51–62. [CrossRef]

27. Yermakov, V.I. Mechanisms of Adaptation of Birch to the Conditions of the North; Nauka: Leningrad, Russia, 1986.
28. Novitskaya, L.L.; Tarelkina, T.V.; Galibina, N.A.; Moshchenskaya, Y.L.; Nikolaeva, N.N.; Nikerova, K.M.; Podgornaya, M.N.;

Sofronova, I.N.; Semenova, L.I. The formation of structural abnormalities in Karelian Birch wood is associated with auxin
inactivation and disrupted basipetal auxin transport. J. Plant Growth Regul. 2020, 39, 378–394. [CrossRef]

29. Barilskaya, L.A. Comparative Analysis of Silver Birch and Karelian Birch Wood. Ph.D. Thesis, Forest Research Institute,
Petrozavodsk, Russia, 1978.

30. Galibina, N.A.; Novitskaya, L.L.; Krasavina, M.S.; Moshchenskaya, Y.L. Activity of sucrose synthase in trunk tissues of Karelian
Birch during cambial growth. Russ. J. Plant Physiol. 2015, 62, 381–389. [CrossRef]

31. Galibina, N.A.; Novitskaya, L.L.; Nikerova, K.M.; Moshchenskaya, Y.L.; Borodina, M.N.; Sofronova, I.N. Apoplastic invertase
activity regulation in the cambial zone of Karelian Birch. Russ. J. Dev. Biol. 2019, 50, 20–29. [CrossRef]

32. Galibina, N.A.; Novitskaya, L.L.; Krasavina, M.S.; Moshchenskaya, J.L. Invertase activity in trunk tissues of Karelian Birch. Russ.
J. Plant Physiol. 2015, 62, 753–760. [CrossRef]

33. Galibina, N.A.; Novitskaya, L.L.; Nikerova, K.M. Source–sink relations in the organs and tissues of silver birch during different
scenarios of xylogenesis. Russ. J. Plant Physiol. 2019, 66, 308–315. [CrossRef]

34. Kubo, M.; Udagawa, M.; Nishikubo, N.; Horiguchi, G.; Yamaguchi, M.; Ito, J.; Mimura, T.; Fukuda, H.; Demura, T. Transcription
switches for protoxylem and metaxylem vessel formation. Genes Dev. 2005, 19, 1855–1860. [CrossRef]

35. Zhong, R.; Demura, T.; Ye, Z.-H. SND1, a NAC domain transcription factor, is a key regulator of secondary wall synthesis in
fibers of Arabidopsis. Plant Cell 2006, 18, 3158–3170. [CrossRef]

36. Nakano, Y.; Yamaguchi, M.; Endo, H.; Rejab, N.A.; Ohtani, M. NAC-MYB-based transcriptional regulation of secondary cell wall
biosynthesis in land plants. Front. Plant Sci. 2015, 6, 288. [CrossRef]

37. Olsen, A.N.; Ernst, H.A.; Leggio, L.L.; Skriver, K. NAC transcription factors: Structurally distinct, functionally diverse. Trends
Plant Sci. 2005, 10, 79–87. [CrossRef]

38. Petricka, J.J.; Winter, C.M.; Benfey, P.N. Control of Arabidopsis root development. Ann. Rev. Plant Biol. 2012, 63, 563–590. [CrossRef]
39. Yamaguchi, M.; Demura, T. Transcriptional regulation of secondary wall formation controlled by NAC domain proteins. Plant

Biotechnol. 2010, 27, 237–242. [CrossRef]
40. Fang, Y.; You, J.; Xie, K.; Xie, W.; Xiong, L. Systematic sequence analysis and identification of tissue-specific or stress-responsive

genes of NAC transcription factor family in rice. Mol. Genet. Genom. 2008, 280, 547–563. [CrossRef]
41. Nakashima, K.; Takasaki, H.; Mizoi, J.; Shinozaki, K.; Yamaguchi-Shinozaki, K. NAC Transcription factors in plant abiotic stress

responses. Biochim. Biophys. Acta BBA Gene Regul. Mech. 2012, 1819, 97–103. [CrossRef] [PubMed]

http://doi.org/10.1038/s41438-021-00481-7
http://www.ncbi.nlm.nih.gov/pubmed/33574224
http://doi.org/10.1146/annurev.arplant.58.032806.103956
http://doi.org/10.1101/gr.125146.111
http://doi.org/10.1163/22941932-90000051
http://doi.org/10.3389/fpls.2016.01665
http://doi.org/10.1093/forestry/cpp035
http://doi.org/10.14214/sf.1461
http://doi.org/10.1007/s00344-018-9794-y
http://doi.org/10.1134/S0006813619100053
http://doi.org/10.17221/3700-CJGPB
http://doi.org/10.1007/s00344-019-09989-8
http://doi.org/10.1134/S102144371503005X
http://doi.org/10.1134/S1062360419010028
http://doi.org/10.1134/S1021443715060060
http://doi.org/10.1134/S1021443719020067
http://doi.org/10.1101/gad.1331305
http://doi.org/10.1105/tpc.106.047399
http://doi.org/10.3389/fpls.2015.00288
http://doi.org/10.1016/j.tplants.2004.12.010
http://doi.org/10.1146/annurev-arplant-042811-105501
http://doi.org/10.5511/plantbiotechnology.27.237
http://doi.org/10.1007/s00438-008-0386-6
http://doi.org/10.1016/j.bbagrm.2011.10.005
http://www.ncbi.nlm.nih.gov/pubmed/22037288


Plants 2021, 10, 1593 23 of 24

42. Chen, S.; Lin, X.; Zhang, D.; Li, Q.; Zhao, X.; Chen, S. Genome-wide analysis of NAC gene family in Betula Pendula. Forests 2019,
10, 741. [CrossRef]

43. Mitsuda, N.; Iwase, A.; Yamamoto, H.; Yoshida, M.; Seki, M.; Shinozaki, K.; Ohme-Takagi, M. NAC transcription factors, NST1
and NST3, are key regulators of the formation of secondary walls in woody tissues of Arabidopsis. Plant Cell 2007, 19, 270–280.
[CrossRef] [PubMed]

44. Zhong, R.; Richardson, E.A.; Ye, Z.-H. Two NAC domain transcription factors, SND1 and NST1, function redundantly in
regulation of secondary wall synthesis in fibers of arabidopsis. Planta 2007, 225, 1603–1611. [CrossRef]

45. Yamaguchi, M.; Kubo, M.; Fukuda, H.; Demura, T. Vascular-related NAC-DOMAIN7 is involved in the differentiation of all types
of xylem vessels in arabidopsis roots and shoots. Plant J. 2008, 55, 652–664. [CrossRef] [PubMed]

46. Zhou, J.; Zhong, R.; Ye, Z.-H. Arabidopsis NAC domain proteins, VND1 to VND5, are transcriptional regulators of secondary
wall biosynthesis in vessels. PLoS ONE 2014, 9, e105726. [CrossRef] [PubMed]

47. Endo, H.; Yamaguchi, M.; Tamura, T.; Nakano, Y.; Nishikubo, N.; Yoneda, A.; Kato, K.; Kubo, M.; Kajita, S.; Katayama, Y.; et al.
Multiple classes of transcription factors regulate the expression of Vascular-related NAC-DOMAIN7, a master switch of xylem
vessel differentiation. Plant Cell Physiol. 2015, 56, 242–254. [CrossRef] [PubMed]

48. Sorce, C.; Giovannelli, A.; Sebastiani, L.; Anfodillo, T. Hormonal signals involved in the regulation of cambial activity, xylogenesis
and vessel patterning in trees. Plant Cell Rep. 2013, 32, 885–898. [CrossRef]

49. Aloni, R. Ecophysiological implications of vascular differentiation and plant evolution. Trees 2015, 29, 1–16. [CrossRef]
50. Sundberg, B.; Uggla, C.; Tuominen, H. Cambial growth and auxin gradients. In Cell and Molecular Biology of Wood Formation;

Savidge, R.A., Barnett, J.R., Napier, R., Eds.; BIOS Scientific Publishers Limited: Oxford, UK, 2000; pp. 169–188.
51. Robert, H.S.; Grones, P.; Stepanova, A.N.; Robles, L.M.; Lokerse, A.S.; Alonso, J.M.; Weijers, D.; Friml, J. Local auxin sources

orient the apical-basal axis in arabidopsis embryos. Curr. Biol. 2013, 23, 2506–2512. [CrossRef]
52. Hardtke, C.S.; Berleth, T. The arabidopsis gene MONOPTEROS encodes a transcription factor mediating embryo axis formation

and vascular development. EMBO J. 1998, 17, 1405–1411. [CrossRef]
53. Hamann, T.; Benkova, E.; Bäurle, I.; Kientz, M.; Jürgens, G. The arabidopsis BODENLOS gene encodes an auxin response protein

inhibiting MONOPTEROS-mediated embryo patterning. Genes Dev. 2002, 16, 1610–1615. [CrossRef]
54. Xu, C.; Shen, Y.; He, F.; Fu, X.; Yu, H.; Lu, W.; Li, Y.; Li, C.; Fan, D.; Wang, H.C.; et al. Auxin-mediated Aux/IAA-ARF-HB

signaling cascade regulates secondary xylem development in Populus. New Phytol. 2019, 222, 752–767. [CrossRef]
55. Johnsson, C.; Jin, X.; Xue, W.; Dubreuil, C.; Lezhneva, L.; Fischer, U. The plant hormone auxin directs timing of xylem development

by inhibition of secondary cell wall deposition through repression of secondary wall NAC-domain transcription factors. Physiol.
Plant 2019, 165, 673–689. [CrossRef]

56. Fischer, U.; Kucukoglu, M.; Helariutta, Y.; Bhalerao, R.P. The dynamics of cambial stem cell activity. Ann. Rev. Plant Biol. 2019, 70,
293–319. [CrossRef]

57. Schrader, J.; Davis, J.; Mellerowicz, E.; Berglund, A.; Nilsson, P.; Hertzberg, M.; Sandberg, G. A High-resolution transcript profile
across the wood-forming meristem of poplar identifies potential regulators of cambial stem cell identity. Plant Cell 2004, 16,
2278–2292. [CrossRef]

58. Pascual, M.B.; de la Torre, F.; Cañas, R.A.; Cánovas, F.M.; Ávila, C. NAC transcription factors in woody plants. In Progress in
Botany; Cánovas, F.M., Lüttge, U., Matyssek, R., Pretzsch, H., Eds.; Springer International Publishing: Cham, Switzerland, 2018;
Volume 80, pp. 195–222, ISBN 978-3-030-10760-4.

59. Cherenkov, P.; Novikova, D.; Omelyanchuk, N.; Levitsky, V.; Grosse, I.; Weijers, D.; Mironova, V. Diversity of cis-regulatory
elements associated with auxin response in arabidopsis thaliana. J. Exp. Bot. 2018, 69, 329–339. [CrossRef]

60. Galibina, N.A. Endogenous Mechanisms of Regulation of Xylogenesis in Woody Plants on the Example of Two Forms of Birch.
Ph.D. Thesis, Komarov Botanical Institute of the Russian Academy of Sciences, St. Petersburg, Russia, 2018.

61. Tarelkina, T.V.; Galibina, N.A.; Moshchenskaya, Y.L.; Nikerova, K.M.; Sofronova, I.N.; Nikolaeva, N.N.; Ivanova, D.S.; Semenova,
L. Expression of genes involved in the transport and conjugation of auxin at different stages of cambial derivatives differentiation
in two forms of Silver Birch. 2021, In Preparation.

62. Ohashi-Ito, K.; Oda, Y.; Fukuda, H. Arabidopsis vascular-related NAC-DOMAIN6 directly regulates the genes that govern
programmed cell death and secondary wall formation during xylem differentiation. Plant Cell 2010, 22, 3461–3473. [CrossRef]
[PubMed]

63. Zhong, R.; Lee, C.; Ye, Z.-H. Global analysis of direct targets of secondary wall NAC master switches in Arabidopsis. Mol. Plant
2010, 3, 1087–1103. [CrossRef]

64. Yamaguchi, M.; Mitsuda, N.; Ohtani, M.; Ohme-Takagi, M.; Kato, K.; Demura, T. Vascular-related NAC-DOMAIN 7 directly
regulates the expression of a broad range of genes for xylem vessel formation: Direct target genes of VND7. Plant J. 2011, 66,
579–590. [CrossRef] [PubMed]

65. Mitsuda, N.; Seki, M.; Shinozaki, K.; Ohme-Takagi, M. The NAC transcription factors NST1 and NST2 of Arabidopsis regulate
secondary wall thickenings and are required for anther dehiscence. Plant Cell 2005, 17, 2993–3006. [CrossRef]

66. Zhong, R.; Lee, C.; Ye, Z.-H. Functional characterization of poplar wood-associated NAC domain transcription factors. Plant
Physiol. 2010, 152, 1044–1055. [CrossRef] [PubMed]

67. Zhong, R.; Lee, C.; McCarthy, R.L.; Reeves, C.K.; Jones, E.G.; Ye, Z.-H. Transcriptional activation of secondary wall biosynthesis
by rice and maize NAC and MYB transcription factors. Plant Cell Physiol. 2011, 52, 1856–1871. [CrossRef] [PubMed]

http://doi.org/10.3390/f10090741
http://doi.org/10.1105/tpc.106.047043
http://www.ncbi.nlm.nih.gov/pubmed/17237351
http://doi.org/10.1007/s00425-007-0498-y
http://doi.org/10.1111/j.1365-313X.2008.03533.x
http://www.ncbi.nlm.nih.gov/pubmed/18445131
http://doi.org/10.1371/journal.pone.0105726
http://www.ncbi.nlm.nih.gov/pubmed/25148240
http://doi.org/10.1093/pcp/pcu134
http://www.ncbi.nlm.nih.gov/pubmed/25265867
http://doi.org/10.1007/s00299-013-1431-4
http://doi.org/10.1007/s00468-014-1070-6
http://doi.org/10.1016/j.cub.2013.09.039
http://doi.org/10.1093/emboj/17.5.1405
http://doi.org/10.1101/gad.229402
http://doi.org/10.1111/nph.15658
http://doi.org/10.1111/ppl.12766
http://doi.org/10.1146/annurev-arplant-050718-100402
http://doi.org/10.1105/tpc.104.024190
http://doi.org/10.1093/jxb/erx254
http://doi.org/10.1105/tpc.110.075036
http://www.ncbi.nlm.nih.gov/pubmed/20952636
http://doi.org/10.1093/mp/ssq062
http://doi.org/10.1111/j.1365-313X.2011.04514.x
http://www.ncbi.nlm.nih.gov/pubmed/21284754
http://doi.org/10.1105/tpc.105.036004
http://doi.org/10.1104/pp.109.148270
http://www.ncbi.nlm.nih.gov/pubmed/19965968
http://doi.org/10.1093/pcp/pcr123
http://www.ncbi.nlm.nih.gov/pubmed/21908441


Plants 2021, 10, 1593 24 of 24

68. Ohtani, M.; Nishikubo, N.; Xu, B.; Yamaguchi, M.; Mitsuda, N.; Goué, N.; Shi, F.; Ohme-Takagi, M.; Demura, T. A NAC domain
protein family contributing to the regulation of wood formation in poplar: NAC domain protein family regulates wood formation.
Plant J. 2011, 67, 499–512. [CrossRef]

69. Brackmann, K.; Qi, J.; Gebert, M.; Jouannet, V.; Schlamp, T.; Grünwald, K.; Wallner, E.-S.; Novikova, D.D.; Levitsky, V.G.; Agustí,
J.; et al. Spatial specificity of auxin responses coordinates wood formation. Nat. Commun. 2018, 9, 875. [CrossRef]

70. Doley, D.; Leyton, L. Effects of growth regulating substances and water potential on the development of secondary xylem in
Fraxinus. New Phytol. 1968, 67, 579–594. [CrossRef]

71. Aloni, R.; Zimmermann, M.H. The control of vessel size and density along the plant axis—A new hypothesis. Differentiation 1983,
24, 203–208. [CrossRef]

72. Junghans, U.; Langenfeld-Heyser, R.; Polle, A.; Teichmann, T. Effect of auxin transport inhibitors and ethylene on the wood
anatomy of poplar. Plant Biol. 2004, 6, 22–29. [CrossRef] [PubMed]

73. Aloni, R. The induction of vascular tissues by auxin. In Plant Hormones. Biosynthesis, Signal Transduction, Action! Davis, P.J., Ed.;
Springer: Dordrecht, The Netherlands, 2010; pp. 485–518.

74. Sachs, T. Integrating cellular and organismic aspects of vascular differentiation. Plant Cell Physiol. 2000, 41, 649–656. [CrossRef]
[PubMed]

75. Shchetinkin, S.V. Histogenesis of Figured Wood in Birch (Betula Pendula Roth Var. Carelica Merkl. and Betula Pendula Roth).
Ph.D. Thesis, Voronezh State University, Voronezh, Russia, 1987.

76. Tarelkina, T.V.; Novitskaya, L.L.; Galibina, N.A.; Moshchenskaya, Y.L.; Nikerova, K.M.; Nikolaeva, N.N.; Sofronova, I.N.; Ivanova,
D.S.; Semenova, L.I. Expression analysis of key auxin biosynthesis, transport, and metabolism genes of Betula Pendula with
special emphasis on figured wood formation in Karelian Birch. Plants 2020, 9, 1406. [CrossRef]

77. Guilfoyle, T.J.; Hagen, G. Auxin response factors. Curr. Opin. Plant Biol. 2007, 10, 453–460. [CrossRef] [PubMed]
78. Li, S.-B.; Xie, Z.-Z.; Hu, C.-G.; Zhang, J.-Z. A review of auxin response factors (ARFs) in plants. Front. Plant Sci. 2016, 7, 47.

[CrossRef]
79. Vanneste, S.; Friml, J. Auxin: A trigger for change in plant development. Cell 2009, 136, 1005–1016. [CrossRef]
80. Woodward, A.W.; Bartel, B. Auxin: Regulation, action, and interaction. Ann. Bot. 2005, 95, 707–735. [CrossRef]
81. Normanly, J. Approaching cellular and molecular resolution of auxin biosynthesis and metabolism. Cold Spring Harb. Perspect.

Biol. 2010, 2, a001594. [CrossRef]
82. Ljung, K. Auxin metabolism and homeostasis during plant development. Development 2013, 140, 943–950. [CrossRef]
83. Mollenhauer, H.H. Plastic embedding mixtures for use in electron microscopy. Stain Technol. 1964, 39, 111–114. [PubMed]
84. IAWA. List of microscopic features for hardwood identification. IAWA Bull. 1989, 10, 219–332.
85. Scholz, A.; Klepsch, M.; Karimi, Z.; Jansen, S. How to quantify conduits in wood? Front. Plant Sci. 2013, 4, 56. [CrossRef]

[PubMed]
86. Angyalossy, V.; Pace, M.R.; Evert, R.F.; Marcati, C.R.; Oskolski, A.A.; Terrazas, T.; Kotina, E.; Lens, F.; Mazzoni-Viveiros, S.C.;

Angeles, G.; et al. IAWA list of microscopic bark features. IAWA J. 2016, 37, 517–615. [CrossRef]
87. Zieminska, K.; Butler, D.W.; Gleason, S.M.; Wright, I.J.; Westoby, M. Fibre wall and lumen fractions drive wood density variation

across 24 Australian angiosperms. AoB Plants 2013, 5, plt046. [CrossRef]
88. Marchler-Bauer, A.; Bryant, S.H. CD-search: Protein domain annotations on the fly. Nucleic Acids Res. 2004, 32, W327–W331.

[CrossRef] [PubMed]
89. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing

platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef] [PubMed]
90. Felsenstein, J. Confidence limits on phylogenies: An approach using the bootstrap. Evolution 1985, 39, 783–791. [CrossRef]
91. Nei, M.; Kumar, S. Molecular Evolution and Phylogenetics; Oxford University Press: New York, NY, USA, 2000; ISBN 978-0-19-

513584-8.
92. Jones, D.T.; Taylor, W.R.; Thornton, J.M. The rapid generation of mutation data matrices from protein sequences. Bioinformatics

1992, 8, 275–282. [CrossRef]
93. Hu, B.; Jin, J.; Guo, A.-Y.; Zhang, H.; Luo, J.; Gao, G. GSDS 2.0: An upgraded gene feature visualization server. Bioinformatics 2015,

31, 1296–1297. [CrossRef] [PubMed]
94. Xu, M.; Zang, B.; Yao, H.S.; Huang, M.R. Isolation of high quality RNA and molecular manipulations with various tissues of

Populus. Russ. J. Plant Physiol. 2009, 56, 716–719. [CrossRef]
95. Moshchenskaya, Y.L.; Galibina, N.A.; Tarelkina, T.V.; Nikerova, K.M.; Chirva, O.V.; Novitskaya, L.L. Selection of reference genes

for normalization of quantitative PCR data in real time in two forms of Silver Birch. Russ. J. Plant Physiol. 2021, 68, 214–221.
[CrossRef]

96. Rebrikov, D.V.; Korostin, D.O.; Ushakov, V.L.; Barsova, E.V.; Lukyanov, S.A. Application of Modern Methods of Molecular Biology for
the Search and Cloning of Full-Length Nucleotide Sequences of CDNA; Publishing House of the NNIU MEPhI: Moscow, Russia, 2011.

97. Chang, E.; Shi, S.; Liu, J.; Cheng, T.; Xue, L.; Yang, X.; Yang, W.; Lan, Q.; Jiang, Z. Selection of reference genes for quantitative gene
expression studies in Platycladus Orientalis (Cupressaceae) using real-time PCR. PLoS ONE 2012, 7, e33278. [CrossRef] [PubMed]

98. Chow, C.-N.; Lee, T.-Y.; Hung, Y.-C.; Li, G.-Z.; Tseng, K.-C.; Liu, Y.-H.; Kuo, P.-L.; Zheng, H.-Q.; Chang, W.-C. PlantPAN3.0: A
New and updated resource for reconstructing transcriptional regulatory networks from ChIP-Seq experiments in plants. Nucleic
Acids Res. 2019, 47, D1155–D1163. [CrossRef]

http://doi.org/10.1111/j.1365-313X.2011.04614.x
http://doi.org/10.1038/s41467-018-03256-2
http://doi.org/10.1111/j.1469-8137.1968.tb05485.x
http://doi.org/10.1111/j.1432-0436.1983.tb01320.x
http://doi.org/10.1055/s-2003-44712
http://www.ncbi.nlm.nih.gov/pubmed/15095131
http://doi.org/10.1093/pcp/41.6.649
http://www.ncbi.nlm.nih.gov/pubmed/10945333
http://doi.org/10.3390/plants9111406
http://doi.org/10.1016/j.pbi.2007.08.014
http://www.ncbi.nlm.nih.gov/pubmed/17900969
http://doi.org/10.3389/fpls.2016.00047
http://doi.org/10.1016/j.cell.2009.03.001
http://doi.org/10.1093/aob/mci083
http://doi.org/10.1101/cshperspect.a001594
http://doi.org/10.1242/dev.086363
http://www.ncbi.nlm.nih.gov/pubmed/14127791
http://doi.org/10.3389/fpls.2013.00056
http://www.ncbi.nlm.nih.gov/pubmed/23507674
http://doi.org/10.1163/22941932-20160151
http://doi.org/10.1093/aobpla/plt046
http://doi.org/10.1093/nar/gkh454
http://www.ncbi.nlm.nih.gov/pubmed/15215404
http://doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
http://doi.org/10.1111/j.1558-5646.1985.tb00420.x
http://doi.org/10.1093/bioinformatics/8.3.275
http://doi.org/10.1093/bioinformatics/btu817
http://www.ncbi.nlm.nih.gov/pubmed/25504850
http://doi.org/10.1134/S1021443709050197
http://doi.org/10.31857/S0015330321020111
http://doi.org/10.1371/journal.pone.0033278
http://www.ncbi.nlm.nih.gov/pubmed/22479379
http://doi.org/10.1093/nar/gky1081

	Introduction 
	Results 
	Features of the Structure of Mature Xylem in Different Forms of Silver Birch 
	NAC Family Genes Identification in the Silver Birch Genome 
	Expression of the Genes Encoding NAC-Domain Transcription Factors in the Differentiating Xylem of Different Forms of Silver Birch 
	ARF Family Genes Identification in the Silver Birch Genome 
	HD-ZIP III Genes Identification in the Silver Birch Genome 
	Expression of the Genes Encoding Auxin-Dependent Transcription Factor BpARF5 and Transcription Factor BpHB8 in the Cambial Zone and Differentiating Xylem of Different Forms of Silver Birch 
	AuxRE cis-Elements in Promoters of Studied B. pendula Genes 

	Discussion 
	Distribution of BpARF5, BpHB8, BpVND, and BpNST Genes Expression during the Formation of Straight-Grained Wood of Silver Birch 
	The Formation of the Auxin-Deficient Phenotype of Karelian Birch Occurs against the Background of a Decrease in the Expression of BpARF5 and BpHB8, and It Is Accompanied by a Change in the Expression of the NAC Family Genes 
	Non-Figured Karelian Birch Plants Are of Particular Interest for the Study of the Development of Secondary Conducting Tissues 

	Materials and Methods 
	Study Objects 
	Plant Sampling 
	Microscopy 
	Gene Retrieval from the Silver Birch Genome by Bioinformatics Methods 
	qRT-PCR 
	Analysis of Promoters 
	Statistical Data Processing 

	Conclusions 
	References

