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Abstract 14 

Nitrate, beyond being an important plant nutrient, serves as a signaling molecule. During 15 

vascular development, nitrate stimulates xylem cell expansion and suppresses xylem 16 

maturation, but the underlying signaling has remained unclear. In this study, we explored nitrate 17 

signaling during vascular development by monitoring transcriptomic changes in developing 18 

xylem tissues in a time series after administering potassium nitrate directly to the xylem sap in 19 

hybrid aspen (Populus tremula x P. tremuloides) trees. Gene expression analysis revealed a 20 

dynamic response, with gene expression being transiently activated at two hours post-21 

application for genes related to xylem expansion and at four to eight hours for genes related to 22 

xylem maturation. The two-hour timepoint was therefore selected to examine nitrate mediated 23 

cell expansion in expanding xylem elements isolated from the surface of the woody tissue. 24 

Using microfluidics coupled with single cell RNA-sequencing (scRNA-seq), we found that 25 

majority of the xylem cells could sense and respond to nitrate, and that the cells having the 26 

strongest response included both xylem fibers and vessel elements at the earliest stages of cell 27 

expansion. Among the candidate transcription factors mediating the nitrate-driven xylem cell 28 

expansion we discovered the Populus CYTOKININ RESPONSE FACTOR 4 (CRF4). 29 

Overexpression of the P. tremula CRF4 in hybrid aspen mimicked the stimulatory effect of 30 
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nitrate on xylem cell expansion, supporting the function of CRF4 in nitrate-mediated xylem 31 

cell expansion. Taken together, we identified a coordinated, system-wide response to nitrate 32 

whereby nitrate is rapidly and transiently sensed in most of the xylem elements and provide 33 

evidence for nitrate being taken up from the xylem sap into the ray parenchyma and regulate 34 

early xylem development through transcriptional circuits unique to xylem cells.  35 

Introduction 36 

Nitrate is critical as a nutrient, being a major form of nitrogen utilized by plants (Crawford and 37 

Forde, 2002). Nitrate availability often varies in the soil and can be a limiting factor to plant 38 

growth and development. Depending on this, plants have adopted several mechanisms to 39 

balance nitrate uptake and distribution and ensure energy-efficient nutrient utilization. In tree 40 

species, such as Populus, coordination of these processes is challenging due to the sheer size 41 

of the organism. In addition to the apical growth, lateral growth needs to be sustained for 42 

optimal growth of the tree. Surprisingly little is known about nitrate uptake and metabolism 43 

taking place in the tree stem. It is known that nitrate can be taken up by the roots and transported 44 

into the shoot of trees for assimilation (Black et al., 2002), but the extent and the molecular 45 

players of nitrate uptake from the xylem sap along its transport route are not known. 46 

Nitrate is distinct from other nitrogen sources as it also acts as a signaling molecule and 47 

can rapidly induce gene expression changes after its perception. The machinery of nitrate 48 

acquisition, sensing, and signaling is well documented, including NRT1.1/NPF6.3 as the nitrate 49 

transceptor, NIN-like protein (NLP) gene family members as sensors and several other 50 

transcriptional regulators of the nitrate response (Ho et al., 2009; Rubin et al., 2009; Varala et 51 

al., 2018; Fredes et al., 2019; Liu et al., 2022). Nitrate-elicited molecular events are time 52 

dependent as the expression change for different sets of genes can be observed within a few 53 

minutes to several days after its application (Scheible et al., 2004; Krouk et al., 2010; Krapp et 54 

al., 2011; Alvarez et al., 2012). Nitrate rapidly triggers genes responsible for its own transport 55 

and assimilation, and influences several other genes considered vital in signaling and primary 56 

nitrate response in Arabidopsis thaliana (from now on referred to as Arabidopsis) (Krouk et 57 

al., 2010; Bouguyon et al., 2015; Liu et al., 2017; Varala et al., 2018; Alvarez et al., 2020). 58 

Another enticing fact is that nitrate uptake and response is not just systemic 59 

communication across different organs but also comprises of a local signal that acts at the 60 

cellular level (Delgado et al., 2024). Different cell types with their specialized functions can 61 

respond in a unique manner to the external stimulus, allowing plants to tweak their responses 62 
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and optimize resource use. Nitrate has been shown to induce coordinated yet distinct cellular 63 

responses in different cell types of Arabidopsis roots. Cortex and pericycle cells subjected to 64 

48h ammonium nitrate treatment showed specific changes in gene expression that were, 65 

however, governed by a common set of transcription factors (Walker et al., 2017). More 66 

recently, nitrate-responsive transcriptomic changes were reported as early as 12 minutes in the 67 

outermost cells of the root, followed by spreading of the response into all other cell types of 68 

roots (Contreras-López et al., 2022). These changes align well with real-time in vivo monitoring 69 

of nitrate levels using a genetically encoded biosensor, which demonstrated the entrance of 70 

exogenous nitrate into most of the Arabidopsis root cells within 5 minutes (Chen et al., 2022). 71 

Together, these studies reveal spatiotemporal specificity in nitrate sensing, uptake and 72 

assimilation, likely serving efficient adaptation towards prevailing nitrate conditions in the soil.  73 

Much of the research on nitrate signalling has focused on roots, while less is known 74 

about cellular responses to nitrate in the shoot. Trees are interesting in this respect since their 75 

shoot systems provide majority of the total biomass on earth. It has been reported in Populus 76 

trees that nitrate stimulates the activity of the apical and the vascular meristems, and influences 77 

differentiation of xylem elements in the wood (Poovaiah et al., 2019; Renström et al., 2024). 78 

In particular, nitrate stimulates the expansion of xylem elements in trees (Renström et al., 2024; 79 

Xu et al., 2024). However, these studies have captured only a snapshot of a long-term exposure 80 

of nitrate in bulk samples and do therefore not give information on temporal or spatial 81 

regulation of xylem cell expansion. In this study, we aimed to provide molecular-level insights 82 

into the early events of xylem development after nitrate application by dissecting the 83 

transcriptional response with an unprecedented spatial and temporal resolution in woody 84 

tissues. To narrow down the observed nitrate responses exclusively in wood, we designed a 85 

strategy to bypass the root-to-shoot communication of the nitrate signal by applying nitrate 86 

directly into the xylem sap of hybrid aspen (P. tremula x P. tremuloides) trees. We performed a 87 

time-series analysis of gene expression from 2h up to 48h after nitrate treatment to follow the 88 

progression of nitrate response with time and reveal the molecular players underlying nitrate 
89 

mediated xylem development. Genes associated with xylem cell expansion were induced as 90 

early as 2h after nitrate application, which led us to profile the xylem transcriptome on a cellular 91 

level at this time point. scRNA-seq analysis revealed strongest response to nitrate in the xylem 92 

rays as well as fibers and vessels at their earliest developmental stage. Combination of the 93 

temporal and the spatial data revealed transcriptional networks unique to the different types of 94 

xylem elements. Based on these networks, we propose a role for a number of factors, including 95 
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the CYTOKININ RESPONSE FACTOR 4 (CRF4), in mediating xylem cell expansion in 96 

response to nitrate.  97 

Results 98 

The timing of nitrate response is dynamic in woody tissues 99 

Nitrate elicits fast metabolic and developmental changes in plants. To determine the timing of 100 

nitrate response exclusively in woody tissues, we injected KNO3 directly into the xylem sap of 101 

nitrogen starved hybrid aspen (Populus tremula x P. tremuloides) trees (Figure 1), and followed 102 

transcriptomic changes in the developing xylem tissue along a time-course series from 2h up 103 

to 48h (Figure 1A-B). Parallel experiments with injection of acid fuchsin stain demonstrated 104 

that the whole woody tissue was likely to receive the injected solution at a distance of 60 cm 105 

from the injection point within 2h (Figure 1C-D). Samples for transcriptional analysis were 106 

therefore collected 40-60 cm from the injection point.  107 

Principal component analysis (PCA) displayed clustering of transcriptome profiles 108 

mainly according to the different time points after nitrate application (Figure 2A). The 109 

transcriptomes corresponding to timepoints between 2h and 12h, for both the control (KCl) and 110 

nitrate (KNO3) treatments, differed from the 0h timepoint, while the transcriptomes for the 111 

timepoints of 24h and 48h were similar to the 0h timepoint. The nitrate treatment seemed to 112 

influence transcriptome profiles only in the early timepoints (Figure 2A). Differential gene 113 

expression analysis revealed accordingly that 142, 372, 98, and 2 unique genes (DEGs) 114 

responded to nitrate after 2h, 4h, 8h, and 12h of nitrate treatment, respectively (Figure 2B, Table 115 

S1A-D), while there was no significant change in gene expression later on. The GO analysis 116 

of the DEGs revealed significant enrichment of terms related to nitrate transmembrane 117 

transporter activity and nitrogen cycle metabolic process (Figure 2C). Accordingly, several 118 

nitrogen uptake and metabolism related genes, including the homologs of the NRT1.1/NPF6.3 119 

and NLP7, were differentially regulated by nitrate. 120 

All 29,591 genes expressed in RNA-seq data from the time-course experiment were 121 

used to create a whole-transcriptome co-expression network with 10 clusters and 28,821 nodes 122 

(genes) (Table S1F-G). A sub-network was created with all the Populus transcription factors 123 

(TFs) and DEGs that were first-degree neighbors of TFs (Table S1H). Seven TFs with a 124 

significant nitrogen-specificity index (see Materials and Methods) were identified (P<0.05; 125 

Table S1H, Figure 3). All of these except LBD19 have already been linked to nitrate responses 126 
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in either poplar or Arabidopsis (references in Table S3), demonstrating at least partial 127 

evolutionary conservation in nitrate responsiveness across these species.  128 

Cell expansion related transcriptome responds rapidly to nitrate 129 

To clarify the dynamicity of nitrate response in the different stages of vascular development, 130 

the DEGs were organized into ‘time bins’ based on their first appearance during the time-course 131 

experiment. The genes in the ‘time bins’ were grouped based on their log2(TPM+1)-132 

transformed Transcripts Per Kilobase Million (TPM) values in the Aspwood database (Sundell 133 

et al., 2017) which consists of high-resolution, spatial expression data in woody tissues of 134 

Populus stem (Figures 2E and S1, Table S1E). This analysis revealed the influence of 2h nitrate 135 

treatment predominantly on genes with preferential expression during xylem expansion (EX) 136 

according to the AspWood data. At 4h, the process of secondary cell wall formation appeared 137 

to be suppressed by nitrate based on the time bin analysis of the DEGs in the AspWood database 138 

(Figure 2E) as well as the enrichment of GO terms related to cell wall organization or 139 

biogenesis among the genes downregulated after 4h of nitrate treatment (Figure 2C). 4h 140 

timepoint also marked an increase in the numbers of time bin DEGs with the expression at a 141 

later stage of xylem maturation (CD) (Figure 2E). Taken together, the results demonstrate that 142 

the 2h timepoint captured the early effects of nitrate signaling especially on genes related to 143 

xylem cell expansion and that the signaling effect disappeared after 8h, indicating that the effect 144 

of nitrate was short-lived or "transient" in the current experimental setup.  145 
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 146 

Figure 2 Time-course analysis of gene expression after nitrate treatment in developing xylem tissues of 147 

hybrid aspen. (A) Principal component analysis of data from RNA-seq of bulk developing xylem tissues. 148 

Samples from the developing xylem tissues were collected at 0h, 2h, 4h, 8h, 12h, 24h, and 48h after injection with 149 

nitrate (KNO3) or control (KCl) solution. (B) Differentially expressed genes after nitrate treatment. The number 150 

of differentially expressed genes (DEGs) with absolute log2 fold change (LFC) >1 and false discovery rate (FDR) 151 

<0.05 are shown in pairwise comparisons between the control and the nitrate-treated samples at a specific time 152 

point after nitrate injection. See Table S1A-D and Figure S1 for details. (C) Top ten most significant gene ontology 153 

(GO) terms for the DEGs. Asterisks (*) indicate significant terms.  Gene annotations are based on the closest 154 

Arabidopsis homolog in TAIR. (D) Expression of nitrogen transport, metabolism and assimilation genes in 155 

response to nitrate treatment in developing xylem tissues of hybrid aspen trees. The heatmap is based on variance 156 

stabilized values (VST) from RNA-seq of xylem tissues 0, 2, 4, 8, 12, 24 and 48 h after injection of nitrate (KNO3) 157 

or control (KCl) solutions to stems. A significant change in gene expression (absolute LFC >1 and FDR <0.05) 158 

after nitrate treatment versus control at a specific time point is marked with an asterisk (*). P. tremula gene 159 

annotations are based on Zhang et al. (2025). (E) Cluster analysis of time-specific genes. DEGs were grouped into 160 

‘time bins’ based on their first appearance in the time series after nitrate treatment (Table S1E). Hierarchical 161 

clustering was performed using log2(TPM+1)-transformed expression values obtained from the AspWood 162 

database. Up- and down-regulation in panels B, C and E are indicated by red and blue, respectively. 163 
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 164 
Figure 3 A transcription factor co-expression network in the developing xylem tissues of hybrid aspen. The 165 

network is based on differentially expressed transcription factors (denoted as TF-DEGs) and other DEGs that were 166 

first-degree neighbors of the TF-DEGs. Only edges between TF-DEGs and other DEGs are shown. The size of 167 

the node is directly proportional to its degree i.e., the number of directly connected genes. Seven TF-DEGs with 168 

a significant nitrogen-specificity index (P<0.05) are marked in red. See Table S1H for details. 169 

Most xylem cell types respond to the nitrate signal 170 

Single cell RNA-sequencing (scRNA-seq) was performed to explore the nitrate-mediated 171 

regulation of xylem cell expansion on a cellular level. scRNA-seq libraries were prepared from 172 
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protoplasts isolated from the surface of the woody tissue that was injected with KNO3 or KCl 173 

(control) and incubated for 2h in the same way as for the time-course experiment.  174 

The transcriptome profiles from 20,566 protoplasts were clustered using a graph-based 175 

approach, yielding 21 clusters (Figure 4A). Clusters were identified using both previously 176 

characterized marker genes (Figure 4B) in Populus as well as genes enriched in different 177 

clusters based on the Wilcox test (Table S2A-B). References to literature for the cluster-specific 178 

genes in Figure 4B are given in Table S2B. We also performed transcriptomic correlations with 179 

existing gene expression datasets in woody tissues of Populus (Figure S2), including the high-180 

resolution RNA-seq data from AspWood database (Sundell et al., 2017), spatial profiles (Du et 181 

al., 2023), single nuclei profiles (Conde et al., 2022) and laser capture microdissected (LCM) 182 

cells (Shi et al., 2017; Tung et al., 2023) to define our scRNA-seq cluster identities (Figure S2). 183 

Briefly, clusters 5, 7 and 18 were annotated as rays based on the enrichment of photosynthesis-184 

related genes and correlation with LCM data (Tung et al., 2023). Various secondary cell wall 185 

associated cellulose synthases (CESA) were among the highly expressed genes in clusters 4, 186 

12, 15 and 17, xylan biosynthetic IRREGULAR XYLEM (IRX9, IRX14, IRX15) and 187 

glycosyltransferase (GT43A) genes in clusters 4 and 15, and core lignin-biosynthetic genes and 188 

laccases (LAC) in clusters 12, 15 and 17 (Figure 4B). The transcriptomes of these four clusters 189 

(4, 12, 15 and 17) correlated with the AspWood sections from the zone of early xylem 190 

maturation (Figure S2A), which suggests that these clusters are likely to contain vessels and 191 

fibers at different stages of differentiation. Correlation of the clusters 4, 12 and 15 with the 192 

LCM fiber transcriptomes (Tung et al., 2023) (Figure S2B), suggest that these three clusters 193 

contain fibers, while correlation of cluster 17 with the LCM vessel transcriptome (Tung et al., 194 

2023) and the expression of known vessel-specific genes, such as xylem cysteine protease 195 

(XCP2a and XCP2b), ribonuclease (RNAseIII) and endo-beta-mannanase (MAN6) specifically 196 
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in cluster 17 suggests that this cluster contains vessels (Figure 4B). Clusters 14, 16 were 197 

 198 

Figure 4 Single cell transcriptome profiling in developing xylem of hybrid aspen. (A) UMAP visualization of 199 

cell clusters in the scRNA-Seq data. (B) Marker genes enriched in each cluster that were selected based on Wilcox 200 

test (Table S2A) in Seurat and from literature (Table S2B). For cluster annotations, see Figure S2 for more 201 

information. Gene annotations are based on the closest Arabidopsis homologs. (C-F) Pseudotime developmental 202 

trajectory of xylem fibers and vessels showing differentiation from fusiform initials (cluster 14) to fibers (C-D) 203 

and vessels (E-F). 204 

C
lu

s
te

rs

0 5 10 15 20

Pseudotime

14

15

10

4

1

(D)

C
lu

s
te

rs

0 2.5 5.0 7.5

Pseudotime

6

17

14

(F)

(A)

UMAP_1

U
M

A
P

_
2

9

19

3

6

14

16
18

12

4

10

1

20

2

8

15

11

13

17

5

0

7

Fiber Precursors Vessel  p recursor

Unknown

Fiber

1 10

185 719 20

Ray

9

8

1113

0 2 3

17

6

15 124

Fusiform in itials

Cambium

14 16

Vessel

(C)

0

10

5

15

20

P
s
e
u

d
o
ti
m

e1

10

14

15

4

17

6

14

(B)

P
e

rc
e

n
t 

e
x
p

re
s
s
e
d

A
v
e

ra
g
e

 E
x
p

re
s
s
io

n

2
10

-1

ENODLP15 Pot ra2n18c33107 
CYCB1;2 Pot ra2n6c15109 

Hydroxypro-rich Potra2n17c31100 
CDKB1;2 Pot ra2n16c30563 
ENODL14 Pot ra2n6c12962 

RTN17 Pot ra2n7c15470 
ANT Potra2n2c5371 

SWEET17 Pot ra2n8c18612 
AAP2 Pot ra2n7c15818 

CLE41b Potra2n2c4235 
MT3 Pot ra2n11c22811 

MC13 Pot ra2n6c15163 
MC14 Pot ra2n16c29448 
MAN6 Pot ra2n6c14358 

MAN6 Pot ra2n16c30520 
RXF12 Pot ra2n2c5389 

RNAseI II  Pot ra2n8c17393 
Pectin lyase-like Pot ra2n1c3919 

XCP2b Potra2n5c10536 
XCP2a Potra2n2c6410 

PASPA3 Pot ra2n4c8470 
PIB Potra2n14c27598 

EXPA6 Pot ra2n1c2087 
WOX4b Potra2n2c5282 
WRKY2 Pot ra2n1c4016 

COMT2 Pot ra2n12c23766 
HCT1 Pot ra2n3c6817 

CESA7 Pot ra2n6c13749 
CAD1 Pot ra2n9c19275 

CCoAOMT2 Pot ra2n1c2649 
C3H3 Pot ra2n6c15127 

CEP1 Pot ra2n15c28411 
IRX14 Pot ra2n5c11571 
F5H1 Pot ra2n7c16495 
F5H1 Pot ra2n5c11765 

IRX15 Pot ra2n7c16234 
IRX15 Pot ra2n5c11573 
PAL4 Pot ra2n10c20411 
C4H1 Pot ra2n13c24959 
MYB103 Pot ra2n3c7305 
LAC4 Pot ra2n10c20714 

CSE1 Pot ra2n3c7945 
PXY Potra2n3c7548 

ACL5 Pot ra2n6c13361 
WAT1 Pot ra2n5c10753 

WAT1 Pot ra2n2c6181 
CEL3 Pot ra2n19c33790 
PIN7 Pot ra2n15c28861 

Cotton fiber Pot ra2n18c33191 
Ser-rich protei n-like Pot ra2n18c33060 

Pot ra2n5c12440 
Pot ra2n5c10659 

PAL3 Pot ra2n16c30091 
WOX13a Pora2n5c11905 

PAL2 Pot ra2n8c16946 
CCoAOMT1 Pot ra2n9c19246 

CCR2 Pot ra2n3c6847 
MYB83 Pot ra2n9c19651 

MEE32 Pot ra2n10c22224 
SND1 Pot ra2n11c22498 

GT43B Pot ra2n16c30051 
WEB fam ily (DUF827) Pot ra2n2c6235 

KNAT7 Pot ra2n1c953 
VSR6 Pot ra2n1c609 

DGK5 Pot ra2n13c25049 
sks5 Pot ra2n4c10032 

CEK3 Pot ra2n5c11091 
RCI2A Potra2n13c26298 

PRN1/2 Pot ra2n14c27610 
BAM7 Pot ra2n14c26986 

NAC2 Pot ra2n5c11250 
PRN2 Pot ra2n2c4342 

RAP2.7 Pot ra2n8c17012 
IAA29 Pot ra2n6c13057 

HMP35 Pot ra2n6c15220 
Asp protease Potra2n1c232 

C/VIF2 Pot ra2n16c29243 
TIP2;1 Pot ra2n3c8020 

DUF239 Pot ra2n1c2010 
LT PG6 Pot ra2n1c90 

TB L21 Pot ra2n17c30987 
FLA11 Pot ra2n16c30073 
AUX1 Pot ra2n10c20736 

PXY Potra2n1c1091 
PS I subunit L Potra2n14c27834 

EIN3 Pot ra2n10c20181 
LDAP1 Pot ra2n3c6926 

LHCA3 Pot ra2n14c27801 
WOX4a Potra2n14c26506 
CESA7 Pot ra2n18c32336 

IRX7 Pot ra2n9c20060 
COBL4 Pot ra2n15c28689 

FLA11 Pot ra2n6c14180 
IRX14 Pot ra2n7c16228 

CESA8 Pot ra2n11c23199 
GT43A Potra2n6c14160 

LAC2 Pot ra2n9c18755 
IRX10 Pot ra2n1c546 

NUDX19 Pot ra2n18c32663 
ACA9 Pot ra2n10c20147 

Asp protease family  Potra2n5c11849 
Major facili tator Pot ra2n4c9970 

PATL3 Pot ra2n19c33666 
WLIM1 Pot ra2n1c2551 

RABA3 Pot ra2n14c27157 

20

0

1 2 3 4 5 6 7 8 9 10 11 1213141516171819

Clusters

0

25

50

75

100



10 

 

identified as fusiform (vessel and fiber) initials, cluster 6 as a vessel precursor and clusters 1 205 

and 10 as fiber precursors as they correlated with the early expanding samples of the AspWood 206 

database (Figure S2A, C). These annotations were supported by the analysis of enriched GO 207 

terms (Table S2C) as well as developmental trajectories which demonstrated a bifurcated 208 

pseudotime backbone from the fusiform initial cluster 14 towards either the vessel (6 and 14) 209 

or the fiber clusters (1, 10, 4 and 15). (Figures 4C-F and S4A-D). Evidence for the presence of 210 

cambial cells was obtained through identification of 100 cells expressing the stem cell marker 211 

AINTEGUMENTA (ANT) in cluster 19 and cell division genes, CYCLIN (CYCB1;2) and Cyclin-212 

dependent kinase (CDKB1;2) in cluster 20. Clusters 0, 2, 3, 8, 9, 11 and 13 did not clearly 213 

correlate with the earlier published datasets and were left without annotation (Figures 4A and 214 

S2). However, transcriptome closeness to the ray clusters (Figure 4A), correlation with the 215 

LCM ray sample (Tung et al., 2023) and early AspWood cambial samples (Figure S2A, B) 216 

suggest identity for 3, 8, 11 and 13  as early rays, but some of the clusters could even represent 217 

unique cell types. For instance, cells in cluster 9 showed high expression of PIRIN2 (Figure 218 

4B) which is expressed in specific ray cells next to vessel elements (Zhang et al., 2020). 219 

Next, we investigated the nature of the cell types responding to the nitrate signal. First, 220 

a Canonical Correlation Analysis (CCA) analysis was used to integrate the two scRNA-seq 221 

libraries from the nitrate vs control treated samples (Figure 5A, Table S2D). Pre-processing at 222 

cell and gene levels resulted in 11,514 and 9,052 high-quality cells with a median UMI count 223 

of 2,062 and 2,608 and median gene count of 1,390 and 1,702 detected per cell, for control and 224 

nitrate-treated samples, respectively. A total of 28,217 genes were detected from the scRNA-225 

seq covering 95% of the genes detected by the bulk RNA-seq of the xylem tissues in the time 226 

series. Differential expression analysis between nitrate treatment versus control identified 227 

1,358 DEGs (Table S2E). The fact that DEGs were observed in every cluster revealed that all 228 

the xylem cell types could sense and respond to the nitrate signal (Figure S3). For instance, the 229 

early nitrate marker NIR1 responded to the external nitrate supply in all xylem cell types, except 230 

for the small number of cells putatively involved in cell division in cluster 20 (Figure 5B). 231 

However, clear differences in nitrate responsiveness were present between the different cell 232 

types (Figure 5B). Differential enrichment of GO terms demonstrated that cell wall 233 

organization or biogenesis was significantly upregulated in clusters 4 and 6, nitrogen cycle 234 

metabolic process was upregulated in cluster 18, and cell cycle was downregulated in cluster 4 235 

(Table S2F). The clusters containing the most nitrate responsive cell populations in the scRNA-236 

seq data were the ray clusters 5, 7 and 18 (Figure 5C).  237 
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 238 
Figure 5 Gene expression analysis after nitrate treatment in different xylem cell types of hybrid aspen. (A) 239 

UMAP visualization after reclustering of the cells from control and nitrate treated samples. Distinct colors depict 240 

unique cell clusters. Clusters 0, 2 and 9 that either lacked a marker gene or did not show any correlation with the 241 

previous spatial or cellular Populus transcriptomes were excluded from this analysis. (B) Cluster-wise expression 242 

profile of DEGs related to nitrogen uptake and metabolism in the scRNA-seq data. The superscript on the gene 243 

labels indicates that the gene was a DEG in the time-series study. (C) UpSet plot showing the unique and shared 244 

number of upregulated (left panel) and downregulated (right panel) genes identified in each cluster for nitrate 245 

versus control treatment.  246 
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Nitrate stimulates the expression of cell wall modifying proteins in the fusiform cells 247 

In addition to rays, fibers and vessels at the early stages of development (scRNA-seq clusters 248 

1, 4 and 6) responded strongly to nitrate (Figures 5C, S3 and S4E-F). These cells are likely to 249 

undergo xylem cell expansion on the basis of the vessel and fibers trajectories (Figure 4C, E). 250 

Nitrate regulated several members of the gene families such as pectin methylesterase inhibitor 251 

(PME1, PMEI-51, PME34), pectin acetylesterase (PAE3, PAE10, PAE11), xyloglucan 252 

endotransglucosylase/hydrolase (XTR6, XTH16), cellulose synthase (CESA2, CES-like), and 253 

expansins (EXP6, EXP4) in clusters 1, 4 and 6 (Table S2, Figure S3) that are all in different 254 

ways involved in xylem cell expansion (Scheible et al., 2004; Hacke et al., 2010; Plavcová and 255 

Hacke, 2012). Interestingly, we found that many of the lignin-biosynthetic genes (CCoAOMT1, 256 

CAD1, C4H1, F5H1) were suppressed in the fiber and vessel clusters 4, 12 and 17 after nitrate 257 

application (Table S2E, Figure S3).  258 

To elucidate novel molecular factors for transcriptional regulation of the processes 259 

underlying nitrate-mediated xylem cell expansion, we explored TFs responding to nitrate in the 260 

different xylem cell types (Table S3). Out of these, WRKY40, ASR3, ATAF1, HHO5 and LBD38 261 

are known nitrate-responders (see references and gene models in Table S3). Novel types of TFs 262 

in nitrate signaling included ERF1B, ERF4, ERF110, HB-8, FBH4, HAT22, bZIP TF, NERD, 263 

WRKY48 and CBF1. We further refined our search to identify xylem-expansion related TF-264 

DEGs on the basis 1) upregulation in response to nitrate in the scRNA-seq data, 2) specific 265 

expression in the expanding xylem according to the AspWood dataset, and 3) expression in the 266 

fusiform trajectories that included clusters 1, 4, 6, 10, 15 and 17 (Figure 6 A-C). There were 15 267 

TF genes fulfilling the criteria, among which we identified the Populus transcription factor 268 

CYTOKININ RESPONSE FACTOR 4 (CRF4, Potra2n15c29002, aka ETHYLENE RESPONSE 269 

FACTOR 85) that was already previously linked to xylem cell differentiation (Seyfferth et al., 270 

2021). CRF4 expression increased in response to nitrate in all cell clusters, but significantly in 271 

clusters corresponding to fiber precursors (1), fibers (4), vessel precursors (6) and rays (5, 7, 272 

8) (Figure 6D). Taken together, the evidence supports a function for CRF4 in xylem cell 273 

expansion. Furthermore, CRF4 was co-expressed in the fibers with NRT1.1/NPF6.3, 274 

ETHYLENE RESPONSE FACTOR 4 (ERF4), and DEFECTIVE REGION OF POLLEN 1 275 

(LRL1) (Figure 6E), pointing to a putative mode of action for the CRF4-mediated cell 276 

expansion.  277 
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 278 

Figure 6 Gene expression circuits in the vessel and fiber trajectories. (A) Heatmap of significantly upregulated 279 

genes from scRNA-seq data according to their log2(TPM+1)-transformed expression values (scaled for each gene) 280 

during cambial growth and wood development mapped to Tree1 in the AspWood database. P/Ca, 281 

phloem/cambium; EX, expanding xylem; SCW, secondary cell wall formation; CD, cell death. The red box marks 282 

the expression of selectively up-regulated genes with comparatively high expression in the expanding xylem 283 

region. (B-C) The expression of DEGs obtained from (A) in the fiber trajectory following a continuum of clusters 284 

14, 1, 10, 4 and 15 (B) and in the vessel trajectory of clusters 14, 6, and 17 (C). (D) Cluster-wise CRF4 expression 285 

after nitrate treatment. The red boxes show clusters where expression changes are significant (absolute log2 fold 286 

change >1 and false discovery rate <0.01). (E) A sub-network of fiber-cell expansion. The sub-network was 287 
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extracted from the whole-transcriptome co-expression network, constructed based on the data in the RNAseq of 288 

the time series. The sub-network contains TF-DEGs and their first-degree DEG neighbors that were specifically 289 

expressed in the phase of xylem expansion in the AspWood database and present in the scRNAseq fiber trajectory. 290 

Genes co-expressed with CRF4 are highlighted in red. 291 

To investigate if CRF4 is involved in nitrate-mediated cell expansion, we analyzed the 292 

growth parameters (Figure 7A-B) and xylem cell morphology (Figure 7C) in transgenic P. 293 

tremula x P. tremuloides plants overexpressing the P. tremula CRF4. Overexpression of CRF4 294 

resulted in an increased diameter of fibers (Figure 7D) and a trend of increased diameter of the 295 

vessel elements (Figure 7E). Interestingly, similar to the effect of CRF4 overexpression, 296 

increasing availability of nitrate was earlier shown to stimulate diameters of both the fibers and 297 

the vessel elements in Populus trees (Renström et al., 2024). The overexpression of CRF4 has 298 

therefore a similar effect on xylem cell morphology as nitrate application. The fact that CRF4 299 

was co-regulated in fibers with NRT1.1/NPF6.3 raised the question whether CRF4 stimulates 300 

xylem cell expansion through increased availability of nitrate in the stem tissues. However, no 301 

differences were observed in nitrogen content of the stem (Figure 7F) or nitrogen uptake 302 

capacity of the roots (Figure 7G) between the trees overexpressing CRF4 and the wild type. 303 

Discussion  304 

Response to nitrate in developing xylem is short-lived 305 

Nitrate rapidly induced transcriptomic changes in the developing xylem tissue of hybrid aspen 306 

trees (Figure 2), demonstrating not only uptake of nitrate along its transport route but also 307 

sensing of nitrate to coordinate xylem development. We propose on the basis of these results 308 

that xylem cells constantly monitor the levels of nitrate in the transpiration stream and very 309 

quickly modify processes such as cell expansion and secondary cell wall formation according 310 

to the levels of nitrate in the xylem sap. This idea is supported by the transient nature of the 311 

nitrate response observed in our study (Figure 2) as well as in Arabidopsis roots (Krouk et al., 312 

2010; Contreras-López et al., 2022), allowing rapid switches in developmental programs 313 

according to the prevailing nitrate levels. We propose further that the fast and transient nitrate 314 

responses provide plasticity in hydraulic conductivity of the stem by influencing the 315 

dimensions of the water-transporting xylem vessels according to the changes in the soil water 316 

content.  317 
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 318 

Figure 7 CRF4 overexpressing (CRF4-OE) trees mimic the effect of nitrate on xylem cell expansion. (A-B) 319 

Overall growth of the CRF4-OE trees. Stem height (A) and stem diameter (B) in two transgenic CRF4-OE lines 320 

and wild-type trees grown for 10 weeks in two different fertilization regimes corresponding to a total amount of 321 

0.49 g or 1.45 g nitrogen. (C-E) Wood anatomy in the CRF4-OE trees. Representative images of wood in CRF4-322 

OE and wild-type trees. Bright-field images were made binary in ImageJ. Size of the fiber (D) and vessel elements 323 

(E) of CRF4-OE and WT trees in sections collected 20-25 cm from the base of the stem. N=5-7. (F) Nitrogen 324 

content in the woody tissues of CRF4-OE versus WT trees. N=3. (G) The rate of K15NO3 uptake in roots of the 325 

CRF4-OE lines versus WT trees. N=8-19. Statistical significance, comparing WT and CRF4-OE trees as 326 

independent groups, is tested with two-way ANOVA and Tukey HSD test for D-E. Means not sharing any letter 327 

are significantly different at 5% level of significance. Error bars indicate mean ± SD. 328 

S
te

m
 h

e
ig

ht
 (

cm
)

0

50

100

150

Sub-optimal  
(0.49g)

Optim al  
(1.45 g)

a a a a a a

(A)

S
te

m
 d

ia
m

e
te

r 
(m

m
)

12

10

8

6

4

2

0
Sub-optimal 

(0.49g)
Optim al 
(1.45 g)

c

c c

a b a

b

(B)

WT pLMX5::CRF4-OE line 2 pLMX5::CRF4-OE line 9

WT pLMX5::CRF4-OE line 2 pLMX5::CRF4-OE line 9

N
itr

o
g

en
 u

p
ta

ke
 r

at
e

 (μ
m

o
l  1

5
N

 
g

 p
la

n
t m

at
e

ria
l -  1

 h
 -  1
)

10

0

a

a
a

(G)(F)

N
itr

o
g

en
 c

on
te

n
t i

n
 w

oo
d 

(%
)

0.2

0.0

0.4

0.6

1.0

0.8

S ub -op ti m al  

(0 .49 g )

O pt i m al  

(1 .45  g )

a

a

a

b

b b

WT

pLMX5::PtCRF4-OE l ine 9

WT pLMX5::CRF4-OE line 2 pLMX5::CRF4-OE line 9

(C)

F
ib

er
 c

el
l s

iz
e 

(μ
m

 2
)

0

50

100

150

Sub-optim al  
(0.49g)

Optimal 
(1.45  g)

c

a b
a b

b c

a
a

(D)

V
es

se
l c

el
l s

iz
e 

(μ
m

 2
)

0

500

100 0

150 0

Sub -opt im al  
(0.49g)

O pti ma l 
(1.45 g)

c
b c

b c
a b a b

a

(E)

5

15



16 

 

Xylem cell expansion is rapidly modified by nitrate 329 

Cellular profiling is crucial for elucidating the regulatory networks that underlie cell-specific 330 

responses to nitrogen (Contreras-López et al., 2022). Our scRNA-seq analysis revealed that all 331 

xylem cell types responded to nitrate, but significant differences were observed in nitrate 332 

responsiveness of the different cell types (Figure 5B, Table S2E). For instance, the clusters 333 

corresponding to precursors of vessels and fibers were among those having the highest numbers 334 

of DEGs (Figures 5C, S3). Early xylem development was also the developmental stage that 335 

responded fastest to nitrate application in the time-series analysis (Figure 2).  336 

The rapid responses in the early developing xylem elements suggest involvement of 337 

nitrate in xylem cell expansion (Figures 2, S5), which aligns well with our previous data on the 338 

positive effect of long-term nitrate application on the dimensions of the xylem elements 339 

(Renström et al., 2024). A question arises whether nitrate stimulates xylem cell expansion 340 

directly or indirectly by modulating the processes of cell division or secondary cell wall 341 

formation. In Arabidopsis, nitrate stimulates organ size preferably through cell expansion rather 342 

than division (Moreno et al., 2020; Abualia et al., 2022; Pereyra et al., 2023). However, we 343 

observed a significant enrichment of GO terms related to cell cycle in genes downregulated in 344 

response to nitrate in developing xylem (Table S2F), suggesting that nitrate might regulate 345 

xylem cell expansion by suppressing cambial cell division and thereby promote transition to 346 

xylem expansion. In addition, our results suggested that the effect of nitrate on xylem cell 347 

expansion is influenced at least to some parts through suppression of secondary cell wall 348 

formation on the basis of the time bin and the enriched GO term analyses of gene expression 349 

(Figure 2C, E). In particular, the expression of the lignin-biosynthetic genes was suppressed 350 

specifically in the fibers and vessels in response to nitrate (Table S2E). On the other hand, 351 

nitrate regulated  the expression of a large number of genes that have preferential expression 352 

in the developmental phase of xylem expansion in Populus stem (Figures 2E and 6A) as well 353 

as the expression of genes in families, such as XTH, EXP, PAE, and PME, known to be central 354 

in xylem cell expansion (Siedlecka et al., 2008; Nishikubo et al., 2011), supporting also a direct 355 

effect of nitrate on xylem cell expansion. 356 

CRF4 is involved in xylem cell expansion 357 

Although substantial information exists regarding the molecular machinery that drives cell 358 

expansion, alternative pathways are likely to operate in response to nitrate in specific cell types, 359 

such as xylem elements (Pereyra et al., 2023). To understand this phenomenon, we explored 360 
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these cell types for TF genes induced by nitrate and observed some common players in 361 

Arabidopsis roots and xylem tissues in Populus (Figure 3, Table S3). A genome-wide analysis 362 

revealed that, even though common aspects exist, xylem elements respond in a multitude of 363 

ways that have not been reported in other tissues or cell types. Among the candidates leading 364 

to xylem cell expansion downstream of nitrate we found the CRF4 transcription factor that was 365 

already earlier implicated in regulation of xylem development in Populus trees (Seyfferth et 366 

al., 2021). Interestingly, the Populus CRF4 is a homolog of Arabidopsis CRF4 which was 367 

earlier identified as a potential link in nitrate signaling and responsiveness (Varala et al., 2018). 368 

We show here that overexpression of the Populus CRF4 increases xylem cell sizes in a manner 369 

that mimics the effect of nitrate (Renström et al., 2024), supporting the function of CRF4 in 370 

nitrate-mediated xylem cell expansion. Different from CRF4 overexpression in Arabidopsis, 371 

overexpression of the Populus CRF4 did not influence nitrate uptake of the roots, and the exact 372 

mechanism remains to be elucidated. Interestingly, CRF4 was co-expressed in our analyses 373 

with ERF4 (Figure 6E) which has been shown to control cell size in Arabidopsis leaves through 374 

regulation of endoreduplication (Ding et al., 2021; Ding et al., 2022). Endoreplication has also 375 

been implicated in xylem development (Wendrich et al., 2020), although the underlying 376 

mechanisms remain unclear. It is tempting to speculate on the basis of our results that ERF4, 377 

perhaps together with CRF4, promotes transition from cell division to xylem cell expansion by 378 

stimulating endoreplication.  379 

Materials and methods 380 

Plant material, cultivation and nitrate application 381 

Hybrid aspen (P. tremula L. x P. tremuloides, Michx, clone T89) rooted cuttings were cultivated 382 

for 12 weeks in the greenhouse in low nitrogen conditions followed by two weeks of nitrogen 383 

starvation prior to nitrate applications. Trees were grown in peat-based substrate with low 384 

nitrogen content (Solmull, Hasselfors Garden, Sweden). The substrate was pre-treated with 2 385 

g lime per liter of peat to increase pH to approximately 5-6. Greenhouse and light conditions 386 

were kept the same as Renström et al. (2024). Trees were treated with 50 ml RIKA-S (SW 387 

HORTO AB) based fertilizer once a week. Nitrogen fertilization started with a concentration 388 

of 6 mM ammonium nitrate (NH4NO3) per liter in week one and was increased to 40 mM 389 

NH4NO3 per liter by the last week, resulting in a total of approximately 0.38 mg of nitrate 390 

supplied to the trees by the end of week 12 (Figure 1A). After 12 weeks, the leaves were 391 
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removed from the lowest part of the stem, and the trees were nitrogen-depleted (no nitrogen 392 

added) for an additional two weeks. Subsequently, after the nitrogen-depletion period, 5 mM 393 

of either potassium nitrate (KNO3) or potassium chloride (KCl, as a control) was injected into 394 

the xylem sap at the base of the stem using two 1-ml syringes (Injekt®-F Solo) that were 395 

connected to 1.2 mm Ø Sterican® needles as adapted from previous protocols (Sano et al., 396 

2005; Umebayashi et al., 2007). A total of ~0.14 mg of nitrogen was injected in each tree. The 397 

piston of the syringe was removed to allow the solution to be drawn out of the syringe by the 398 

tension of the xylem sap, and a drop of the solution was placed on the stem to prevent air from 399 

entering the needle. The two syringes were placed on opposite sides of the stem (Figure 1B). 400 

Four biological replicates for each treatment (KNO3 or KCl) were collected at 0h, 2h, 4h, 8h, 401 

12h, 24h, 48h after the injection. Stem pieces, collected between 40-60 cm from the injection 402 

point, were frozen in liquid nitrogen for bulk tissue RNA-seq analysis and those between 20-403 

60 cm were incubated in enzymatic solution for protoplast isolation for the scRNA-seq 404 

experiment.  405 

 The efficiency of the injection method was evaluated by following the fate of a stain in 406 

parallel experiments. 0.375% (w/w) acid fuchsin was injected into the base of hybrid aspen 407 

trees following the same procedure as for KNO3 and KCl. Two hours after injection, stem 408 

pieces were collected in 10 cm intervals up to 60 cm from the injection point in six replicate 409 

trees. Hand sections were taken and imaged by a stereomicroscope Leica M205 FA (Leica 410 

Microsystems, Wetzlar, Germany). The images were analysed for the extent of positive staining 411 

by ImageJ. The positively stained area was calculated as a percentage of the total wood area in 412 

a transverse section of the stem. This was repeated for every 10 cm of the stem up to 60 cm 413 

from the dye injection point (Figure 1C-D).  414 

RNA extraction of developing xylem for bulk RNA-sequencing (RNA-seq) 415 

A frozen, 10 cm stem piece, collected 40-60 cm from the injection point, was debarked, and 416 

the developing xylem was scraped from the surface of the woody tissues with a scalpel and 417 

homogenized by mortar and pestle to a fine powder. RNA was extracted according to a protocol 418 

combining CTAB extraction protocol (Chang et al., 1993) and the RNeasy Plant Mini kit 419 

(©QIAGEN). Briefly, 800 µl of pre-warmed (65ºC) CTAB solution [2% CTAB, 2% PVP, 100 420 

mM Tris-HCl (pH 8.0), 25 mM EDTA, 2.0 M NaCl] containing 18 µl β-mercaptoethanol, was 421 

added to approximately 100 mg of frozen sample, vortexed for 25 sec and incubated at 65oC 422 

for 1 minute. Samples were extracted with 800 µl of chloroform-isoamylalcohol (24:1) twice, 423 
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mixed gently, and centrifuged at 3000 rpm for 10 minutes at room temperature. RNA was 424 

precipitated using 2.5 M LiCl (at a final concentration) from the upper phase by keeping on ice 425 

for one hour, followed by centrifugation at 13,000 rpm for 20 minutes at 4ºC. The pellet was 426 

dissolved carefully in 400 µl of RLT buffer (©QIAGEN). RNA was extracted using RNeasy 427 

Plant Mini kit as per manufacturer’s instructions except an additional purification step with 428 

DNAse I (Invitrogen™) after first wash with 350 µl of RW1 buffer. Finally, RNA was eluted 429 

twice with 33 µl of RNase-free milliQ water. RNA was quantified with a Nanodrop 1000 430 

Spectrophotometer (Thermo Scientific), and the quality was assessed with an Agilent 2100 431 

Bioanalyzer (Agilent Technologies, Santa Clara, CA). The RIN values ranged from 8.6 to 9.7.  432 

RNA-sequencing (RNA-seq) of developing xylem and differential gene expression 433 

analysis 434 

52 samples, including four replicates at each of the seven timepoints (0, 2, 4, 8, 12, 24, and 435 

48h), after nitrate treatment and controls were sequenced on one lane of the Illumina NovaSeq 436 

X platform with paired-end setup (300 bp). RNA-seq data analysis was performed using nf-437 

core pipeline (Ewels et al., 2020). Briefly, raw reads were trimmed to remove low-quality bases 438 

(Quality Phred score <20) and sequencing adapters using Trim Galore v0.6.7. The pre-439 

processed reads were quantified with Salmon v1.10.0 using the transcriptome index of P. 440 

tremula v2.2. Differential gene expression analysis between nitrate versus control was done 441 

using DESeq2 v1.44.0 and differentially expressed genes (DEGs) fulfilling the selection 442 

criteria of log2 fold change (LFC) >1 and false discovery rate (FDR) <0.05 were reported 443 

significant. The VST of the read count data was utilized for heatmaps, which were generated 444 

using gplots package v3.1.3.1. The absolute TPM values, gene ontology (GO) enrichments and 445 

the data for the gene co-expression networks were obtained from https://plantgenie.org/. The 446 

genes expressed at VST>0 in at least two replicates of a timepoint were taken as background 447 

for GO enrichment analysis. The hierarchical or k-means clustering was performed on the 448 

log2(TPM+1)-transformed expression data with the hclust function of R v4.2.2 assuming 449 

number of clusters (k) as 10 and visualized with ggplot2 v3.5.1.  450 

Gene co-expression network 451 

Seidr v0.14.2 was used to compute different network inference algorithms including, 452 

ARACNE, CLR, GENIE3, linear SVM (LLR- ensemble), mutual information, Narromi, partial 453 

correlation, Pearson correlation, Spearman, TIGRESS, and partial least squares feature 454 
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selection method (Schiffthaler et al., 2023) on all genes expressed at VST>0 in the time series 455 

study. Inverse rank product was calculated to aggregate the networks obtained from different 456 

methods and the edges were filtered with a noise-corrected backbone at a sigma of 1.34. 457 

Network clustering was performed following leiden algorithm using igraph v2.1.4 and graphs 458 

were visualized in cytoscape v3.10.3. 459 

Populus TF genes were extracted from https://plantgenie.org/ (Sundell et al., 2015) and 460 

used to construct a sub-network containing all TFs and their first-degree DEG neighbors. The 461 

nitrogen-specificity index for the differentially expressed TFs (TF-DEGs) was calculated as 462 

reported earlier (Varala et al., 2018). First, the best Arabidopsis homologs were identified for 463 

all the DEGs present in the subnetwork. The genome-wide binding data was retrieved for 11 464 

out of 60 TF-DEGs in our study from the Arabidopsis DAP-Seq database (O’Malley et al., 465 

2016; Ecker, 2017) and compared to their genome-wide targets among rest of the DEGs. TF-466 

DEGs with significantly higher number of targets among the DEGs relative to their genome-467 

wide distribution tested using one-tailed Fisher test (P<0.05) were considered specific to nitrate 468 

response (Table S1H). As mentioned earlier (Varala et al., 2018), this calculation although 469 

applicable to any TF with known genome-wide targets might be limited due to lack of data 470 

availability for Arabidopsis (O’Malley et al., 2016) as well as missing homologs for Populus 471 

TFs in Arabidopsis.  472 

A sub-network for fiber-cell expansion was extracted from the whole-transcriptome co-473 

expression network for the TF-DEGs and their first-degree DEG neighbors. This network 474 

consisted of genes upregulated in the fiber trajectory (clusters 1, 4, 10, 14 and 15) from the 475 

scRNA-seq dataset that were specifically expressed during xylem expansion according to the 476 

AspWood dataset. 477 

Single-cell RNA-seq (scRNA-seq) of developing xylem and differential gene 478 

expression analysis 479 

Protoplast isolation and single-cell RNA-seq (scRNA-seq) 480 

After two hours of nitrate treatment, a stem piece was harvested 20-60 cm from the injection 481 

point for scRNA-seq. To account for the inherent variation between individual plants, five 482 

plants were harvested for protoplast isolation and pooled for scRNA-seq of nitrate treatment 483 

and control. Protoplasts were isolated according to an earlier protocol (Lin et al., 2014) with 484 

some modifications. Briefly, the internode segments were debarked and subjected to cell wall 485 

hydrolysis with a solution comprising of 1.5% (w/v) cellulase R-10, 0.4% (w/v) macerozyme 486 
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R-10, 0.5 M mannitol, 20 mM KCl, 10 mM calcium chloride (CaCl2), 20 mM 4-487 

Morpholineethanesulfonic acid (MES; pH5.7), and 0.1% (w/v) bovine serum albumin (BSA) 488 

for 2h in dark at room temperature. The digested tissue was then transferred to a wash solution 489 

containing 5 mM glucose, 125 mM CaCl2 154 mM NaCl, 4 mM MES (pH 5.7) and 5 mM KCl 490 

for 1-2 minutes on ice and gently inverted for 30 seconds to allow the release of protoplasts 491 

from digested tissue. The protoplasts were filtered with a 40 μm cell strainer to remove any 492 

clumps and washed three times with the wash solution using Allegra X-I5R centrifuge 493 

(Beckman Coulter,) at 100×g (at an acceleration of 8 and deceleration of 4) for 5 minutes at 494 

4°C. The protoplasts were finally resuspended in 500 µl of solution containing 0.5 M mannitol, 495 

20 mM KCl, 20 mM MES (pH5.7), and 0.1% (w/v) BSA. Protoplast concentration and viability 496 

was estimated by trypan blue staining. 497 

The high-throughput scRNA-seq was performed using the 10x Genomics Chromium 498 

technology. The sequencing libraries were prepared according to the Chromium Next GEM 499 

Single Cell 3ʹ Reagent Kits v3.1 User Guide CG000315 (Rev E) for targeting 10000 cells. The 500 

quality of DNA libraries was analyzed using an Agilent 2100 Bioanalyzer and paired-end reads 501 

were generated on an Illumina NovaSeq 6000 SP-100 with custom read setup of 28-10-10-90. 502 

Clustering and annotations of the cell types 503 

The raw scRNA-seq reads were aligned to the P. tremula reference genome v2.2 using the 10x 504 

Genomics Cell Ranger v7.0.0 pipeline (Zheng et al., 2017) that also performs barcode 505 

processing and cell calling with the intron mode option. The resulting expression matrices from 506 

Cell Ranger pipeline were processed with Seurat v4.3.0.1 (Hao et al., 2021). The 507 

Read10X_h5() function in Seurat returned a unique molecular identifier (UMI) count matrix 508 

comprising of number of molecules for each feature (i.e., gene in rows) that are detected in 509 

each cell (columns). The UMI count matrix was used to create a Seurat object with cell-level 510 

filtering criteria as follows: (i) number of UMI > 500; (ii) number of genes ranging from 200-511 

7,000; (iii) log10GenesPerUMI > 0.9; (iv) percentage mitochondrial count <5%; and (v) 512 

percentage chloroplast content <0.5%. The gene-level filtering was set to keep only the genes 513 

detected in at least three cells. The droplets potentially containing more than one cell were 514 

removed with doubletFinder v2.0.3 (McGinnis et al., 2019) utilizing the first 20 principal 515 

components (PCs). The optimal neighborhood size (pK) was calculated using paramSweep_v3. 516 

Based on the doublet formation rate of 8.0%, the number of expected real doublets (nExp) 517 

value was estimated by integrating artificial doublets at a defined proportion (pN). In brief, the 518 
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values of nExp, pN, and pK were set to 0.25, 0.26, 4046; and 0.25, 0.3, 3879, for control and 519 

nitrate datasets, respectively. Following this, only ‘singlets’ were kept for further analysis. The 520 

cell cycle scores were calculated by the CellCycleScoring() and PercentageFeatureSet() 521 

functions in Seurat, based on the P. tremula homologs for the genes defined in Arabidopsis 522 

(Gutierrez, 2009; Zhang et al., 2021). Normalization by the regularized negative binomial 523 

regression method (Hafemeister and Satija, 2019) was done by the SCTransform() function of 524 

Seurat with 3000 highly variable features and regressing out the variation due to cell cycle.  525 

Cluster-specific markers were determined using Wilcox test in the FindAllMarkers() 526 

function in Seurat with genes expressed in at least 25% of all cells in a cluster and LFC>0.25. 527 

Cluster wise GO enrichment was achieved using topGO() function in R. The P-values obtained 528 

from the GO test were adjusted by Benjamini-Hochberg method for multiple testing correction 529 

(P-adj <0.01). The genes expressed in at least three cells of either of the samples were taken as 530 

background for GO enrichment.  531 

Developmental trajectories for fiber and vessels were created using Monocle3 v1.4.26. 532 

A subset of data from specific cell clusters was extracted and cells were re-clustered at a 533 

resolution of 0.001. Graphs were constructed using learn_graph() followed by inference of 534 

pseudotime trajectory using order_cells() and plotted using plot_cells() function. The dynamic 535 

expression of genes along pseudotime were visualized by ggplot2 v3.5.2. 536 

Differential gene expression 537 

The CCA method was used to integrate the scRNA-seq datasets from control and nitrate 
538 

treatment, which is highly recommended as it helps to match the shared cell types across 539 

conditions, boosts the statistical power, and facilitates the comparative analysis (Butler et al., 540 

2018). After scaling the integrated data by the VST method based on the top 2000 highly 541 

variable genes and linear dimensionality reduction by PCA, the first 50 PCs were used in a 542 

graph-based approach to identify cell clusters that were visualized by Uniform Manifold 543 

Approximation and Projection (UMAP). Only 18 clusters showing some degree of correlation 544 

to the previous spatial or cellular Populus transcriptomes or marker genes were kept for 545 

differential gene expression analysis. The gene expression variability in different cell types due 546 

to nitrate treatment was inferred using Wilcox test in the FindMarkers() function of Seurat with 547 

LFC>1.0 and FDR< 0.01 in at least 10% of all the cells in a cluster. Significantly enriched GO 548 

terms under nitrate treatment were examined as described earlier. 549 
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Analyses of the Populus CRF4 overexpression lines 550 

Plant material and cultivation  551 

The setup for the experiment was the same as in (Renström et al., 2024). In short, hybrid aspen 552 

cuttings, P. tremula L. x P. tremuloides, Michx, clone T89, and proLMX5::CRF4 lines 2 and 9, 553 

described earlier (Vahala et al., 2013; Seyfferth et al., 2021), were cultivated for 10 weeks in 554 

greenhouse conditions. Rooted cuttings generated in vitro were transplanted into 3-liter pots 555 

with a soil mixture of peat:perlite (10:1), mixed with 2 g lime per liter. The pot substrate 556 

(Solmull, Hasselfors Garden, Sweden) was treated with 40 mg nitrogen per liter, using RIKA-557 

S (SW HORTO AB, Sweden; 7-1-5 N:P:K) based fertilizer. Trees were subjected to 18:6 h 558 

day/night cycles, with a daily temperature of ~22°C and 50-60% relative humidity. Ambient 559 

light was supplemented with Fionia FL300 Sunlight LED lamps (Senmatic A/S, Denmark) with 560 

a maximal irradiance of 150-250 µmol m-2 s-1. Trees were fertilized at one- or two-day 561 

intervals, with RIKA-S-based nutrient solution and NH4NO3 as nitrogen source, the total 562 

nitrogen amount added during the whole experiment reaching either 0.49 g or 1.45 g. 563 

Analysis of stem nitrogen content 564 

Nitrogen content in wood was measured by mass spectrometry (EA-IRMS). The instrument 565 

setup consisted of an elemental analyzer (Flash EA 2000, Thermo Fisher Scientific, Bremen, 566 

Germany) connected to a continuous flow isotope ratio mass spectrometer (DeltaV, Thermo 567 

Fisher Scientific, Bremen, Germany). The lignified part of wood, 10-20 cm from the base of 568 

the stem, was used for the analysis. The stem piece was freeze dried and milled after removal 569 

of the pith and initial leaves were homogenized to a fine powder.  570 

Wood anatomy analysis 571 

Wood anatomy samples were collected at a distance of 20-25 cm from the base of the stem. 572 

Radial sections were cut with Vibratome VT100 (Leica Microsystems, Wetzlar, Germany) at a 573 

thickness of 30 µm, always right above the node. Eight pictures per section were taken with a 574 

Leica Dmi8 microscope with color Leica DFC7000T color camera and LasX software (Leica 575 

Microsystems, Wetzlar, Germany), avoiding the areas closest to the pith and the developing 576 

xylem. For vessel measurements, sections were stained with 0.05% Toluidine blue O and 577 

imaged in bright field mode. For fibers and cell wall area analysis, autofluorescence of wood 578 

was used, and pictures were captured (Ex:490 nm, DC: 510 nm EM: LP515 nm) with Leica 579 

DFC9000GT monochromatic camera (Leica Microsystems, Wetzlar, Germany), 10x objective. 580 



24 

 

Images were then processed in ImageJ by the ‘analyze particle’ function counting numbers of 581 

vessels, fibers, and their lumen area. 582 

Nitrate uptake 583 

Uptake experiments were adapted from (Filleur et al., 2001). The cuttings were cultivated in 584 

low nitrogen media (½ MS medium with 1 mM KNO3 as the sole source of nitrogen, pH 5.6) 585 

until rooted. The rooted cuttings were washed thrice in 0.1 mM CaSO4 before being transferred 586 

from the growth media containing 0.2 mM K15NO3 for 35 minutes. The roots were washed 587 

thrice to remove excess isotope-labeled nitrate, dried in an oven at 65°C and homogenized to 588 

a fine powder in a bead mill. Samples were weighed and analyzed by EA/IRMS, as described 589 

for the analysis of stem nitrogen content. 590 

Figure legends  591 

Figure legends appear in-line with text under figures (above). 592 

Availability of data and materials 593 

The raw reads from the time series RNA-seq experiment are available under the EBI project 594 

ID# PRJEB78718. The single cell RNA-seq data and clustered Seurat object are accessible 595 

under the NCBI GEO series ID# GSE304804. The code for data analysis from preprocessing 596 

of RNA-seq data to the gene co-expression network analysis can be found at 597 

https://github.com/nicolasDelhomme/ShortTermNitrateTimeSeries-SNRIV and for scRNA-598 

seq data analysis at https://github.com/shruti281989/SNRIII. 599 
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Figure S1 Time bin analysis where DEGs were grouped based on their first appearance after nitrate 815 

treatment. (A) Heatmaps for genes of each time bin according to their variance stabilized expression values 816 

(scaled for each gene) obtained from RNA-seq. (B) Heatmaps for genes of each time bin according to their 817 

log2(TPM+1)-transformed expression values (scaled for each gene) during cambial growth and wood development 818 

in Tree1 of the AspWood database (Sundell et al., 2017). P/Ca, phloem/cambium; EX, expanding xylem; SCW, 819 

secondary cell wall formation; CD, cell death. Gene annotations are based on the closest Arabidopsis gene from 820 

TAIR. See Table S1E for details. 821 
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P o tra 2n 8 c 1 81 5 2  A T R AD 5 B  

P o tra 2n 1 4c 2 74 6 3   

P o tra 2n 1 1c 2 31 0 3  S -a de n o sy l- L -me th io n in e-d ep e n de n t me th yl tra n s fe ra s es  s u pe r fa mily  

P o tra 2n 1 1c 2 33 9 7  A R M  r e pe a t s u p er fa m il y 

P o tra 2n 6 c 1 39 4 0  A T D LK 2  

P o tra 2n 6 81 s 3 64 5 0  A T SG S3  

P o tra 2n 4 c 8 73 1  A T C0 25  

P o tra 2n 3 c 7 16 1  A T C EL 2  

P o tra 2n 1 6c 2 92 3 6  T ra n sd u c in/ WD 4 0 re p e at - li ke  s u p er fa mil y 

P o tra 2n 5 c 1 21 3 8  A T Pn s L4  

P o tra 2n 1 4c 2 71 1 9  A T R EC 1  

P o tra 2n 8 1s 3 45 0 1   

P o tra 2n 3 c 6 89 4  A T N C ED 6  

P o tra 2n 9 c 1 94 8 9  A T M C TP 2  

P o tra 2n 3 c 8 25 8  A T SG S3  

P o tra 2n 7 c 1 66 2 4  A T C AM S1  

P o tra 2n 1 c 2 55 1  A T W L IM 1  

P o tra 2n 1 2c 2 43 9 9  P e ct in  ly a se - li ke  s u p er fa mil y 

P o tra 2n 1 c 3 48 5  A T M V Q1  

P o tra 2n 2 c 5 02 2  A T SK 3 2 

P o tra 2n 6 80 s 3 64 2 4  A T C AS P L 2A 1  

P o tra 2n 1 3c 2 50 1 9  A Te mb 1 35 4  

P o tra 2n 1 3c 2 50 2 1  A T FL A 1 2 

P o tra 2n 1 5c 2 91 0 5  A T FL A 1 2 

P o tra 2n 1 2c 2 38 4 7  A T FL A 1 2 

P o tra 2n 4 c 1 02 6 0  A T FL A 1 2 

P o tra 2n 9 c 2 00 0 9  A T FL A 1 2 

P o tra 2n 1 c 9 22  A T C YP 7 6C 6  

P o tra 2n 1 c 2 15 0  N u cl eo t id e- s ug a r tr an s po r te r fa mily  

P o tra 2n 7 c 1 62 9 0  N A D (P )- b in d in g R os s m a nn - fo ld  su p er fa mil y 

P o tra 2n 9 c 1 90 6 6   

P o tra 2n 2 c 5 70 5  A T AC O 5  

P o tra 2n 7 c 1 59 2 4   

P o tra 2n 1 9c 3 33 4 6  A T FL A 1 1 

P o tra 2n 3 c 7 59 3   

P o tra 2n 8 c 1 76 7 9  R N I - li ke  s u p er fa m il y 

P o tra 2n 1 0c 2 22 7 8  A T D I2 1 

P o tra 2n 5 c 1 09 8 5  h yp o th e tic a l p r ot e in  

P o tra 2n 6 c 1 36 2 6  D IR - li ke  p r ot ei n fa mil y 

P o tra 2n 1 9c 3 33 4 4  A T FL A 1 2 

P o tra 2n 4 c 9 50 2  A T IR X6  

P o tra 2n 8 c 1 76 3 6   

P o tra 2n 1 4c 2 63 4 6  A T R G IL 6  

P o tra 2n 2 c 5 68 7  b et a-g al a ct os id a se  1 6 

P o tra 2n 4 c 9 84 1  A T SF H 3  

P o tra 2n 4 c 9 50 6  A T PL C L 1  

P o tra 2n 3 c 7 78 5   

P o tra 2n 1 0c 2 17 2 4  A T FL 2  

P o tra 2n 3 c 7 08 9  A T G A LS 3  

P o tra 2n 1 7c 3 10 3 5  A T R R T1  

P o tra 2n 1 6c 2 96 4 9  A T MO D1  

P o tra 2n 1 4c 2 71 1 7  A T R MF 

P o tra 2n 4 c 9 50 7  A T BR 6O X 1  

P o tra 2n 1 9c 3 41 2 1  T ry p to ph a n/ ty ro s in e  p e rm e a se  

P o tra 2n 1 0c 2 17 6 4   

P o tra 2n 6 c 1 51 1 4  A T H SP 2 3. 6-M IT O  

P o tra 2n 5 c 1 08 1 9  A T N D R2  

P o tra 2n 5 c 1 12 2 3  A T AC O 5  

P o tra 2n 1 4c 2 64 8 5  D U F3 03  

P o tra 2n 1 c 3 76 2  A T G A LT 3 1A  

P o tra 2n 1 5c 2 92 0 8  A T KP I -2  

P o tra 2n 3 c 6 47 2  P y ru va t e ki na s e fa mil y 

P o tra 2n 5 c 1 11 1 4 A T R N R1  

P o tra 2n 7 c 1 63 5 7  M a jo r fa ci lit at o r s u p er fa mil y 

P o tra 2n 2 c 5 52 8  a lp h a/b et a -H y dr o la se s  s up e rf am ily  

P o tra 2n 9 c 1 96 5 6  A T TZ F 8  

P o tra 2n 9 c 1 93 5 7  X a nt hi n e/ u ra c il pe rm ea s e fa m il y 

P o tra 2n 1 2c 2 43 0 1  A T EB 1B  

P o tra 2n 1 7c 3 06 6 4  A T U G P2  

P o tra 2n 1 0c 2 03 8 9  A T AR K 1  

P o tra 2n 5 c 1 17 7 1  A T P b in di ng  m ic ro tu b ul e mo to r fa m ily  

P o tra 2n 1 c 4 63  A T AGM 1  

P o tra 2n 1 9c 3 41 1 5  A T BT L 0 6 

P o tra 2n 6 c 1 50 6 1  P - lo o p  c on ta in in g  N T P  h y d ro la se s  s u pe r fa mily  

P o tra 2n 1 8c 3 27 2 5  A T FA B 1  

P o tra 2n 4 c 9 73 3  P e ro xi d as e  s up e rf am ily  

P o tra 2n 1 3c 2 50 9 9  A T IS T L1 0 

P o tra 2n 9 c 1 94 8 5  A T C YP 7 05 A 1 8 

P o tra 2n 1 9c 3 44 6 4  P e ro xi d as e  s up e rf am ily  

P o tra 2n 1 9c 3 44 6 1  P e ro xi d as e  s up e rf am ily  

P o tra 2n 5 c 1 08 8 8  G A B A  tr a ns p or te r 

P o tra 2n 6 c 1 46 0 3  A T SM R3  

P o tra 2n 4 c 8 90 5  A R M  r e pe a t s u p er fa m il y 

P o tra 2n 3 c 6 69 4  A T LN K 2  

P o tra 2n 1 0c 2 21 2 7  A T N PF 2. 1 3 

P o tra 2n 1 c 3 95 5  A T R GFR 3  

P o tra 2n 6 c 1 50 6 3  m e m b er  o f M R P  s ub f am i ly  

P o tra 2n 4 c 1 01 8 9  A T FD 3  

P o tra 2n 3 77 s 3 54 7 5  A T C AR 1  

P o tra 2n 1 25 s 3 46 3 3  A T N OI6  

P o tra 2n 5 c 1 24 7 4   

P o tra 2n 1 7c 3 10 7 0  C o pi a- li ke  p o ly p ro te in /re t ro tr an s po s o n 

P o tra 2n 8 19 s 3 68 0 0  A T PT L  

P o tra 2n 4 c 8 43 5  A T EF E  

P o tra 2n 8 c 1 69 3 5  C y st ei ne  pr ot e in as e s su p e rf am i ly  

P o tra 2n 2 c 4 05 0   

P o tra 2n 3 c 7 33 0  h yd r ox y pr o lin e - ri ch  gl yc o pr o te in  fa mi ly  

P o tra 2n 5 c 1 16 9 6  A T D WF4  

P o tra 2n 1 c 1 21 2   

P o tra 2n 3 c 7 34 1  2 O G &  F e(II )- d ep e n de n t ox y ge n a se  s u p er fa mil y 

P o tra 2n 2 46 s 3 51 1 0  A T ME S1  

P o tra 2n 1 c 1 59 1  L E A h yd ro x yp r ol in e-ri ch  gl yc o pr o te in  fa m i ly  

P o tra 2n 4 c 9 69 0  P L C- li ke  p h o sp h od i es te ra s e s su p e rfa m i ly 

P o tra 2n 4 c 8 83 4  A T D MP4  

P o tra 2n 8 c 1 71 6 8   

P o tra 2n 1 5c 2 85 1 8  U D P-N A G -N A M-P P -u nd e c ap r en o l N A G 

P o tra 2n 1 5c 2 81 2 2  P la n t i nv e rt as e /p ec t in  m e th y le st er a se  i nh ib it o r s u p er fa mil y 

P o tra 2n 1 1c 2 23 9 1  A T AA P 7  

P o tra 2n 6 c 1 31 9 7  A T C C D1  

P o tra 2n 1 7c 3 17 0 8  A T R C I3  

P o tra 2n 1 0c 2 06 0 3  C y st ei ne / H is ti di ne - ri ch  C1  d om ai n fa mil y 

P o tra 2n 1 0c 2 06 0 2  C y st ei ne / H is ti di ne - ri ch  C1  d om ai n fa mil y 

P o tra 2n 3 c 8 09 8  L E A h yd ro x yp r ol in e-ri ch  gl yc o pr o te in  fa m i ly  

P o tra 2n 1 c 4 78  A T TM PU  

P o tra 2n 2 c 5 13 7  s en e s ce n ce -a ss o ci a te d fa m il y pr o te in  (D U F5 81 ) 

P o tra 2n 1 4c 2 66 0 6  A T S 

P o tra 2n 1 c 3 71 6  A T G S TU 2 2 

P o tra 2n 1 c 3 71 1  A T GS TU 2 5 

P o tra 2n 1 5c 2 89 9 5  A T AB C C 1 0 

P o tra 2n 1 54 s 3 47 4 2  G H 1 27  d om ai n co mt ia ni ng  

P o tra 2n 3 c 6 61 4  G H 1 27  d om ai n co mt ia ni ng  

P o tra 2n 3 c 6 61 3  G H 1 27  d om ai n co mt ia ni ng  

P o tra 2n 3 c 6 76 0  A T FT 1  

P o tra 2n 1 6c 3 01 1 9  A T H MP4 3 

P o tra 2n 8 c 1 80 7 5  A T FL 2  

P o tra 2n 3 c 6 94 0  P L P-d ep e n de n t tra n s fe ra s es  s u p er fa m il y 

P o tra 2n 1 0c 2 21 5 5  A R M r e pe a t s u p er fa mil y 

P o tra 2n 7 c 1 61 7 9  A T C GLD 2 7 

P o tra 2n 7 c 1 64 8 9  A T AP 3  

P o tra 2n 1 1c 2 24 5 0  A T M E E2 3 

P o tra 2n 5 c 1 08 2 6  A T N AC 0 74  

P o tra 2n 8 c 1 71 3 5  A T G PA T 5  

P o tra 2n 1 0c 2 05 1 2  A T AB C G 6  

P o tra 2n 3 c 6 88 9  A T TT 4  

P o tra 2n 1 2c 2 43 1 5  A T H B1 6 

P o tra 2n 1 c 2 83 8  A T R WP1  

P o tra 2n 6 c 1 49 0 8  A T C TP B  

P o tra 2n 1 1c 2 25 6 6  A T PI L S3  

P o tra 2n 1 3c 2 53 4 8  A T AB C G 2 5 

P o tra 2n 4 95 s 3 58 1 2  A T AB C G 2 5 

P o tra 2n 1 9c 3 36 3 0  A T AB C G 2 5 

P o tra 2n 1 8c 3 28 7 3  A T C C D8  

P o tra 2n 1 0c 2 22 0 0  A T LB O 1  

P o tra 2n 4 c 1 00 9 8  A T PS K 3  

P o tra 2n 2 c 6 13 4   

P o tra 2n 6 c 1 44 3 8  T P P-d ep e n de n t py r uv a te  d e ca rb o x yl as e  fa m i ly  

P o tra 2n 3 c 6 98 1  A T SA U R 5 5 

P o tra 2n 4 c 1 02 8 1   

P o tra 2n 6 c 1 35 9 6  a lp h a/ b et a -H y dr o la se s  s up e rf am ily  

P o tra 2n 8 c 1 79 4 0  A T ET L 1  

P o tra 2n 7 c 1 64 4 9  A T C LA M T  

P o tra 2n 4 c 9 04 3  M a jo r fa ci lit at o r s u p er fa m il y 

P o tra 2n 4 c 9 64 3  P e ro xi d as e  s up e rf am ily  

P o tra 2n 6 c 1 33 2 3  A T R OXY 2 1 

P o tra 2n 1 c 8 31  A T PG F1 2 

P o tra 2n 4 c 9 13 5  P ro te in  ki na s e su p e rf ami ly  

P o tra 2n 1 9c 3 38 0 6  N P F4. 4c  

P o tra 2n 1 c 1 40 6  A T AA H  

P o tra 2n 1 4c 2 73 6 6  A T C O BL 7  

P o tra 2n 1 c 2 57 7  A T ST Z  

P o tra 2n 5 c 1 11 3 6  A T D F1  

P o tra 2n 1 4c 2 68 6 3  A T LB D 1 9 

P o tra 2n 1 c 8 89  A T H M A5  

P o tra 2n 1 c 1 48 4  a lp h a/b et a -H y dr o la se s  s up e rf am ily  

P o tra 2n 5 c 1 25 5 1  A T PG SI P5  

P o tra 2n 1 9c 3 33 0 0  A T WN K4  
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(A) (B)
Potra2n9c19145 ATPDV2 
Potra2n9c18689 ATFD3 
Potra2n5c11357 Phos phog lyc era te  mutas e fam il y  
Potra2n1c2120 NAD(P)-b ind ing Ross mann-fo ld  superfamil y  
Potra2n199 s34916 ATGSTU7 
Potra2n7c15824 ATA F1 
Potra2n9c19486 ATNOXY 38 
Potra2n700 s36526 ATUPM1 
Potra2n14c27135  ATMEE47 
Potra2n6c14477 ATA UX1 
Potra2n5c12431 ATOASA1 
Potra2n17c31530  ATDIT2.1 
Potra2n17c31519  Aldolase-type TIM  barre l fam il y  prote in 
Potra2n1c2237 ATSIR 
Potra2n5c11037 ATCAND3 
Potra2n9c19920 ATCNX2 
Potra2n8c18221 ATIIL 1 
Potra2n7c15630 DNA -bind ing storekeeper prote in-re la ted tra nsc ripti onal  regula tor 
Potra2n6c14860 ATRITF1 
Potra2n5c11517 ATXF1 
Potra2n1c3167 Rem orin fam il y  
Potra2n14c27478  ATSWA1 
Potra2n6c13008 ATA SP5 
Potra2n3c7064 Pro tein  phosphatas e 2C famil y 
Potra2n3c7503 ATNPF6.3 
Potra2n2c5243 ATRBP47C 
Potra2n1c3844 ATPILS 3 
Potra2n1c366 ATWRKY40 
Potra2n8c17602 ATBXL1 
Potra2n1c1486 GR AS fam ily  
Potra2n2c5397 ATA AP6 
Potra2n5c11320 ATNIA2 
Potra2n4c10024 ATSTY46 
Potra2n15c28440  ATWR3 
Potra2n9c19481 bHLH DNA -bindi ng su perfam ily  
Potra2n3c6974 ATG6PD2 
Potra2n12c24465  ATCYP71A22 
Potra2n18c32125  c ytochrome P450 fami ly 
Potra2n9c19654 ATMATE 
Potra2n19c33457  bHLH DNA-b ind i ng superfamil y  
Potra2n4c9349 ATLBD 41 
Potra2n7c15464 ATRING1B 
Potra2n14c26937  ATPHT5;3  
Potra2n6c12957 Pro tei n phosp hatas e 2C fami ly 
Potra2n2c6137 p fkB-lik e  c arbohydra te  k inas e famil y 
Potra2n15c28643  ATNITR2;1 
Potra2n5c11625 ATMAPKK K5 
Potra2n18c32565  ATA SP2 
Potra2n1c3307 ATUBP15 
Potra2n10c21240  ATNIK2 
Potra2n8c18105 ATCIPK4 
Potra2n13c25668  MATE efflux  fam il y 
Potra2n2c4598 P-loop contai n ing NTP hy drol ases  s uperfami ly 
Potra2n2c6001 ATFKD1 
Potra2n1c496 ATA CR4 
Potra2n14c27409  ATA UD1 
Potra2n10c20792  Peptide-N4-NAG-asparag i ne amid ase A 
Potra2n15c27976  ATPAE9 
Potra2n6c13502 ATA BS2 
Potra2n1c827 ATMD AR6 
Potra2n4c9465 ATMD H 
Potra2n10c21293  ATHHO2 
Potra2n1c2895 ATCLC-B 
Potra2n1c1053 Lac tate /mala te dehy drogenas e famil y 
Potra2n8c16718 ATZIFL1 
Potra2n1c685 ATBHLH14 
Potra2n426 s35633 ATCBSX5 
Potra2n1c1954 ATCIPK3 
Potra2n2c4551 LY R motif  
Potra2n8c17549 Plant inv ertas e/pec t in m ethy lesterase inh ibitor superfami ly 
Potra2n1c322 ephri n-A3 
Potra2n1c318 ephri n-A3 
Potra2n1c796 ATPGD3 
Potra2n3c7270 ATPGD3 
Potra2n4c9742 2OG  & Fe(II)-dependent ox ygenas e s uperfamily  
Potra2n16c30193  ATA KR4C10 
Potra2n11 c23391  FBD, F-box  and LRR domains  c ontai ni ng 
Potra2n12c23912  ATGLT1 
Potra2n1c494 ATG6PD2 
Potra2n3c6882 ATSDI1 
Potra2n7c16256 ATMAPKK K19 
Potra2n12c23757  Ca2+-b ind ing e ndonuc lease/exonuc l ea s e/phos phatas e 
Potra2n17c30668  ATGAD 
Potra2n5c12621 ATHIGD2 
Potra2n17c31885  ATHOL3 
Potra2n1c723 ATNLP7 
Potra2n2c4957 ATUBC4 
Potra2n5c11091 ATCEK3 
Potra2n14c27340  ATBCP1 
Potra2n4c8518 ATA PR1 
Potra2n2c4565 ATSAG21 
Potra2n14c27393  ATSAG21 
Potra2n15c28859  ATPMEAMT 
Potra2n1c831 ATPGF12 
Potra2n1c2361 ATHOT5 
Potra2n650 s36268 ATHOT5 
Potra2n4c8639 S-loc us l ec t in pro te in  k i nas e famil y 
Potra2n10c21610  ATUMAMIT36 
Potra2n14c27006  ATCYSC1 
Potra2n4c8622 ATCRK34 
Potra2n18c32440  ATXTR6 
Potra2n1c679 ATIGP2 
Potra2n1c3303 ATGA2OX 1 
Potra2n4c10189 ATFD3 
Potra2n5c10502 ATPLATZ1 
Potra2n4c10074 ATCYP94C1 
Potra2n15c28480  ATNRT2.5  
Potra2n7c15864 ATRRM 
Potra2n9c19330 ATLBD 38 
Potra2n6c15083 ATGLU1 
Potra2n1c3259 ATRFNR1 
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Potra2n15c29121  
Potra2n5c12114 ATGG T1 
Potra2n2c5754 ATSWEET1 
Potra2n6c14333 ATCM L42 
Potra2n18c32199 ATMG D2 
Potra2n3c7136 ATERF-1 
Potra2n5c12551 ATPGSIP5 
Potra2n5c12694 ATDLO1 
Potra2n1c1360 ATA CX1 
Potra2n11 c23466 Su lf ite  ex porter TauE/SafE fam ily  
Potra2n9c19172 2 OG  & Fe(II)-dependent ox ygenas e s uperfami ly  
Potra2n1c353 ATJ8 
Potra2n16c29840 trans membrane prote in  
Potra2n8c18092 ATA PS1 
Potra2n9c18949 ATA AP2 
Potra2n4c9590 ATPLAT2 
Potra2n16c30512 ATCYP71A22 
Potra2n9c19157 ATCYP82C4 
Potra2n15c28463 ATCuAO-z eta 
Potra2n1c94 DUF 716 s erp in 
Potra2n19c34382 Terpenoid  c y clas es/Pro tei n prenylt rans fer as es  superfam il y  
Potra2n15c28464 ATCuAO-z eta 
Potra2n3c7734 DUF2921 putat ive  
Potra2n154s34742 GH 127 dom ain c omtian ing 
Potra2n4c9619 ATKAT1 
Potra2n10c20785 ATUGP 3 
Potra2n8c18018 ATXMPP 
Potra2n19c33300 ATWNK4 
Potra2n5c12559 ATLO X1 
Potra2n4c9102 ATHRU1 
Potra2n4c8905 ARM repeat s uperfamil y 
Potra2n1c1268 ATSGPP 
Potra2n1c3211 ATNF-YB2 
Potra2n799s36770 ATSOK5 
Potra2n14c26589 ATMAPKK K5 
Potra2n9c19376 ATITP K3 
Potra2n1c1684  
Potra2n5c11916 dirigent-lik e pro te in  fami ly  
Potra2n13c25215 ATEP3 
Potra2n8c16935 Cy stei ne prote inas es  superfamil y 
Potra2n7c15783 patat in-lik e phosphol ipas e domai n 
Potra2n8c18536 CaLB dom ai n fam il y  
Potra2n1c2826 ATSRG3 
Potra2n8c18351 M ATE eff lux  fam il y 
Potra2n6c13785 NAD (P)-binding Ross mann-fo ld  superfam ily  
Potra2n5c11618 NAD (P)-binding Ross mann-fo ld su perfam ily  
Potra2n9c19089 ATRD2 
Potra2n1c1835 ATL6 
Potra2n5c11696 ATDWF4 
Potra2n13c25212 ATCYP82G1 
Potra2n15c28766 D-aminoac yl-tRNA deac yl ase 
Potra2n2c4882 ATWRKY41 
Potra2n1c3583 S-l oc us lec ti n prote i n  k inas e fami l y 
Potra2n246s35110 ATMES 1 
Potra2n5c12343 DUF 506 
Potra2n8c17414 ATCYP704 B1 
Potra2n11 c22574 ATHM G1 
Potra2n1c2934 ATLH T1 
Potra2n16c29697 PPR s uperfami ly  
Potra2n11 c22478 ATCYP716 A1 
Potra2n18c32115 ATHKT1 
Potra2n2c4050  
Potra2n14c26520 ATSBT1.9 
Potra2n16c30327 Hom eodomain -l ik e s uperfamil y 
Potra2n17c31507 1 ,8-c ineole sy nthase 
Potra2n1c3594 ATRK3 
Potra2n8c17135 ATGPAT5 
Potra2n15c28419 ATSOBIR1 
Potra2n4c9696 ATNIR1 
Potra2n14c27704 ATFDH 
Potra2n1c1073 ATG3Pp1 
Potra2n10c22148 ATIPT5 
Potra2n2c5671 ATILL6 
Potra2n1c2317 ATELI 3-1 
Potra2n16c30399 ATPYL4 
Potra2n7c16596 ATHHP4 
Potra2n2c4406 Anky rin repeat fam ily  
Potra2n14c26737 ATPBL19 
Potra2n17c31404 ATCASPL1F1 
Potra2n6c14936 ATSIP2 
Potra2n13c25981 DUF 2358 
Potra2n8c18353 ATSMR 6 
Potra2n8c16964 ATPDIL1-3 
Potra2n4c10459 ATPUB35 
Potra2n5c12529 ATHM P25 
Potra2n2c4681 0 
Potra2n14c26806 ATSPX3 
Potra2n6c14534 0  
Potra2n18c33172 Cy cli c nucl eotide gated cha nnel fami ly 
Potra2n18c33092 ATWRKY40 
Potra2n10c22127 ATNPF2.13 
Potra2n18c31948 Pro tein  phosphatas e 2C famil y 
Potra2n13c26232  
Potra2n2c4494 Auxi n-respons ive  fam ily  
Potra2n19c33920 ATCRT3 
Potra2n3c7124  
Potra2n5c10936 ATLFG4 
Potra2n2c5950 hypothetical p ro tein  
Potra2n9c18854 P stres s-inducib le DU F506 
Potra2n19c34199 ATA ATP1 
Potra2n8c17746 trans membra ne prote in  
Potra2n3c8154 ATPAP22 
Potra2n633s36227 c otton f iber 
Potra2n13c25637 ATNPC4 
Potra2n8c18476 ARM  repeat s uperfamil y 
Potra2n15c28127 ATGH9B6 
Potra2n18c32976 PNP ro l e 
Potra2n10c20512 ATA BCG6 
Potra2n16c29670 m yb-lik e H TH trans cri p tional regulato r fami ly  
Potra2n1c1022 ATLTPG32 
Potra2n2c5232 ATPDE135 
Potra2n4c10071 ATCER4 
Potra2n7c16179 ATCGLD27 
Potra2n5c11919 ATCAT2 
Potra2n6c13197 ATCCD1 
Potra2n10c20733 ATHSPRO2 
Potra2n14c27101 ATWRKY53 
Potra2n13c26189 PXPH-PLD subfami ly  of phos p ho l ipase D 
Potra2n1c940 UAA trans porter 
Potra2n1c3965  
Potra2n16c30330 ATFAD 8 
Potra2n12c24414 UDP -NAG-NAM-PP-undecapreno l NAG-prote i n 
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Potra2n9c18813 hypotheti cal pro tein 
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Potra2n6c14360 ATSTN8 
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Potra2n14c26522 ATSBT1.9 
Potra2n16c30279 ATSQD2 
Potra2n4c8834 ATDMP4 
Potra2n2c6109 ATNAC074 
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Potra2n11 c23300 ATNSL1 
Potra2n8c17748 Aden ine a l ph a hy drolases-l ik e  s uperfamil y 
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Potra2n3c7504  
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Potra2n9c19054 ATPAP10 
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Potra2n1c1476 ATLO X3 
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Potra2n18c32068 bHLH DNA-binding superfam ily  
Potra2n18c32188 ATCLCG 
Potra2n266s35156 ATCLA1 
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P ot ra 2 n7 c1 57 3 8 O -fu c os y ltr an s fe ra se  3 8 

P ot ra 2 n7 38 s3 66 3 8 A TP C ME  Upregulated after 12h
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Potra2n6c14263 ATNCS 1 
Potra2n10c20757 ATCCR3 
Potra2n16c29536 ATSIB1 
Potra2n5c10864 ATLBD 16 
Potra2n12c24072 ATPAP17 
Potra2n14c26487 ATA SPGB1 
Potra2n2c5524 Outer arm  dy nei n li gh t c hai n 1 
Potra2n8c18536 CaLB dom ain fam il y  
Potra2n12c23799 ATOPT9 
Potra2n2c4985 ATMC TP 7 
Potra2n7c16596 ATHHP 4 
Potra2n9c18949 ATA AP2 
Potra2n2c5098 n itro reduc tas e fam ily 
Potra2n10c20373 ATA CR10 
Potra2n15c29046 ATA OX1A 
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Potra2n7c16541 ATRLCK VI_A3 
Potra2n1c3617 ATCXXS1 
Potra2n8c17773 a lpha/beta hydro las e famil y 
Potra2n17c31393 ATSRG3 
Potra2n17c30939 Rhomboid -re la ted i n tram embrane ser protease fami ly  
Potra2n11c22562 ATVTL5 
Potra2n15c28493 ATPUX10 
Potra2n2c6179 ATPAP10 
Potra2n10c21465 fo ld  prote in 
Potra2n10c20416 ATSYTC 
Potra2n6c15267 ATNILR2 
Potra2n14c27467 ATMEE 32 
Potra2n4c8686 Inos ito l  monophosphata se fam i ly  
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Po tra 2n8c181 52 ATR AD 5B 
Po tra 2n9c197 76 ATG IL1 
Po tra 2n1c376 2 ATG ALT31A 
Po tra 2n1 7c30664  ATU GP2  
Po tra 2n1 6c30328  ATACI1  
Po tra 2n11c231 95  bHLH35-l ike 
Po tra 2n5c11114 ATR NR1  
Po tra 2n1 2c24798  ATAHG1  
Po tra 2n3c759 3  
Po tra 2n6c151 14 ATH SP 23.6-MITO 
Po tra 2n1 6c29236  Transduc in/WD40 repeat-l ik e s uperfami ly  
Po tra 2n1 4c27570  NAD(P)-binding Ross mann-fold  s upe rfami l y 
Po tra 2n6c138 14  
Po tra 2n3c708 9 ATG ALS3 
Po tra 2n4c950 7 ATBR6OX1 
Po tra 2n11c231 03  S-adeno sy l-L-me thionin e-dependent m ethyl transfe rases  supe rfam ily 
Po tra 2n1c255 1 ATWLIM1 
Po tra 2n1 0c21184  ATMRH6 
Po tra 2n1 0c20389  ATARK1 
Po tra 2n11c233 97  ARM repea t s uperfami l y 
Po tra 2n5c108 19 ATN DR2  
Po tra 2n1 0c22278  ATD I21 
Po tra 2n8c167 27 ATWRI1  
Po tra 2n9c194 89 ATMCTP2 
Po tra 2n1 0c21724  ATFL2  
Po tra 2n1 4c27463   
Po tra 2n8 1s34501   
Po tra 2n5c121 38 ATPnsL4  
Po tra 2n1 2c24301  ATEB1B 
Po tra 2n1 9c34121  Tryp topha n/tyrosine permease  
Po tra 2n4 20s35610  ATC NGC8 
Po tra 2n6 99s36524   
Po tra 2n1 9c34342  ATLIK1 
Po tra 2n9c196 56 ATTZF8 
Po tra 2n3c716 1 ATC EL2  
Po tra 2n1 4c26583  DUF547  
Po tra 2n4c873 1 ATC025  
Po tra 2n5c117 71 ATP b inding m ic rotubule mo tor fa mily  
Po tra 2n1 9c34115  ATBTL06 
Po tra 2n1 7c31035  ATR RT1  
Po tra 2n1 2c23847  ATFLA1 2 
Po tra 2n9c200 09 ATFLA12 
Po tra 2n4c102 60 ATFLA12 
Po tra 2n1 8c32725  ATFAB1  
Po tra 2n7c162 90 NAD(P)-b inding Ro ss mann-fold s upe rfami ly 
Po tra 2n1c215 0 Nucleo tide-su gar transpo rter fam il y 
Po tra 2n1 3c25019  ATemb1 354 
Po tra 2n1 3c25021  ATFLA1 2 
Po tra 2n1 9c33344  ATFLA1 2 
Po tra 2n1c922  ATC YP76C6 
Po tra 2n1 5c29105  ATFLA1 2 
Po tra 2n9c193 57 Xanth ine/u rac il  permeas e  fami ly  
Po tra 2n9c190 66  
Po tra 2n4c950 6 ATPLCL1  
Po tra 2n8c176 36  
Po tra 2n8c176 79 RNI-l ike s uperfami ly  
Po tra 2n2c568 7 beta-galac tos idase 16 
Po tra 2n4c950 2 ATIRX6 
Po tra 2n1 4c26346  ATR GIL6  
Po tra 2n6c136 26 DIR-l ike p rote in  fam ily 
Po tra 2n1c463  ATAGM1 
Po tra 2n1 6c29649  ATMOD1 
Po tra 2n4c984 1 ATSFH3  
Po tra 2n1 4c27117  ATR MF 
Po tra 2n6c150 61 P-loop c ontain ing NTP hy drolas es  su pe rfam il y 
Po tra 2n1 9c33346  ATFLA11  
Po tra 2n3c689 4 ATN CED6 
Po tra 2n2c552 8 alpha /beta-Hy dro lases superfami ly 
Po tra 2n6c144 32  
Po tra 2n5c112 23 ATACO5 
Po tra 2n2c570 5 ATACO5 
Po tra 2n1 2c24399  Pectin  lya se-l ike s uperfami ly  
Po tra 2n1 4c27119  ATR EC1  
Po tra 2n4c848 9 ATM YS1 
Po tra 2n6 81s36450  ATSG S3  
Po tra 2n3c825 8 ATSG S3 
Po tra 2n2c502 2 ATSK32 
Po tra 2n7c166 24 ATC AM S1  
Po tra 2n6 80s36424  ATC ASPL2A1  
Po tra 2n1 5c29208  ATKPI-2  
Po tra 2n8c167 66 ATC AT7  
Po tra 2n8c180 47 ATPHP 
Po tra 2n6c139 40 ATD LK2  
Po tra 2n3c647 2 Pyruva te k inase  fami ly  
Po tra 2n7c159 24  
Po tra 2n1 4c26485  DUF303  
Po tra 2n3c778 5  
Po tra 2n7c163 57 Ma jor fac i li tato r s up e rfami ly 
Po tra 2n1c348 5 ATM VQ1 
Po tra 2n5c109 85 h ypothetica l protein  
Po tra 2n6c150 12 Glycos yl transfe ras e fam il y 4 
Po tra 2n1 0c21764  
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Potra2n1c1406 ATA AH 
Potra2n4c8905 ARM repeat s uperfamil y 
Potra2n2c5137 s enesc enc e-ass ociated fam il y  pro te in (DUF581) 
Potra2n12c24315 ATHB16 
Potra2n8c16935 Cy stei ne prote inas es  superfamil y 
Potra2n19c33300 ATWNK4 
Potra2n4c10189 ATFD3 
Potra2n1c889 ATHMA5 
Potra2n4c10281  
Potra2n18c32873 ATCCD8 
Potra2n1c1212  
Potra2n4c9643 Peroxidas e s uperfami ly 
Potra2n11c22566 ATPILS 3 
Potra2n2c4050  
Potra2n19c33806 NPF4.4c  
Potra2n16c30119 ATHM P43 
Potra2n6c13596 a lpha/beta-Hy dr ol ases s uperfamil y 
Potra2n8c17940 ATETL1 
Potra2n4c9733 Peroxidas e s uperfami ly 
Potra2n6c15063 m em ber o f MRP s ubfami ly 
Potra2n19c33630 ATA BCG25 
Potra2n1c3955 ATRGFR3 
Potra2n4c9135 Protei n  kinas e s uperfamil y 
Potra2n17c31070 Copia -l ik e polypro te i n/re trotransposon 
Potra2n5c11136 ATDF1 
Potra2n9c19485 ATCYP705 A18 
Potra2n10c22127 ATNPF2.13 
Potra2n1c3716 ATGSTU22 
Potra2n1c3711 ATGSTU25 
Potra2n8c17135 ATGPAT5 
Potra2n6c14438 TPP-dependent py ruv ate decarbox ylase fam ily  
Potra2n8c18075 ATFL2 
Potra2n3c6981 ATSAUR55 
Potra2n13c25348 ATA BCG25 
Potra2n5c11696 ATDWF4 
Potra2n4c8435 ATEFE 
Potra2n13c25099 ATISTL10 
Potra2n246s35110 ATMES 1 
Potra2n3c6694 ATLN K2 
Potra2n1c2577 ATSTZ 
Potra2n14c26863 ATLBD 19 
Potra2n14c27366 ATCOBL 7 
Potra2n1c478 ATTMPU 
Potra2n7c16489 ATA P3 
Potra2n5c10826 ATNAC074 
Potra2n3c7330 hydroxy prol ine-ri ch  g ly co prote i n fami ly 
Potra2n11c22450 ATMEE 23 
Potra2n1c1591 LEA hy drox ypro line-rich g ly copro te in famil y 
Potra2n154s34742 GH 127 dom ain  c om tian ing 
Potra2n3c6613 GH 127 dom ain c omtianing 
Potra2n3c6614 GH 127 dom ain c omtianing 
Potra2n4c8834 ATDMP4 
Potra2n15c28518 UDP -NAG-NAM-PP-undecapreno l  NAG 
Potra2n10c20603 Cy stei ne/Hi st id ine-rich C1 domain  fami l y 
Potra2n10c20602 Cy stei ne/Hi st id ine-rich C1 domain  fami l y 
Potra2n8c17168  
Potra2n1c1484 a lpha/beta-Hy dr ol ase s s uperfami ly 
Potra2n6c14908 ATCTPB 
Potra2n4c9690 PLC-l ik e phosp hod i es teras es s uperfami ly  
Potra2n10c22155 ARM  repeat s uperfami ly 
Potra2n1c2838 ATRWP1 
Potra2n3c8098 LEA hy drox ypro line-rich g ly copro te in famil y 
Potra2n17c31708 ATRCI3 
Potra2n7c16179 ATCGLD27 
Potra2n10c20512 ATA BCG6 
Potra2n6c13197 ATCCD1 
Potra2n1c831 ATPGF12 
Potra2n19c34464 Peroxi das e s uperfamil y 
Potra2n3c6940 PLP-dependent transferases s uperfami ly 
Potra2n19c34461 Peroxi das e s uperfamil y 
Potra2n11c22391 ATA AP7 
Potra2n5c12551 ATPGSIP5 
Potra2n2c6134  
Potra2n6c14603 ATSMR 3 
Potra2n3c6760 ATFT1 
Potra2n3c6889 ATTT4 
Potra2n15c28122 Pl ant i nv ertas e/pec ti n methy lesterase i nhi bi to r superfami ly 
Potra2n14c26606 ATS 
Potra2n15c28995 ATA BCC10 
Potra2n10c22200 ATLBO 1 
Potra2n4c9043 Major fac il itator super fam ily  
Potra2n495s35812 ATA BCG25 
Potra2n3c7341 2OG  & Fe(II)-dependent ox ygenas e s uperfamily  
Potra2n5c10888 GAB A transporter 
Potra2n6c13323 ATROXY 21 
Potra2n377s35475 ATCAR1 
Potra2n5c12474  
Potra2n4c10098 ATPSK3 
Potra2n819s36800 ATPTL 
Potra2n125s34633 ATNOI6 
Potra2n7c16449 ATCLAMT 
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 822 
Figure S2 Correlation of clusters identified from our scRNA-seq experiment with reported spatial and 823 

cellular transcriptomes in Populus species. (A) Correlation dotplot of cells from our cell clusters with Tree1 in 824 

the Aspwood database (Sundell et al., 2017). (B) Correlation dotplot of cells from our cell clusters with 825 

transcriptome profiles of laser capture microdissected (LCM) xylem rays, fibers, and vessels from P. trichocarpa, 826 

reported in Tung et al. (2023). Note that for the vessels, we show only replicate 2 that most likely is free from 827 

other cell types. (C) Correlation heatmap of our scRNA-seq clusters (below) to various cellular and spatial profiles 828 

available in the public domain. (i) Correlation to RNA-seq data from Aspwood sections from Tree 1 where sections 829 

1 and 2 consist of phloem, 3-7 vascular cambium, 8-11 expanding xylem and the rest lignified xylem. Vessel cell 830 

death is estimated to occur in section 18 and fiber cell death in section 24. Section 25 comprises exclusively of 831 

the living rays. (ii) Correlation to RNA-seq data of three biological replicates of each of the xylem cell type (fiber, 832 

vessel and ray) captured by LCM and their respective means (Tung et al., 2023). (iii) Correlation to RNA-seq data 833 

of various xylem cells and tissues captured by LCM (Shi et al., 2017). (iv) Correlation to clusters obtained from 834 

spatial transcriptome profiles from shoot apex till the 7th internode of wood by Du et al. (2023). (v) Correlation to 835 

clusters obtained from single nuclei RNA-seq from vasculature of the shoot apex (Conde et al., 2022). Gene 836 

expression data utilized in the analysis are log2(TPM+1)-transformed expression values.  837 
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 838 

Figure S3 Gene expression in response to nitrate in xylem cells. Heatmap for cluster-wise expression profile 839 

showing log2 fold change (LFC) of differentially expressed genes (DEGs) for the comparison between nitrate 840 

treatment versus control. DEGs fitting the significance criteria (LFC >1 and false discovery rate <0.01) in a 841 

specific cluster are shown with up and downregulated genes in red and blue, respectively. Gene annotations are 842 

based on the closest Arabidopsis homologs. See Table S2E for more details.  843 
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Figure S4 Pseudotime developmental trajectory for xylem fiber and vessel. (A-B) Monocle was used to 845 

identify modules of genes that co-vary across pseudotime during fiber (A) and vessel (B) cell differentiation. (C-846 

D) Heatmap of pseudotime-dependent genes in each module during fiber (C) and vessel (D) differentiation. 847 

Example of genes in each module are shown. See Table S2G for full set of genes in each module. (E-F) Effect of 848 

nitrate treatment on the developmental trajectory. Density plot showing fiber (E) and vessel (F) developmental 849 

trajectories for control and nitrate-treated samples over pseudotime.   850 
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 851 

Figure S5 Xylem cells expand after nitrate application. Protoplasts were isolated from developing xylem 48h 852 

after nitrate treatment and their sizes were determined. The diameters of the top 10% largest cells, likely to 853 

represent the xylem vessels, are shown. 854 

P
ro

to
p
la

st
 s

iz
e
 (

µ
m

)

0

10

20

30

40

50

60

70

80

90

No treatment 48h Control 48h Nitrate



Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

TableS1.xlsx

TableS2.xlsx

TableS3.xlsx

https://assets-eu.researchsquare.com/files/rs-7685028/v2/b03e7d5c7f89196af0370b89.xlsx
https://assets-eu.researchsquare.com/files/rs-7685028/v2/f2a75c793415ee86b5723a38.xlsx
https://assets-eu.researchsquare.com/files/rs-7685028/v2/e8c507c9f4331a2049e365aa.xlsx

	Xylem cells rapidly sense and respond to nitrate to promote expansion
	Abstract
	Introduction
	Results
	The timing of nitrate response is dynamic in woody tissues
	Cell expansion related transcriptome responds rapidly to nitrate
	Most xylem cell types respond to the nitrate signal
	Nitrate stimulates the expression of cell wall modifying proteins in the fusiform cells

	Discussion
	Response to nitrate in developing xylem is short-lived
	Xylem cell expansion is rapidly modified by nitrate
	CRF4 is involved in xylem cell expansion
	Materials and methods
	Plant material, cultivation and nitrate application
	RNA extraction of developing xylem for bulk RNA-sequencing (RNA-seq)
	RNA-sequencing (RNA-seq) of developing xylem and differential gene expression analysis
	Gene co-expression network

	Single-cell RNA-seq (scRNA-seq) of developing xylem and differential gene expression analysis
	Protoplast isolation and single-cell RNA-seq (scRNA-seq)
	Clustering and annotations of the cell types
	Differential gene expression

	Analyses of the Populus CRF4 overexpression lines
	Plant material and cultivation
	Analysis of stem nitrogen content
	Wood anatomy analysis
	Nitrate uptake



