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Perception of environmental cues 
and adaptation to changing envi-

ronmental conditions are crucial for 
survival of sessile organisms like plants. 
This is even more important for woody 
perennial species like trees that can 
occupy a site for thousands of years. We 
have previously shown that under low 
nitrogen (LN), poplar trees display a 
vigorous and long-lasting root growth 
associated with global transcriptomic 
reprogramming and an activation of 
hierarchical genetic networks. Here 
we use computational analysis to bet-
ter understand the network among the 
genes showing distinct chronologi-
cal patterns of expression during the 
response. Our analyses confirm the 
previous findings, define new poten-
tial signaling pathways and the possible 
downstream targets of these signaling 
events.

In our recent manuscript,1 we reported 
that poplar root growth was induced by 
low nitrogen (LN) and sustained for at 
least 3 weeks. The temporal order of the 
significantly enriched biological processes 
suggests the LN activates a wide range of 
signaling cascades that bolster the long-
lasting root growth. To better under-
stand these putative signaling events, we 
analyzed 1,813 genes involved in the 36 
biological processes (BP) that show strict 
temporal expression patterns associated 
with distinct growth and developmen-
tal phases of the root response (Fig. 3 as 
shown in 1). These 36 BPs were origi-
nally classified into 3 major functional 
gene ontologies (GO) groups that include 
signal transduction (5 GO, 331 genes), 
growth and development (21 GO, 1,298 
genes), and root development (10 GO, 184 

genes). These 3 groups of BPs are enriched 
in a temporally consecutive sequence and 
defined here, to facilitate the description 
and analyses, as Stage 1, 2, and 3. Stage 1 
is chronologically first, occurs very early 
(within 24 h) and involves LN sensing 
and signaling events. Stage 2 encompasses 
genes and processes that are activated as a 
result of events occurring in Stage 2, takes 
place later (within 48–96 h) and primarily 
encompasses activation of cellular growth 
and proliferation. Stage 3 represents later 
(weeks) events that include the lateral root 
growth, proliferation and differentiation.

Because our data suggested of a tem-
poral regulatory cascade involved in the 
response to LN, we used computational 
approach to identify the involved puta-
tive regulatory factors and their potential 
interactions. We first used Fisher Exact 
test to identify statistically significant 
associations between the expressions of the 
genes regulated at the 3 stages. We then 
employed Benjamini and Hochberg False 
Discovery Rate to correct the resulting p 
values from the Fisher Exact test, and the 
dependent gene pairs were then cut-off at 
threshold p value of 0.05. This resulted in 
29, 87, and 16 genes (Table S1) from Stage 
1, 2, and 3 respectively that showed statis-
tically significant expression dependency. 
These genes were used to build a gene 
regulatory network (GRN) using a bot-
tom-up graphic Gaussian model (GGM) 
algorithm that we recently developed.2 
The overwhelming majority (87/132) of 
the genes in this network are regulated 
in Stage 2. Consistent with our hypoth-
esis that this stage involves growth and 
developmental processes, we found many 
genes involved in regulation of cell cycle 
(e.g., cyclins); cell wall biosynthesis and 
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remodeling (e.g., cellulose synthases 
and expansins); and key regulators of 
root morphogenesis (e.g., PtaSCR and 
PtaSHR) (Table S1).

As we showed in our original pub-
lication,1 PtaNAC1 (XM_002310652, 
Potri.007G065400) appears to have a 
pivotal role in the poplar root response 
to LN. This new computational analysis 
confirmed that PtaNAC1 is connected 
to genes involved in a variety of processes 
including root development, growth, and 
nitrogen assimilation (Fig.  1), implying 
that PtaNAC1 plays important coordi-
nating roles in integration the response at 
multiple levels. In addition to PtaNAC1, 
several other genes encoding NAC domain 

proteins appear to play important roles in 
the response (Fig.  1). Although involve-
ment of NAC genes in regulation of the 
response to nitrogen has been almost com-
pletely unknown, recent evidence suggests 
that they play important roles, particu-
larly in relation to modification of root 
architecture.1,3

The GRN analyses also seem to indi-
cate that the RAS pathway is involved in 
the signaling events following LN treat-
ment (Fig.  1). For example, a RAS-like 
protein encoding gene (PtaRAS) dif-
ferentially regulated at Stage 1, appears 
to be connected to genes involved in cell 
division and growth, cell wall formation, 
and root development (Fig.  1). PtaRAS 

(XM_002321005, Potri.T106300) is 
connected to 3 genes encoding NAC 
transcription factors including PtaFEZ 
(XM_002331469, Potri.017G082000), 
PtaBRN2 (BEARSKIN 2) 
(XM_002329142, Potri.019G066000), 
and PtaSMB (SOMBRERO) 
(XM_002316127, Potri.010G176600) 
(Fig.  1, Table S1). Homologs of these 
3 proteins in Arabidopsis are known to 
govern root-cap development.4,5 PtaRAS 
also appears to be connected to several 
genes that are homologs of Arabidopsis 
genes involved in root radial patterning. 
These include PtaSHR (SHORT-ROOT) 
(XM_002332327, Potri.007G063300), 
PtaSCR (SCARECROW) 

Figure 1. GRN involved in the response of poplar roots to LN. Yellow nodes in the center represent genes from Stage 1 and green nodes at the right 
side contain genes from Stage 3. All other nodes in various colors contain genes from Stage 2. Genes from Stage 2 were classified into different 
functional types indicated in different colors as follows: cell growth and division (orange), cell wall formation (magenta), transcription factors from 
the NAC family (deep sky blue), nitrogen metabolism (tan), and root specific growth (red), and dark-violet represents the unclassified genes. PtaNAC1 
and PtaRAS connection edges, which are discussed in the text, are presented in bold and green and red color respectively.
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(XM_002306827, Potri.006G114200), 
and PtaRSL1 (RHD SIX-LIKE 1) 
(XM_002305167, Potri.016G076100). 
Arabidopsis SHR and SCR are plant-
specific GRAS family transcription 
factors that control the radial organiza-
tion of the root ground tissues.6-8 RSL1 
in Arabidopsis thaliana, together with 
RHD6 (ROOT HAIR DEFECTIVE 6), 

is required for root-hair cell development 
and differentiation.9-11

We believe that future unraveling and 
functional dissection of the GRN net-
works, suggested by our analysis to be 
involved in the response to LN, will pro-
vide new venues for improvement of nitro-
gen assimilation and increase of nitrogen 
use efficiency in agricultural and biofuel 
crops.
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