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As autotrophs, plants require relatively little input to pro-
duce both vegetative and reproductive tissue but still need 
key nutrients for growth and development, particularly 
nitrogen, potassium, and phosphorus. These 3 elements are 
the major components of commercial fertilizers, though 
the efficacy of these fertilizers relies on the efficient uptake 
of these nutrients from the soil by plant root systems. 
Increasing nutrient uptake efficiency is consequently a key 
target in agricultural research. The less supplemental fertil-
izer, sourced from nonrenewable mineral deposits, is re-
quired by crops, the more economical, sustainable, and 
environmentally sensitive production of these crops can be 
(Fageria et al. 2008). Mineral nutrients are taken up from sur-
rounding soil by roots, and plant root system architecture 
can change drastically in response to nutrient availability 
to seek out deficient nutrients. Much of this plasticity in 
root growth is regulated by hormones that affect the produc-
tion of primary and lateral roots that shapes a root system's 
architecture (López-Bucio et al. 2003). Particularly the bal-
ance in the root meristem between cell division, promoted 
by the hormone auxin, and cell differentiation, promoted 
by the hormone cytokinin, can affect many physiological 
traits in root architecture to build a root system that re-
sponds in real time to nutrient availability (Chapman and 
Estelle 2009). 

In this issue of Plant Physiology, Yang et al. use quantitative 
trail loci (QTL) and genome-wide association study (GWAS) 
mapping approaches to identify variation in a gene locus 
that affects soybean accessions’ ability to tolerate low- 
phosphorus conditions. The authors first mapped QTLs 

associated with soybean plant height in normal and low- 
phosphorus soils within a recombinant inbred line panel 
generated from a cross between a low-phosphorus–tolerant 
soybean variety and a low-phosphorus–sensitive soybean 
variety. They identified 14 QTLs that explained variation in 
low phosphorus tolerance between these accessions. They 
then performed a GWAS for plant height among 219 acces-
sions of soybean in these same conditions. By finding over-
lap in their results from these 2 approaches, they found 
single nucleotide polymorphisms identified in the GWAS 
that lie in 1 of their QTLs. This locus encoded a gene 
homologous to ARABIDOPSIS RESPONSE REGULATOR 1, a 
cytokinin response transcription factor, which they called 
GmRR1. Characterizing GmRR1 tissue-specific expression 
by quantitative PCR, they found that GmRR1 is expressed 
most highly in the root, and its expression changes in re-
sponse to low-phosphorus conditions, initially increasing 
and then decreasing. 

Generating knockout mutants and overexpression lines of 
GmRR1, the authors found that these transgenic plants had 
substantially changed growth habits from wild type in both 
normal- and low-phosphorus conditions. Knockout mutants 
had expanded root systems (Fig. 1A), which caused increased 
plant height, root and shoot biomass, shoot branching, seed 
production, and phosphorus uptake efficiency (Fig. 1B), all 
agronomically important traits. These quantitative traits in-
creased more substantially under low-phosphorus conditions, 
suggesting these mutants can better tolerate low-phosphorus 
soil. Conversely, overexpression lines showed reduced root sys-
tems (Fig. 1A), resulting in less biomass in both aerial and root 
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tissue and affecting seed yield negatively as well (Fig. 1B). On 
the cellular level, knockout mutants had larger root meristems 
and increased root hair production, both developmental pro-
cesses activated by auxin and repressed by cytokinin, suggest-
ing that GmRR1, like its ortholog in Arabidopsis, promotes 
cytokinin signaling and antagonistically decreases auxin re-
sponse. Interestingly, under phosphorus-deficient conditions, 
the knockout mutants show increases in both auxin and cyto-
kinin levels. This suggests that inhibition of cytokinin signaling 
in these mutants occurs at the level of perception, which may 
cause feedback regulation that promotes cytokinin synthesis 
or transport (Fig. 1C). 

To determine how GmRR1's function in transcriptional 
regulation affects root development and phosphorus limita-
tion response, the authors analyzed RNA-sequencing from 
roots of their transgenic lines in normal-and low-phosphorus 
conditions. They found that cytokinin synthesis genes were 
indeed increased in knockout mutants in low-phosphate 
conditions, as suggested by their hormone quantification 
data. Phosphate transporter genes were upregulated in these 

mutants as well, a possible mechanism by which uptake effi-
ciency is increased. Auxin transport and auxin degradation 
genes were both decreased in the knockout mutants, as cyto-
kinin signaling acts antagonistically to auxin response. The 
authors finally conducted an evolutionary analysis to deter-
mine whether the genomic region containing the GmRR1 lo-
cus shows any signatures of selection. They found a strong 
selective signature on this locus, as the haplotype identified 
in their GWAS analysis as more prevalent in low-phosphorus 
tolerant accessions was much more frequently found in cul-
tivated accessions compared to landraces (Fig. 1D) and in 
particular was nearly universal in soybean varieties from 
Brazil, a major soybean producer. This analysis suggests 
that GmRR1 may have been a target during soybean domes-
tication to promote soybean cultivation in phosphorus- 
deficient soils. 

This research highlights the absolute essentiality of feed-
back regulation and hormone interactions during hormone 
signaling, as the activity of GmRR1 is intrinsically linked to 
both interactions with other hormone signaling pathways 

Figure 1. GmRR1 affects tolerance to low phosphorus in soybean by affecting cytokinin perception and root system architecture. A) GmRR1 knock-
out mutants show expanded root systems in soybean seedings compared to wild-type plants, whereas overexpression of GmRR1 lines shows smaller 
root systems than wild type. B) GmRR1 knockout and overexpression affects plant height, root and shoot dry weight, shoot branching, seed pro-
duction, and phosphorus uptake efficiency in both normal-phosphorus (NP) and low-phosphorus (LP) conditions. C) Auxin content is decreased in 
overexpression GmRR1 lines and increased in GmRR1 knockout lines in both NP and LP conditions. Cytokinin content is decreased in overexpression 
GmRR1 lines and increased in GmRR1 knockout lines but only in LP conditions. D) The GmRR1 haplotype associated with LP tolerance is more 
common in domesticated soybean varieties than landrace accessions. E) Reciprocal yeast-2 hybrid shows the interaction between GmRR1 and 
GmHP1. Quantitative PCR analysis shows GmHP1 expression is affected in GmRR1 overexpression and knockout lines in both NP and LP conditions.   
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as well as feedback on cytokinin signaling itself. GmRR1 is a 
transcription factor that promotes cytokinin nuclear re-
sponses, some of which are counterintuitively negative regu-
lation of cytokinin production and transport itself. Negative 
feedback relationships like this are common network motifs 
in plant hormone signaling pathways that allow for acute and 
rapid responses to environmental changes. The authors 
found that low-phosphorus conditions caused a transient in-
crease in GmRR1 expression followed by a decrease in its ex-
pression, suggesting such a negative feedback pathway on 
cytokinin may be a native soybean response to phosphorus 
limitation. They also found GmRR1 function affects the sig-
naling of auxin and ethylene, both hormones that change 
root system architecture and phosphorus uptake efficiency. 
Through these extensive interactions among hormone re-
sponses, complex and plastic responses in root elongation 
and branching can be built into root development to re-
spond to nutrient availability. 

Interestingly, the authors show that GmRR1 both physic-
ally interacts with and affects the expression of the GmHP1 
(Fig. 1E), a histidine-containing phosphotransmitter that 
promotes cytokinin signal transduction. GmHP1 is also 
downregulated in response to low-phosphorus stress, sug-
gesting that low phosphorous can cause a substantial rewir-
ing of hormone response globally in soybean. GmRR1 
knockout plants have substantially lowered expression of 
GmHP1 in both normal- and low-phosphorus conditions, 
and GmRR1 overexpression plants show increased expres-
sion of GmHP1. This result illustrates the extent to which 
transcriptional feedback regulation is embedded within 
cytokinin signaling, as loss of one signaling component 
strongly affects the expression of that component's interact-
ing factors, further affecting the capacity for a strong signal-
ing response. Exploring the circuitry of the hormone 
interaction and feedback relationships affected by GmRR1 
function is an area of potential research that would expand 
our capacity to build nutrient deficiency tolerance in this 
important crop species. 

Isolating GmRR1 as a key regulator of phosphorus defi-
ciency response by using GWAS and QTL mapping ap-
proaches indicates that combining these 2 approaches can 

be a strategy used more broadly to identify loci that may con-
tribute to desirable agricultural traits in many different crop 
species. Finding the loci that contribute to differences be-
tween environmentally robust and sensitive varieties, or be-
tween a high-yielding architecture and a low-yielding one, 
can inform engineering of these traits. For example, using 
these approaches, growers can modify elite accessions to en-
vironmentally robust haplotypes or instead grow natural var-
ieties with haplotypes that are the most likely to succeed in 
their growth conditions. It is particularly interesting that the 
authors found strong selective signatures in GmRR1 and that 
accessions that are grown in high-yield environments have 
been selected at this locus to be more tolerant to low- 
phosphorus conditions. Further work could expand this 
approach to other nutrient deficiencies. Particularly given 
the environmental impacts of nitrogen fertilizer on water-
sheds and algal blooms, increasing nitrogen uptake efficiency 
through such techniques could be particularly impactful 
(Dimkpa et al. 2020). As the world population increases, a 
growing concern is how to provide equitable access to 
nutritious food production. This work shows that a combin-
ation of natural population mapping and molecular pheno-
typing can identify strong candidate gene targets for 
precision engineering of the next generation of environmen-
tally robust crops. 
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