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Shoot-to-Root Mobile Transcription Factor HY5
Coordinates Plant Carbon and Nitrogen Acquisition
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Highlights
e HY5 is essential for light-responsive coordination of the
growth of shoots and roots

e Shoot-to-root translocated HY5 mediate light-activated root
growth and N uptake

e Carbohydrate photosynthate-induced NRT2.1 expression
and N uptake depend upon HY5

e HY5 contributes to maintain balance of C and N metabolism
at varying light fluence
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In Brief

Chen et al. show that transcription factor
HY5 is a shoot-to-root mobile signal that
mediates light-responsive coupling of
shoot growth and C assimilation with root
growth and N uptake in Arabidopsis. HY5
mobility thus contributes to maintain
homeostatic balance between whole-
plant C and N metabolism in response to
a fluctuating environment.
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SUMMARY

Coordination of shoot photosynthetic carbon fixa-
tion with root inorganic nitrogen uptake optimizes
plant performance in a fluctuating environment
[1]. However, the molecular basis of this long-dis-
tance shoot-root coordination is little understood.
Here we show that Arabidopsis ELONGATED
HYPOCOTYL5 (HY5), a bZIP transcription factor
that regulates growth in response to light [2, 3], is
a shoot-to-root mobile signal that mediates light
promotion of root growth and nitrate uptake.
Shoot-derived HY5 auto-activates root HY5 and
also promotes root nitrate uptake by activating
NRT2.1, a gene encoding a high-affinity nitrate
transporter [4]. In the shoot, HY5 promotes carbon
assimilation and translocation, whereas in the root,
HY5 activation of NRT2.1 expression and nitrate
uptake is potentiated by increased carbon photo-
assimilate (sucrose) levels. We further show that
HY5 function is fluence-rate modulated and en-
ables homeostatic maintenance of carbon-nitrogen
balance in different light environments. Thus, mo-
bile HY5 coordinates light-responsive carbon and
nitrogen metabolism, and hence shoot and root
growth, in a whole-organismal response to ambient
light fluctuations.

RESULTS AND DISCUSSION

Although plant shoots and roots follow distinct developmental
trajectories, their biology is tightly coordinated to optimize
whole-plant performance in a fluctuating environment. The coor-
dination of metabolic assimilation is of key importance: shoots
fix atmospheric carbon (C; CO,), roots acquire soil ionic nitrogen
(N; predominantly nitrate, NO3™) [1]. Because N is essential, soil
NO;™ levels frequently limit productivity in natural and agricul-
tural environments [5, 6]. The regulation of rates of N and C
acquisition is known to be tightly coupled [7, 8], with light regu-
lating both processes [9]. However, the molecular mechanisms
of the underlying regulatory long-distance shoot-root communi-
cation remain unknown.
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HY5 Is Essential for Shoot-Illumination Promotion of
Root Growth and NO;~ Uptake

As a visible reporter of regulatory shoot-root communication,
and because roots are not usually exposed to light, we deter-
mined the effects of separate illumination of shoots or roots on
root growth of 3-day-old seedlings, which were then exposed
to 3 days of differential light treatment (Figures 1A and S1A).
We found that the primary roots of wild-type (WT) Arabidopsis
thaliana (Col-0 laboratory strain) seedlings whose shoots (only)
were exposed to light [S(L)/R(D)] were of a similar length to those
of WT seedlings fully exposed to light [S(L)/R(L); Figures 1B and
1C]. In contrast, the roots of WT S(D)/R(L) seedlings were shorter
than those of S(L)/R(D) seedlings and of a similar length to S(D)/
R(D) seedlings (Figures 1B and 1C). In addition, lateral root pro-
liferation of S(L)/R(D) seedlings was similar to that of S(L)/R(L),
whereas lateral root proliferation of S(D)/R(L) seedlings was
much less and similar to that of S(D)/R(D) (Figure S1B). Thus,
shoot illumination promotes root growth, most likely via shoot-
to-root signaling.

We next screened for A. thaliana mutants specifically disrup-
ted in shoot illumination promoted root growth, and we found
that one of them contained a new HY5 loss-of-function allele
(hy5-526; Figures 1B, S2A, and S2B). Further analysis showed
that a hy5 null allele also abolishes shoot-illumination-promoted
root growth [10] (Figure 1C). HY5 encodes the photomorpho-
genic bZIP transcription factor HY5 [2, 3]. HY5 is regulated by
the COP1 ubiquitin ligase, which targets HY5 for proteolytic
degradation in the dark [11]. Accordingly, we found that the
loss-of-function cop7-4 mutant mimics shoot-illumination pro-
motion of root growth in dark-grown seedlings (Figure 1C). These
results suggest that HY5 mediates shoot-illumination promotion
of root growth.

We next found that WT root NO3 ™ uptake is promoted by illu-
mination of the shoot, but not of the root (Figure 1D). NO3™ is
taken up by plants via dual low-affinity/high-affinity CHL1/
NRT1.1 and high-affinity NRT2.1 transporters [4, 12-15].
Shoot-illumination-promoted NO3;~ uptake was greatly dimin-
ished in the nrt2.1-2 mutant lacking NRT2.1 [4] (Figure 1D) but
relatively unaffected in a ch/7-5 mutant lacking CHL1/NRT1.1
[13] (Figure 1D), indicating that shoot-illumination promotion of
root NO3 ™~ uptake is predominantly NRT2.1 dependent. Further-
more, shoot-illumination-promoted root NOj;~ uptake was
largely abolished in both hy5 and hy5-526 (Figure 1D), suggest-
ing that HY5 regulates NRT2.1-dependent shoot-illumination
promotion of root NO3 ™ uptake.
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Figure 1. HY5 Mediates Shoot-lllumination
Promotion of Root Growth and NRT2.1-
Dependent NO3;~ Uptake

(A) Representation of differential shoot/root-illu-
mination conditions. 3-day-old seedlings were
exposed to 3 days of differential light treatment
(100 pmol « s~' « m~2): shoot illuminated [S(L)] or
dark grown [S(D)] and root illuminated [R(L)] or dark
grown [R(D)] (see also Figure S1A).

(B) Differential shoot/root-illumination effects on
WT and hy5-526 primary root growth (see Fig-
ure S1B for lateral root growth). Arrowheads indi-
cate the root-tip position at the beginning of the
experiment. Scale bar, 1 cm.

(C) Differential shoot/root-illumination effects on
WT, hy5-526, hy5, and cop1-4 seedling primary
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HY5 Moves from Shoot to Root to Mediate Light-
Activated Promotion of Root Growth and NO;™ Uptake
Subsequent experiments used hypocotyl graft chimeras and
found that a HY5 scion permitted shoot-illumination promotion
of root growth and NO3 ™~ uptake (versus a hy5-526 scion; Figures
1E and 1F), suggesting that a HY5-dependent shoot-derived
signal regulates root growth and NO3;~ uptake. To determine
whether HY5 is (part of) this signal, we next expressed trans-
genes encoding HY5-GFP or myc-HY5 fusion proteins in hy5 us-
ing non-tissue-specific pHY5 [2], photosynthetic-tissue-specific
pCABS3 [16, 17], or phloem companion-cell-specific pSUC2 pro-
moters [18], finding that both HY5-GFP and myc-HY5 comple-
mented the hy5 phenotype (Figures S2C and S2D) and thus
retain HY5 activity. We also found that pHY5:HY5-GFP,
pPCAB3:HY5-GFP, and pSUC2:HY5-GFP all restored shoot-illu-
mination regulation of primary root growth to hy5 (Figure 2A).
Because pCAB3-driven expression is photosynthetic tissue spe-
cific, these observations suggest that HY5 transcripts, HY5, or a
HY5-dependent signal moves from shoot to root.

We next found that HY5-GFP was detectable throughout the
roots of S(L)/R(D) pHY5:HY5-GFP hy5 seedlings, but not in
S(D)/R(D) (Figure 2B), suggesting that root HY5 abundance is
regulated by shoot illumination and that HY5 is relatively stable
in dark-grown roots. We additionally detected HY5-GFP in the
roots of S(L)/R(D) pCAB3:HY5-GFP hy5 seedlings, but not in
S(D)/R(D) controls (Figure 2C). Because HY5-GFP transcripts
are not detected in roots of pCAB3:HY5-GFP hy5 seedlings (Fig-
ure S2D), this observation suggests that HY5 moves from shoot
to root. Accordingly, whereas myc-HY5 transcripts were detect-
able only in S(L)/R(D) shoots of pCAB3:myc-HY5 hy5 plants (Fig-
ures 2D and S2D), myc-HY5 was detected in both shoots and

difference between means (p < 0.05).
See also Figure S1.

roots of S(L)/R(D) plants (Figure 2E). This result was confirmed
by detection of HY5-GFP in roots of S(L)/R(D)-grown
pCAB3:HY5-GFP hy5/hy5 graft chimeras (Figures 2F and S2E).
Additional experiments with pHY5:HY5-GFP hy5/hy5 graft
chimeras detected HY5-GFP in S(L)/R(D)-grown roots (Figures
S2F-S2H), further suggesting that HY5 moves from shoot to
root.

We next expressed a fused HY5-GFP, TEV'™ (TEV protease
recognition site), and double B-glucuronidase (2 x GUS) (2 x
GUS-TEV"™-HY5-GFP) protein from pCAB3. This protein was de-
tected in shoots, but not in roots, of S(L)/R(D) plants, most likely
because its relatively large size prevents shoot-root mobility (Fig-
ures 2G and S2I). However, co-expression of 35S:TEVP (ex-
pressing the TEV protease) enabled cleavage at the TEV™ [19],
resulting in detection of HY5-GFP in shoots and roots (Figures
2G and S2I). These changes in HY5-GFP mobility were reflected
in parallel effects on shoot-illumination-promoted primary root
growth (Figure 2H) and NO3;~ uptake (Figure 2l). Furthermore,
HY5-GFP is detected in roots of S(L)/R(D)-grown pSUC2:HY5-
GFP hy5 seedlings and pSUC2:HY5-GFP hy5/hy5 graft chimeras
(Figure S2J), indicating that HY5 is a shoot-root phloem-mobile
signal that mediates light regulation of root growth and NO3z™
uptake.

Shoot-to-Root Translocated HY5 Activates NRT2.1
Expression and NO;~ Uptake

The HY5-GFP distribution conferred on hy5 roots by pHY5:HY5-
GFP (Figure 2B) differs from that due to pCAB3:HY5-GFP (Fig-
ure 2C) or pSUC2:HY5-GFP (Figure S2J) and that seen in roots
of pHY5:HY5-GFP hy5/hy5 (Figure S2F) or pSUC2:HY5-GFP
hy5/hy5 graft chimeras (Figure S2J). A pHY5:HY5-GFP root
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Figure 2. Shoot-to-Root Translocation of HY5 Regulates Root Growth

and NO;~ Uptake

(A) Differential shoot/root-illumination effects on primary root extension growth (seedling genotypes are as indicated) (see also Figures S2A-S2D).

(B) Distribution of HY5-GFP in pHY5:HY5-GFP hy5 roots.
(C) Distribution of HY5-GFP in pCAB3:HY5-GFP hyb5 roots (see also Figure S2E).

(D) myc-HY5 transcript abundance in the shoots and roots of 14-day-old plants (relative to that in pCAB3:myc-HY5 hy5 shoots). Data are shown as mean + SEM

(n=23).

(E) Immunological detection of myc-HY5 in shoots (S) and roots (R) of S(L)/R(D) plants, with HSP90 as a loading control (see Figures S2F-S2H for pHY5:HY5-GFP
hy5/hy5 graft chimeras).

(F) Distribution of HY5-GFP in the roots of shoot-illuminated pCAB3:HY5-GFP hy5/hy5 graft chimeras.

(G) Detection of HY5-GFP in roots of shoot-illuminated pCAB3:2 x GUS-TEV'®-HY5-GFP hy5 plants expressing TEV protease (see also Figure S2I).

(H) Differential shoot/root-illumination effects on primary root extension growth of plants expressing TEV protease.

(I) Differential shoot/root-illumination effects on root ">NO5~ uptake of plants expressing TEV protease.

(J) Differential shoot/root-illumination effects on expression of a pHY5:GFP transgene in roots.

(K) Distribution of HY5-GFP in seedling roots (grafted as indicated) (see also Figure S2J).

(B, C, F, G, J, K) Scale bar, 50 um.
(A, H, I) Data are shown as mean + SEM (n = 30).

The same lowercase letter denotes a non-significant difference between means (p < 0.05). See also Figure S2 and Table S1.

genotype causes HY5-GFP to be detected throughout the root,
whereas roots of pCAB3:HY5-GFP hy5 and pSUC2:HY5-GFP
hy5 or pHY5:HY5-GFP hy5/hy5 and pSUC2:HY5-GFP hy5/hy5
chimeras exhibit a HY5-GFP location more closely associated
with the root vasculature. This difference is most likely because
HY5 activates root HY5 expression [20]. First, shoot-illumination
induction of root expression of a pHY5:GFP transgene (reporting
pHY5 activity by driving the expression of the GFP marker gene)
is reduced in hy5 (Figure 2J), suggesting that shoot-derived HY5
normally activates root pHY5. Second, HY5-GFP is detectable in
roots of shoot-illuminated pCAB3:myc-HY5 hy5/pHY5:HY5-GFP
hy5 grafts, but not in roots of shoot-illuminated hy5/pHY5:HY5-
GFP hy5 grafts (Figure 2K). Third, electrophoretic mobility shift
assays (EMSAs) and chromatin immunoprecipitation (ChIP) anal-

ysis using the roots of pHY5:myc-HY5 hy5 seedlings confirmed
binding of HY5 to pHY5 [20] (Figures S3A and S3B). These obser-
vations indicate that shoot-root translocated HY5 activates root
HY5 via an auto-regulatory feedback loop and also explain the
different patterns of HY5-GFP distribution conferred on hy5
roots by pHY5:HY5-GFP (Figure 2B) versus pCAB3:HY5-GFP
(Figure 2C) or pSUC2:HY5-GFP (Figure S2J).

We next found that shoot-illumination promotion of root
NRT2.1 transcript levels is largely abolished in hy5 (Figure 3A).
In addition, whereas shoot illumination partially promoted root
NRT2.1 transcript levels in HY5/hy5 grafts, this effect was still
further reduced in hy5/HY5 grafts (Figure 3A). Further experi-
ments showed that whereas either a HY5 scion/pHY5:HY5-
GFP hy5 stock or a pCAB3:HY5-GFP hy5 scion/HY5 stock
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Figure 3. HY5 Coordinates N and C Metabolism

(A) NRT2.1 transcript levels in primary seedling roots (genotypes/graft chimeras are as shown), with abundance relative to the level in WT roots. Data are shown as
mean + SEM (n = 3).

(B) Root NO3 ™ uptake of graft chimeras. Data are shown as mean + SEM (n = 30).

(C) NRT2.1 promoter fragments used for ChIP analysis of extracts from 14-day-old pHY5:myc-HY5 hy5 plants. Data are shown as mean + SEM (n = 3). An arrow
indicates C/G box sequence motif.

(D) Fragment 3 from (C) was incubated with MBP-HY5. Competition was performed with 10-, 20-, 50-, or 100-fold unlabeled probe excess.

(E) Relative abundance of PSY, TPS1, SWEET11, and SWEET12 transcripts in 7-day-old seedlings. Values are expressed relative to WT level. Data are shown as
mean + SEM (n = 3).

(F) ChIP assays (see also Figures S3A and S3B). Fragments containing G box motifs in the TPS1, SWEET11, and SWEET12 promoters were used for ChIP analysis
of extracts from 14-day-old pHY5:myc-HY5 hy5 (or control hy5) plants. Data are shown as mean + SEM (n = 3).

(G) Sucrose affects shoot-illumination promotion of root NRT2.1 transcript abundance [relative to abundance in WT S(L)/R(D) seedlings in 1% sucrose] (see also
Figures S3C and S3H). Data are shown as mean + SEM (n = 3).

(H) Sucrose affects shoot-illumination promotion of root ">*NO3~ uptake (see also Figures S3D and S3l). Data are shown as mean + SEM (n = 30).

() In vivo binding of HY5 to fragment 3 (see C) of the NRT2. 1 promoter. ChIP-PCR analysis was performed using 10-day-old pHY5:myc-HY5 hy5 plants (see also
Figures S3E-S3G). Data are shown as mean + SEM (n = 3).

The same lowercase letter denotes a non-significant difference between means (p < 0.05). See also Figure S3 and Table S2.

permitted shoot-illumination-dependent elevation of root sults suggest that shoot-root mobile HY5 activates root NRT2.1

NRT2.1 transcript levels to an extent similar to that seen in
HY5 plants, that of a pCAB3:HY5-GFP hy5 scion/hy5 stock
was reduced versus that seen in HY5 plants (Figure 3A). These
differential effects were reflected in parallel effects on shoot illu-
mination and NRT2.1-dependent NO3™ uptake (Figure 3B) and
relate to the need for a functional HY5 in the root. ChIP and
EMSA demonstrated both in vivo and in vitro binding of HY5 to
the NRT2.1 promoter (Figures 3C and 3D), indicating that HY5
directly regulates NRT2.1 expression. Taken together, these re-

via a mechanism that is amplified by auto-activation of root HY5,
thereby increasing NO3;™ uptake.

Mobile HY5 Contributes to Maintain Homeostatic
Balance of C and N Metabolism in Response to Ambient
Light Conditions

Recent studies showed that HY5 modulates photosynthetic ca-
pacity in part via control of expression of chlorophyll biosyn-
thesis and photosynthesis-related genes [21, 22]. For example,
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Figure 4. HY5 Coordinates Plant Growth and Nutrition in Responses to Fluctuating Light Environments

(A) Primary root extension lengths of seedlings grown in fluence rates as indicated. Data are shown as mean + SEM (n = 30).

(B) ®NO3 ™ uptake of seedlings grown in fluence rates as indicated. Data are shown as mean + SEM (n = 30).

(C) Seedling shoot biomass at different fluence rates. Data are shown as mean + SEM (n = 30).

(D) Whole-plant biomass of plants grown in soil for 21 days (16 hr photoperiod) at different light fluence rates (see also Figure S4).

(E) C contents of plants shown in (D).

(F) N contents of plants shown in (D).

(G) C/N content ratio of 21-day-old plants grown in fluence rates as indicated.
(D-G) Data are shown as mean + SEM (n = 16).

The same lowercase letter denotes a non-significant difference between means (p < 0.05). See also Figure S4.

HY5 promotes PHYTOENE SYNTHASE (PSY) expression by
directly binding to the PSY promoter [22] (Figure 3E). Fixed C is
predominantly transported to sink tissues (e.g., roots) through
the phloem in the form of sucrose [23], and the trehalose precur-
sor trehalose-6-phosphate (T6P) acts as a proxy for photosyn-
thetic carbohydrate status [24]. We also found that HY5 affects
both sucrose metabolism and shoot-root transport by promoting
the expression levels of TPS7, a gene encoding trehalose-6-
phosphate synthase [24], and SWEET11 and SWEET12 [23],
genes encoding sucrose efflux transporters (Figure 3E). Further
ChIP experiments confirmed in vivo binding of HY5 to the
TPS1, SWEET11, and SWEET12 promoters (Figure 3F). Thus,
HY5 regulates both initial C fixation and subsequent movement
of fixed C into phloem cells for shoot-root translocation.
Because C status regulates N status [7, 8], we next determined
whether sugar level affects light-activated NRT2.1-dependent
NO;~ uptake. We found that both sucrose and glucose enhance
the shoot-illumination promotion of root NRT2.71 expression and
NO3;~ uptake, effects that are largely abolished in hy5 (Figures
3G, 3H, S3C, and S3D). Moreover, ChlIP assays showed that su-
crose promotes light-activated in vivo binding of myc-HY5 to the
NRT2.1 promoter and that this effect was abolished in the sugar-
insensitive mutant sis4 [25] (Figure 3l). Because neither HY5-GFP
abundance nor HY5-GFP mobility is increased by sucrose (Fig-
ures SSE-S3G), increased HY5 levels are unlikely to contribute
to sucrose-induced increases in the binding affinity of myc-

HY5 to the NRT2.1 promoter. Whatever the mechanism, sucrose
induction of NRT2.1 expression and NO3;~ uptake is dependent
upon HY5 (Figures S3H and S3I). Taken together, these results
indicate that HY5 responds to sugar signals in the regulation of
NRT2.1-dependent NO3 ™ uptake, thus contributing to the coor-
dinated homeostatic balancing of C and N metabolism.
Because natural fluctuation in incident light fluence affects
both C fixation and HY5 abundance [26, 27], we next determined
the effect of increasing fluence (5-100 pmol - s~ + m™2) on
seedling root growth and NO3; ™~ uptake. We found that increasing
fluence promotes WT primary root extension growth (Figure 4A)
and NO3;™ uptake (Figure 4B), that these effects are associated
with a fluence-dependent increase in biomass accumulation
(Figure 4C), and that they are largely abolished in hy5 and
nrt2.1-2 mutant seedlings (Figures 4A and 4B and 4C). We
next determined whether HY5 continues to coordinate light-
responsive growth and C and N metabolism in more mature
plants. First, as expected, increasing fluence increases the
biomass of 21-day-old soil-grown WT plants (Figures 4D and
S4), an effect that is reduced in hy5 (Figure 4D). Next, we found
that the whole-plant C content of 21-day-old WT and hy5 plants
remains relatively constant with increasing fluence (Figure 4E). In
contrast, whereas WT whole-plant N content remains relatively
constant, that of hy5 falls markedly as fluence increases (Fig-
ure 4F). In consequence, lack of HY5 causes a fluence-depen-
dent increase in the C/N content ratio, which remains relatively
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constant in WTs (Figure 4G). These findings suggest that mobile
HY5 regulates the coordination of shoot and root growth and C
and N acquisition throughout the plant life cycle. In particular,
HY5 maintains homeostatic balance of C and N metabolism at
varying light fluence.

Conclusions

Although a previous study implicates phloem-mobile sucrose as
a cotyledon-derived signal to control primary root elongation
during early seedling development in Arabidopsis [28], the mo-
lecular mechanism of the shoot-root long-distance signaling
regulating lateral root growth and N uptake remains unclear
[29]. Here, we show that HY5 is a shoot-root mobile signal that
mediates light-regulated coupling of shoot growth and C assim-
ilation with root growth and N uptake. This coupling is achieved
via HY5 regulation of C fixation in the shoot and via sucrose-
enhanced promotion of HY5-dependent N uptake in the root.
In consequence, HY5 mediates homeostatic regulation of
whole-plant C versus whole-plant N status. HY5 is already
known to integrate multiple phytohormonal (e.g., abscisic acid)
and environmental (e.g., low temperature) signaling inputs in
the control of plant growth and development [30, 31]. Our dis-
covery that HY5 is a mobile signal adds further dimension to
this knowledge. Our finding that HY5 mobility mediates homeo-
static coordination of C and N metabolism enhances under-
standing of how plant C and N nutrient balance is maintained
in fluctuating environments and suggests novel strategies for
the improvement of nutrient-use efficiency in crops.
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