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P®B is an open-chain tetrapyrrole chromophore, a critical synthetase for phytochromes to function as a light receptor to
regulate plant growth and development. Arabidopsis HY2 encodes a key synthase of P®B, which is a ferredoxin-
dependent biliverdin reductase that catalyzes the reduction in the A-ring 2,3,31,32-diene system to produce an ethylidene
group for assembly with apophytochromes.
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| 1. Introduction

Saline soil is an unfavorable environmental factor that seriously affects seed germination, seedling growth, and even final
yield in crops IRl About 7% of the total land surface and 20% of the irrigated land are affected by soil with excessive
salt concentration, and the situation is getting worse &, Global climate change and poor irrigation water quality are the
main factors leading to soil salinization &4, Therefore, it is urgent to study the molecular mechanism of plants’ adaption to
saline soil and to enhance such adaptability of plants to saline soil through molecular genetic improvement.

As salt stress gives rise to ion stress, osmotic stress, secondary stress, and oxidative stress (819 it is crucial for plants to
maintain the balance between ion, osmosis, and ROS. In addition, plants have evolved a series of mechanisms to
maintain salt balance in the long process of evolution 9. In terms of ionic stress, after the perception of a salt-stress
signal induced by a high concentration of salt in plants, the salt receptor glycosyl inositol phosphoryl ceramide (GIPC) [
(2] can directly bind to the external Na* to form a direct interaction, which activates the Ca?* channel. The influx of Ca2*
thus drives the adaptive response to high salt levels, which promotes EF-hand CaZ*-binding proteins SOS3 to activate
serine/threonine protein kinase SOS2, and then to activate Na*/H* antiporter SOS1 to pump Na* out of the cell,
maintaining the salinity balance in vivo 2314l |n terms of osmotic stress, the synthesis of compatible osmolytes is crucial
for the maintenance of osmotic potential and protein structure in cells, including the expression of related genes as PM-
located protein OSCA, MAPK cascades, SnRK2 isoforms, etc. L8II8IL7 and the synthesis of the accumulation of related
substances, such as proline, betaine, sugars, etc. L8920 |n terms of oxidative stress, both the gene expressions, such
as MAPKKK—MAPKK—MAPK (mitogen-activated protein kinase) cascade [21, and the ROS scavenging enzymes, such as
superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), etc. 24, act to maintain the balance of ROS in vivo.
Therefore, improving the molecular mechanism of salt stress is very important for the strengthening of salt tolerance in
plants.

P®B is an open-chain tetrapyrrole chromophore, a critical synthetase for phytochromes to function as a light receptor to
regulate plant growth and development 231241 Arapidopsis HY2 encodes a key synthase of P®B 231281 which is a
ferredoxin-dependent biliverdin reductase that catalyzes the reduction in the A-ring 2,3,31,32-diene system to produce an
ethylidene group for assembly with apophytochromes [24. Furthermore, it has been reported that HY2 induces the
synthesis of phyA to inhibit the elongation of hypocotyl under the far-red light treatment 28, Under the treatment of
exogenous trehalose, the expression of HY2 is upregulated by 2.8 times [29]. Besides, HY2 participates in the apoplastic
and chloroplastic redox signaling networks, being responsible for chlorophyll biosynthesis B9, However, whether HY2 is
involved in the plant stress response signal network remains unknown.

2. Disruption of HY2 Reduces, and Overexpression of HY2 Enhances,
NaCl Sensitivity during Seed Germination

To analyze the novel salt tolerance genes, we used a luciferase reporter system to construct different Arabidopsis
transgene lines overexpressing firefly luciferase (LUC). Compared with col4 and LUC-vector lines, the lines expressing
the P®B synthetase HY2 showed a salt-hypersensitive phenotype and hy2 mutant displayed a salt-resistant phenotype



with 200 mM NacCl stress (Figure 1A). We found most hy2 mutant seedlings germinated 3 days after being sown in the
medium containing 200 mM NacCl, while the seedlings of col4 and LUC-vector needed 4-5 days to germinate; compared
with col4, the germination rate of lines overexpressing LUC-HY2 was significantly lower, but that of hy2 mutant was
obviously higher (Figure 1B).
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Figure 1. NaCl sensitivity of hy2 mutant and HY2-overexpressing lines. (A) Phenotypic comparison. Col4, LUC-vector,
hy2 mutant, and LUC-HY2 overexpression lines were sown, respectively, on 1/2 MS medium (as mock) or 1/2 MS
medium containing indicated concentrations of 200 mM NacCl for 4 d. Scare bar: 1 cm. (B) Seed germination assay. Seeds
were transferred to 1/2 MS containing 200 mM NacCl, and then the seed germination rate was calculated at 3-5 d. Data
are shown as mean * SD (n = 3). More than 64 seeds were measured in each replicate. (C) QPCR analysis of HY2
expression in 5-day-old col4 seedlings treated with or without 200 mM NaCl for 0-5 h. Data are shown as mean + SD (n =
3). (D) LUC signals in 5-day-old LUC—-HY?2 overexpression line seedlings treated with or without 200 mM NaCl. Signals
were detected every 10 min, and the detecting period was 5 h. (E) QPCR analysis of HY2 expression in different tissues
of Arabidopsis. Data are shown as mean + SD (n = 3). Asterisks in (B,C) indicate statistically significant differences
compared with relevant col4 plants: * p < 0.05, ** p < 0.01, *** p < 0.001.

The following QPCR analysis showed that, with 0 h and 1 h NaCl stress, the transcription level of HY2 was
undifferentiated; with 3 h and 5 h NaCl stress, the transcription level of HY2 increased by 1.7 and 2.8 times, respectively
(Figure 1C). The luciferase assay showed a 1.5-fold increase in the protein level of HY2 after 3 h NaCl stress (Figure
1D). These results indicated that NaCl significantly mediates and upregulates the HY2, both on its transcription level and
protein level. At the same time, we analyzed the expression of HYZ2 in different tissues, showing that HY2 was expressed
in different tissues of Arabidopsis, but its expression level was the lowest in roots and the highest in flowers (Figure 1E).

3. Disruption of HY2-Altered Expression of a Set of Stress-Responsive
Genes

NaCl stress is one of the stress factors that affects the growth and development of seeds, and induces the expression of
stress-related proteins, such as seed growth and development related proteins and ABA-pathway-related proteins.
Therefore, we verified the expression patterns of proteins related to salt stress, seed growth and development, and ABA
pathway in col4 and hy2 mutant (Figure 7A), from which we found that 15 proteins were mediated by NaCl stress but not
by HY2 in a specific way (gray dot), while 32 were specifically mediated by HY2 (green and yellow dot). All of the proteins
were then divided into different groups: proteins involved in the salt stress, proteins participating in the ABA pathway, and
proteins taking part in the growth and development of seeds, among which the number of proteins specifically regulated
by HY2 (col4-specific and hy2-specific) were 22, 10, and 5, respectively, while the number of proteins specifically
regulated by NaCl stress were only 9, 7, and 1 (less than half the number of proteins specifically regulated by HY?2),
respectively. These results showed, under NaCl stress conditions, that proteins involved in the salt stress pathway
dominated, accounting for 66%, and those involved in the ABA pathway and seed growth/development took the secondary
place (Figure 2B), indicating that HY2 simultaneously regulates the protein expression related to salt stress, ABA
pathway, and seed growth and development. As HY2 is a potential regulator involved in NaCl signaling (Figure 1A), the
expression of stress inductive genes, such as RD29A, RD29B, and DREB2A, was tested in hy2 mutant. We tested the
inducible genes under the conditions of 0 h-5 h stress of 200 mM NaCl, and found that the expression levels of RD29A
and RD29B were undifferentiated at 0 h and 1 h in hy2 mutant, but significantly decreased at 3 h and 5 h when compared
with those in col4 at the same conditions (Figure 2C,D); the expression level of DREB2A remained the same at 0 h, 1 h,



and 5 h, and was significantly downregulated at 3 h only (Figure 2E), indicating that HY2 induces the expression of NaCl

inducible genes and positively regulates NaCl signaling.
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Figure 2. The expression of stress-responsive genes. (A) Protein expression pattern of col4 and hy2 shared proteins
involved in salt, ABA, and seed-related pathway. Color denotes proteins regulated similarly by col4 and hy2 (grey), or
specifically by col4 (green) or hy2 (orange). (B) The number and proportion of col4 and hy2 shared proteins involved in
salt, ABA, and seed-related pathway. (C—E) The expression of RD29A, RD29B, and DREBZ2A in col4 and hy2 mutant
seedlings treated with exogenous NaCl. The 5-day-old col4 and hy2 mutant seedlings were transferred to 1/2 MS solution
with or without 200 mM NaCl for 0-5 h, and then the seedlings were harvested for QPCR. Data are shown as mean + SD
(n = 3). Asterisks showed in (B-D) indicate statistically significant differences compared with relevant col4 plants: * p <
0.05, * p < 0.01, *** p < 0.001.

| 4. Interaction Network of HY2-Specific DRPs

Protein interaction networks were generated to evaluate the interaction of the DRPs (known and unknown proteins)
specifically regulated by HY2 (Figure 3). We selected 22 proteins specifically regulated by HY2 under salt stress, among
which 17 were col4-specific (14 upregulated and 3 downregulated) and five were hy2-specific (five downregulated). The
results showed that ANNAT1-ANNAT2-ANNAT3-ANNAT4, the family members of Annexins (a family of calcium
dependent membrane binding proteins), were involved in salt-stress responses specifically regulated by HY2 in a mutual-
functioning way. The score of association between ANNAT1 and ANNAT2 was 0.915, which was the highest, while that
between ANNAT1 and ANNAT4 was 0.805, which was the lowest. Glutathione transferase GSTU19 induced by drought,
oxidative stress, and hormonal responses; Glutathione S-transferase PHI 10 (GSTF10) involved in water deprivation and
toxin catabolic process; 60S ribosomal protein L5 (RPL5A, RPL5B) responsible for the synthesis of proteins in the cell as
the component of the ribosome; and ribosomal proteins of L7Ae/L30e/S12e/Gadd45 family protein (AT2G32060) involved
in translation all interactionally participated in salt-stress responses specifically regulated by HY2. The association score
between AT2G32060 and RPL5A/RPL5B was 0.999, while that between GSTF10 and RPL5A/RPL5B was 0.596. We,
therefore, identified two interaction protein networks specifically regulated by HY2 under salt stress.
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Figure 3. Protein-protein interaction (PPI) networks. STRING analysis using the HY2-specific regulated proteins under
salt stress. Network nodes represent proteins. Edges represent protein—protein associations. Known interactions:; «—
from curated databases; «— experimentally determined. Predicted interactions: = protein neighborhood; «—



protein fusions; «— protein co-occurrence. Others: textmining; ©=* co-expression; protein homology. Tow
PPI specifically regulated by HY2. PPI-1: ANNAT1-ANNAT2-ANNAT3-ANNAT4. PPI-2: GSTU19-GSTF10-RPL5A—-
RPL5B-AT2G32060.
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