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ROLE OF NITRATE REDUCTASE AND NITRITE REDUCTASE
IN NaCl TOLERANCE IN EELGRASS (Zostera marinalL.)

Abstract: Nitrate reductase (NR) and nitrite reductase (NiRy important roles in nitrate assimilation imipis.
Previous studies have indicated that NR and NiRédlgrass may contribute to its NaCl tolerance. Hhisly
investigated the expression characteristics andbtblgical functions of NR and NiR in eelgrasogtera
marina), named as ZmNR and ZmNiR, were cloned, charaet@@and overexpressed in both bacteria and tobacco.
The open reading frames of ZmNR and ZmNiR conté@82and 1773 nucleotides that encode 875 and 58tam
acids respectively. Amino acid sequence alignmedicated that the purported ZmNR and ZmNiR proteins
presented low homology with other plant NR and M#juences. Real-time quantitative PCR revealedthleat
expression of ZmNR and ZmNiR was supressed whewsexpto low salinity and induced by high salinity.
Further physiological analyses demonstrated thatkithg nitrate assimilation by adding N#éO, in eelgrass
reduced its tolerance to NaCl stress. The hetesol®@xpression of the ZmNR and ZmNiR geneBstherichia

coli and Nicotiana benthamiana could confer tolerance to NaCl stress. Physiolgiend growth analyses
suggested that ZmMNR and ZmNiR in plants could ré¢#&Cl stress by regulating various physiologicathgvays

and biochemical processes triggered by nitric ox{t). Taken together, these results suggested that
NR-dependent NO synthesis may play an importaetiroNacCl tolerance in eelgrass.

Keywords: heterologous expression, nitrate assimilation, INal€rance Zostera marina

I ntroduction

Nitrogen is one of the most important nutrientsspre in cells and used to build
proteins, amino acids, nucleoside phosphates, ahdr corganic nitrogen-containing
macromolecules in plants [1]. Nitrate (Nis absorbed by the roots and then assimilated
into ammonium (NH") by the sequential reductive action of the enzyhMBsand NiR [2].
Ammonium ion derived from nitrate reduction is certed to glutamine by glutamine
synthetase (GS) and then to glutamate by glutasyettthase (GOGAT) [3].

Our previous study showed that NR and NiR were ifiaggmtly upregulated in
Z. marina following exposure to NaCl [4]. These results ®gjghat the function of these
key enzymes in the process of nitrate assimilatiorseagrass may be underestimated.
Eelgrass is a typical monocotyledonous angiospébinthat thrives in seawater and plays
an important role in the sea ecology [6]. Eelg@add absorb nitrogen via its roots, shoots,
and leaves, and the main nitrogen source is 'N#hereas the main nitrogen source of
terrestrial plants is N [1, 7]. The NH" absorbed by eelgrass could directly enter the
GS/GOGAT cycle to synthesise amino acids and prsteind this process is more efficient
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compared with that of terrestrial plants. The mirassimilation process in eelgrass has
been retained through a long evolutionary procebizh means that its key enzymes may
play a role in eelgrass adaption to the marinerenment. Nitrate assimilation is affected
by salt stress [8] with the effects of this stressthe expression of NR and NiR in many
terrestrial plants being well documented [9, 10JriBg salt stress, the enzyme activities of
NR and NiR in salt-sensitive plants decreased Bagmitly, while the activities increased in
salt-tolerant plants. Therefore, we speculate Miatand NiR in eelgrass may be critical to
the high salinity adaptation.

NR is not only the key enzyme in the process afatét assimilation, but also in the
synthesis of nitric oxide (NO). In plants, NO isokn as a small but important redox
signaling molecule that plays an important roleaaggulator of plant physiology, disease
resistance, and stress tolerance [11]. It is widelyepted that NR reduces N@ NGO, in
an NAD(P)H-dependent manner [12]. However, in viral in vivo experiments have also
shown that NR is also able to reduce N® NO and its derivative peroxynitrite (ONOO-)
[13]. It is possible that the NO produced by the p&hway regulates NaCl tolerance in
eelgrass.

In this study, we focused on determining whetherayi@ NiR affect NaCl tolerance in
eelgrass. To understand the expression patterhesetenzymes in nitrate assimilation,
eelgrass was reared in artificial seawater witHfedtint levels of NaCl and then the
transcript levels were evaluated using qRT-PCRaddition, we examined the growth and
physiological adaptation of eelgrass to differeafirities after blocking the nitrate
assimilation process. Chlorophyll, proline and madialdehyde (MDA), which reflect plant
growth, osmotic adjustment, and antioxidant agtjviwtere measured. Moreover, we also
investigated the biological functions of ZmNR anehdiR in response to NaCl stress, via
the heterologous expression of both genes. icoli andN. benthamiana. The NO content
in tobacco plants overexpressing ZmNR increasedifgigntly under NaCl treatment.
Taken together our data puts forward a potentiatharism for marine angiosperms to
improve salt resistance, which is to regulate N@tlsgsis through key enzymes of nitrate
assimilation.

Materials and methods

Eelgrass growth conditions

The plants were harvested from December 2017 to R280 at a 2-m depth at
ShuangDao Bay (latitude 37°287°21.6 N longitude 122°33./2122°35.0E) located in the
South of Bohai. The plants were transported toltferatory in seawater, cleaned and
cultivated in artificial seawater [14]. In this diy the concentration of NaCl in artificial
seawater is 24 %o, and the total salinity of altséuch as MgG| CaCl, etc.) is 40 %o.. For
the gene expression analyses, the plants werdrkagtrated polyethylene tanks containing
10 L of artificial seawater with 24 %0 NaCl (40 %dig#ty) at a density of three specimens
for 48 h, and then transferred to solutions witHfedént levels of NaCl, with
3 replicates per treatment. The eelgrass leaves wueated for 0, 0.5, 1, and 3 h and then
immediately frozen in liquid nitrogen and stored-80 °C until the RNA extraction.

For the physiological analyses, the plants wergestdd to 72 h nitrogen starvation
and then transferred to artificial seawater witffedent forms of nitrogen. Five culture
groups were set up with three replicates in eacligrand cultured in artificial seawater
containing NQ, NO; (NawWO,), NH,", NO;/NH,” and NQ/NH," (NaWO,).
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The concentration of NQand NH" is 10uM. The artificial seawater was changed every
three days, and the eelgrass was reared for 4&éruhe following conditions: natural
photoperiod on a 14-h light/10-h dark cycle witlpesure to 20qumol photons/ (fhs) and
temperature of 19 °C.

Sequence analysis and gene expression analysis

The nucleotide sequence, the deduced amino acideseg and the open reading
frames (ORFs) of ZmNR and ZmNiR were analysed u#iiregbioinformatic tools at the
websites: http://www.expasy.org/ and http://www.ineln.nih.gov/. The deduced amino
acid sequence alignments were performed in MEGA 7.0

Table 1
PCR primers
Primer name Primer sequences
ZmActin RT L TGCTCCTCCTGAGAGAAAGTA
ZmActin RT R TCATACTCGGCCTTGGAAATC
ZmMNR RT L ATGCTTGGATTCGACGTAACT
ZmNR RTR GGAGATGCGATGGAGTGATAAA
ZmNIR RT L GAGATGCGCTGAGGCTATT
ZmNIRRTR TTCTGGTCTTCTGGCGATTAC
ZmNR L ATGGCGATCTTAATAAGCGA
ZmNR R TTAGAATATTAGTAAGGAGTGTTCAA
ZmNIiR L ATGTCTCGTTCACTCTCTCTTC
ZmNiRR CTAATCTTCTTCCGTCTCCCT

Total RNA was extracted from the third mature leawdth different stress treatments
and first-strand cDNA was synthesised with the Basipt One-Step gDNA Removal and
cDNA Synthesis SuperMix (TransGen, Beijing, Chin®uantitative RT-PCR was
performed with TransStart Tip Green qPCR SuperMirafisGen, Beijing, China) and
an ABI StepOne™ Plus Real-Time PCR System, @ithctin (49G00260) used as the
internal reference gene. The qRT-PCR gene expresss quantified from three technical
replicates using thAACT comparative method. The amplification prograriided one
cycle at 94 °C for 30 s, then at 94 °C for 5 s,°86for 15 s, and 72 °C for 60 s for
40 cycles. The fluorescent products were detectetd last step of each cycle. In order to
ensure proper amplification of the target fragmewts performed a melting curve analysis
at the end of the 40 cycles. The gRT-PCR analysisach gene was performed in two
biological replicates, and each experiment wasicaf@dd in three technical replicates.
The data are represented by the mea®® £n = 3). The primers for the gRT-PCR assay
were designed using Primer 5.0 software and wstedliin Table 1.

Assessment of various growth, biochemical and physiological parameters

The length and width of the leaves were measureal bgrnier calliper and centimetre
gauge. The original leaf length and leaf width wezeorded ag,, the termination value
was recorded aks, and the relative growth rate was determined bews:

Ga: (TS_ TO)/TO -100 %

The fresh weight (f.w.) of the eelgrass was meakbgean electronic balance, and the
relative increase in fresh weight was calculatdte driginal fresh weight of the plants was
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recorded as\,, the termination value was recordedVes and the fresh weight relative
growth rate was calculated as follows:
Gb: (WS_ Wo)/Wo - 100 %.

The chlorophyll content in the eelgrass leaves aermined by ethanol colorimetry
following the protocol of Hiscox and Israelstam JEnd Swislowski et al. [16]. Briefly,
100 mg of the sample was extracted in 20 mL of 9®tk@nol and the absorbance was
recorded at 649 and 665 nm against 95 % etharetastrol. The total chlorophyll content
was calculated and expressed in mgfgv.

The proline content was estimated using the stanpedcedure described by Azamal
[17] and Abraham et al[18]. The leaf samples (200 mg) were extracted inL5of 3 % of
sulphosalicylic acid. The homogenate was centrifiug®d 2 mL of supernatant was treated
with a mixture of 2 mL glacial acetic acid and 3 mtid ninhydrin by boiling at 100 °C for
40 minutes. The samples were placed on ice toth®peaction, and then 5 mL of toluene
was added. Transfer the chromophore containinget@uo a new test tube and read the
absorbance at 520 nm using toluene as a blankpfdime concentration was determined
from a standard curve and expresseggm * f.w.

According to the method described by Hodges et[48] and Zhang et al. [20], the
MDA content in the samples was estimated by meagutie thiobarbituric acid reactive
substances (TBARS). The control and treated sanfpsmg) were homogenised in 5 mL
of 0.1 % trichloro acetic acid (TCA). Mix the homatate with 5 mL of 0.5 % (w/v) TBA
in 10 % TCA (w/v) and incubated at 100 °C for 15nmThe tubes were placed on ice to
stop the reaction, which was followed by centriftigga for 15 min at 10,000 rpm (4 °C).
The absorbance of the resultant supernatant wasumesh at 450, 532 and 600 nm.
The OD600 values were subtracted from the MDA-TRMnplex values at 532 nm, and the
MDA concentration was calculated using the LamiBmér law with an extinction
coefficient ofs¢ M = 155 mM™* cm™. The results were presented in nmol MDA fw.

NO content was quantified by using visible spedtaipmetry (Griess reagent assay)
as described by Zhao et al. [21] with slight madifions. Tissue powders (0.3 g) were
mixed with 2 mL 4 % zinc acetate buffer (pH = 3af)d centrifugated to collect the
supernatant. Wash the pellet with 1 mL extractiofidy and centrifuge as before. Combine
the two supernatants and add 0.1 g of charcoaér Afbrtexing and filtering, the filtrate
was filtered and collected. Incubate a mixture ahll filtrate and 1 mL Greiss reagent at
room temperature for 30 minutes. The absorbance measured at 540 nm. The NO
content was calculated by comparing with the stahdarve of NaN@ and expressed as
pnmol/g.

Nitrate reductase activity and nitrite reductase activity

Nitrate reductase activity was assayed by the itialuof NO,", while nitrite reductase
activity was assayed by the reduction of NQitrate reductase activity was assayed by the
method of Wang et al. [22]. The assay mixture dosth50 mM MOPS-NaOH (pH = 7.5),

2 mM EDTA, 5 mM MgC}, 10 mM KNG, and 150 pL of extract in a final volume of
1.15 mL. The reaction was started by the additib®®pL of 1 mM NADH, and then
incubated at 30 °C for 15 min. The nitrite reduetasctivity assay mixture contained
100 mM potassium-phosphate buffer (pH = 7.5), 10 ®KNIO,, 1.5 % methyl viologen
(MV), 5 % NS0, and 150 pL of extract in a final volume of 1.35 auhd then incubated
at 25 °C for 30 min [23]. The residual NOin the supernatant was determined by
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combining 200 uL of the supernatant with 0.5 mL1oP6 sulphanilamide prepared in
14 % (v/iv) HCl and 0.5 mL of 1 % N-(1-naphtyl) eltwye-diamine dihydrochloride, and
the absorbance of the mixture was read at 540 rarsjrectrometer.

Heter ologous expr ession and functional validation in E. coli

The overexpression vector was constructed baséldeopEASY-Blunt E1 Expression
vector. The ORFs of the ZmNR and ZmNiR genes wenmplified with specific primers.
The amplification products were inserted into a B¥A-Blunt E1 Expression vector
downstream from a T7 lac promoter. The recombiqantein was expressed by adding
1 mM Isopropyl beta-D-thiogalactopyranoside (IPTi@&) 4 h at 37 °C. The recombinant
protein was induced after 4 h of treatment, andetkgression of the ZmNR and ZmNiR
genes inE. coli was analysed by SDS-PAGE. A liquid culture assag werformed to
determine the function of ZmNR and ZmNiR genes urghdt stress conditiong&. coli
strain Rosetta (DE3) cells and the cells transformmath the recombinant plasmid
(PEASY-Blunt E1) or the vector (pEASY) were cultdrevernight in LB medium. Fresh
inoculation was performed via 4 h culture and alldwto grow to an absorbance of
0.6 (ODygo ny)- By adding 1 mM IPTG, the transformed bacteriallsc were induced to
express ZmNR and ZmNiR genes. The following day tultures were diluted to
0.6 ODypp and 1 mL of cells was inoculated in 50 ml LB basedium or supplemented
with 600 mM NaCl [24] and then incubated at 37 °The bacterial suspension was
harvested from each treatment every 1 h for 12ththe Oy mWas measured.

Cloning and overexpression of ZmNR and ZmNiR in tobacco

The ZmNR and ZmNiR binary vectors were transformietb Agrobacterium
tumefaciens GV3101. The leaf disc co-cultivation methodas used to transform
N. benthamiana [25, 26]. Transgenic plants were selected on MB snedium containing
100 mg/L kanamycin and confirmed by PCR analysisguspecific primers (-L/-R, Table
1) for the ZmNR and ZmNiR genes. Wild-type tobagptants (WT) and two selected T2
transgenic lines (NR-5-1 and NiR-1-14) were usedNaCl stress tolerance analysis after
five-week growth.

Statistical analysis

Two-tailed Student's tests were performed to compare the leaf lengthf Width,
relative growth rate of f.w., chlorophyll contemt;oline content, MDA content, and NO
content between the control and,M&D,-treated eelgrass. Two-tailed Studemtissts were
performed to compare the chlorophyll content, eavoid content, proline content, MDA
content, and NO content between the wild-type awmerexpression plants. Differences
were deemed significant pt< 0.05 and extremely significant@k 0.01.

Results

Isolation and char acterization of the ZmNR and ZmNiR genes

The full-length ORFs of ZmNR and ZmNi€bntain 2628 bp and 1773 bp nucleotides
that encode 875 and 590 amino acid residues, witdigted molecular masses of
98.988 and 65.958 kDa, respectively. The theorefidaof ZmNR and ZmNiR were
6.35 and 6.46, and the base composition and GCerbif ZmNR and ZmNiR were
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similar (Table S1, see supplementary materials)e @mino acid sequence alignment
indicated that the deduced amino acid sequenceaMMR and ZmNiR presented low
homology to other plants. According to the aligntm@mNR shares 70.04, 69.90, 70.26,
73.25, 72.52, 71.12 and 71.26 % amino acid sequielecdities withArabidopsis thaliana
(NP_174901.1)0Oryza sativa (XP_015650300.1)Zea mays (AAD38068.1),Glycine soja
(RZB71449.1),Nelumbo nucifera (XP_010245911.1)Setaria italica (XP_004973655.1),
andNicotiana tabacum (AEV66151.1), respectively (Fig. S1, see suppleammmaterials).
ZmNiR shares 78.55, 73.81, 79.43, 78.25, 79.9@978nd 79.05 % amino acid sequence
identities with A. thaliana (OAP11296.1), O. sativa (XP_025881174.1),Z. mays
(ACG29734.1), G. soja (KHN37511.1), N. nucifera (XP_010263547.11)S. italica
(XP_004954025.1) an. tabacum (NP_001311864.1), respectively (Fig. S2).

Tissue-specific expression of ZmNR and ZmNiR

No significant differences in the transcript levef&ZmNR were observed in different
tissues (Fig. 1). The transcript levelsZsfiNiR in the roots were the highest, and the levels
in the leaves and stems were approximately 0.3¥7 ot 0.3-fold, respectively (Fig. 1).
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Fig. 1. Relative expression analysis of ZmNR and\#nin different tissues of eelgrass: leaves (L),

stems (S) and roots (R). The relative level of mRMa#s normalised to that of tifieactin gene
(49G00260). Values are the mean3t(n = 3)
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Expression of ZmNR and ZmNiR in response to NaCl

To determine whether NR and NiR might play a raleNiaCl tolerance in eelgrass,
gRT-PCR assay was first performed to charactefise AMNR and ZmNiR expression
patterns in response to NaCl. Eelgrass were kepttificial seawater with 24 %, NaCl for
48 h, then transferred to 10 % NaCl (low salinignd 40 %. NaCl (high salinity).
In response to the treatments, the relative exjpressvels of ZmNR and ZmNiR showed
similar patterns (Fig. 2). When the NaCl concerdratvas reduced to 10 %o, the expression
levels of both ZMNR and ZmNiR decreased with theréase of treatment time (Fig. 2a
and b). When the NaCl concentration was increasetD¥%o, the expression of ZmNR and
ZmNiR showed significant upregulation and trangcapZmNR and ZmNiR was 5-fold
and 13-fold of the control at 3 h (Fig. 2c andrdgpectively.

Effect of blocking nitrate assimilation on the salt tolerance of Z. marina

Eelgrass growth was evaluated after blocking thieigcof NR, the key enzyme in the
nitrate assimilation, via the addition of \N¢O, (Fig. S3). The plants were reared in
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artificial seawater with N@ as the sole nitrogen source, and the chloroppydiline and
MDA content in the leaves were measured after agdimM NawO, for 3 days and
15 days. The eelgrass treated with 1 mMW@, presented lower chlorophyll and proline
content and higher MDA content than the controtj(RBa, b and c). The fresh weight, leaf
length, and leaf width between the control and,Wa,-treated eelgrass were not
significantly different in the early days of theatment. At the end of treatment, the growth
rate of fresh weight and leaf length were signifita higher than those of the control
(Fig. 3d and e).
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Fig. 2. Relative expression analysis of ZmNR andNfunder different levels of NaCl. Eelgrass were
kept in artificial seawater with 24 %. NaCl; a) anfl duantitative RT-PCR determination of
ZmNR and ZmNiR expression in leaves exposed to 10l&6! for the indicated times; ¢) and
d) quantitative RT-PCR determination of ZmNR andNER expression in leaves exposed to
40 %o NaCl. Values are the meansSB (n = 3). B-actin (49G00260) was used as a loading
control;” p<0.01, p< 0.05
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In addition, a mixed nitrogen source (ammonium phisate) was added to the
eelgrass solution to observe changes in growtls nateen the nitrate assimilation process
was blocked (Fig. S4). Eelgrass were grown in ieidif seawater with N@/NH,",
NO;/NH," (NaWO,) and NH", and the chlorophyll, proline and MDA contentdéaves
were measured after adding 1 mM WD, for 15 days. The eelgrass grown in NH
maintained lower chlorophyll and proline contents digher MDA content than the mixed
nitrogen source plants (NGNH,") (Fig. S4 a, b and c), and the eelgrass treatéld wi
NaWO, presented with reduced chlorophyll and prolineteots and increased MDA
content when compared to the control The freshgineand leaf length in the mixed
nitrogen source (N§YNH,") plants were significantly higher than those i tNH,"
treatment, while the fresh weight and leaf lengttrdased significantly after adding
NaWO, (Fig. S4 d, e and f) after 15 days treatment.
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Heter ologous expr ession and functional validation in E. coli

ORFs encoding functional eelgrass NR and NiR pnsteiere cloned into the pEASY-
BluntE1 vector (Fig. S5a) and expresseé.icoli Rosetta (DE3) cells. Maximal expression
of the recombinant protein was observed after 6 thé presence of 1 mM IPTG and the
SDS-PAGE analysis confirmed that the recombinaatgim was successfully expressed in
E. coli Rosetta cells (Fig. S5 b). The growth under Ndf@ss was evaluated using a liquid
culture assay, and the growth of ZmNR and ZmNiRrexpressiork. coli cells increased
significantly compared to control (Fig. 4a and Bhe activities of NR and NiR were
measured in both recombinant cells and controlscadnd the enzyme activities in
recombinant cells were significantly higher (Fig).4

Heter ologous expr ession and functional validation in tobacco

To investigate whether heterologous expressionmNR and ZmNiR affected NacCl
tolerance in terrestrial plants, the genes wenm®dhtced intoN. benthamiana. The ZmNR
and ZmNiR expression levels of two individual bbacco lines were determined using
semi-quantitative RT-PCR (Fig. S6 a). NR-5-1 andRNi14 were selected for further
enzyme activity analysis, and the results showatlttie enzyme activities of the transgenic
lines were higher than those of the wild-type (Wilants when exposed to NaCl stress
(Fig. 5a and b).
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Fig. 5. a) Enzyme activities and enhanced toleranaalt stress in transgenic plants, b) NR aativiof
transgenic tobacco and control plants (WT), NiRivéis of transgenic tobacco and control
plants (WT), c) chlorophyll content in leaves, dpRnd e) malondialdehyde (MDA) levels.
Values are the meansSb (n=6);” p<0.01, p<0.05

Five-week-old transgenic and WT plants were culédain a a medium containing
high levels of NaCIl. WT plants were found to be enaiilted than transgenic lines under
NacCl stress (150 mM), while no significant diffecenwas observed in 200 mM NacCl (Fig.
S6 b). To examine the physiological changes indumethe overexpression of the ZmNR
and ZmNiR genes, the chlorophyll content, prolirentent, and MDA content were
measured in the leaves after 14 days of NaCl tremttmThe results showed that the
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chlorophyll and proline content of the ZmNR transigeline (NR-5-1) was significantly
higher p < 0.01 orp < 0.05) than that of WT (Fig. 5¢ and d), while ttdorophyll and
proline contents of the ZmNiR transgenic line (NiR-4) were slightly higher than those of
WT. In contrast, the MDA content in the transgerdgerexpressing plants were
significantly lower than that of WT plants (Fig.)5e

Nitric oxide content of eelgrass and transgenic plants

In order to explore how the ZmNR and ZmNiR reguléie physiological and growth
changes in high salinity, we measured the NO cadriteeelgrass and transgenic tobacco
under different treatment conditions. In eelgraks, NO content increased significantly
under high salinity (40 % NaCl), and this respomgss significantly inhibited by the
addition of NaWO, (Fig. 6a). In ZmNR-overexpression transgenic platits NO content
under high salinity were higher than that of wiglpet (Fig. 6b).
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Fig. 6. a) NO contents of eelgrass in differenatiments, b) NO contents of transgenic tobacco and
control plants exposed to the indicated NaCl treatis) for 6 h. Values are meanS2 (n = 3).
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Discussion
Role of ZmMNR and ZmNiR in adapting to NaCl tolerance

It is demonstrated that the enzyme NR and NiR playmportant role in the nitrate
assimilation [3]. Here, we have cloned the NR an@R Ngenes from eelgrass.
A comprehensive analysis of the expression paftarboth genes in response to different
NaCl concentration was performed. The qRT-PCR teswvealed that the expression
levels of the ZmNR and ZmNiR genes were downregdlat low NaCl concentrations and
upregulated at high NaCl concentrations (Fig. 3)iclv is consistent with previous studies
[4]. These results suggested that the ZmNR and Rrddines were closely related to the
NacCl tolerance process in eelgrass,W@, is an inhibitor of molybdoenzymes, commonly
used in research as an NR inhibitor. After addirgViNO, to the artificial seawater, the
physiological and growth indicators were evaluatedesponse to single nitrogen source
(Fig. 3) or mixed nitrogen source (Fig. S4). Werfduhat various physiological indicators
in eelgrass changed in response to nitrate blockddsher grown using single nitrogen
source or mixed nitrogen source. All physiologieald growth indicators, except MDA,
were significantly lower in the treatment grouprha the control group (Figs. 3 and S4).
These results indicated that inhibiting the enzyantivity of NR in eelgrass significantly
affected its growth and physiological processesd ds NaCl tolerance decreased
significantly. In addition, these assays confirntedt NR is critical to NaCl tolerance in
eelgrass. Taken together, these results proved\tRaplays an important role in eelgrass
adaptation to the marine high-salt environment, tat role of NiR in this adaptation
remains unclear.

NaCl tolerance of the ZmNR and ZmNiR transgenic bacteria and plants

The results of transcript expression analyses aa@l kblerance assays (Figs. 4 and 5)
suggested that the heterologous expression of ZmhNRZmNIiR significantly improved
NacCl tolerance in both transgenic bacteria andtpldgnder high salinity, the growth rate
of recombinantk. cali cells was higher than that of control cells. Théoophyll, proline
and MDA content are considered reference paramitgiant stress resistance [27]. In the
present study, the increased chlorophyll and peotiontents and decreased MDA content
(Fig. 5) in the transgenic plants provided strowiglence that the ZmNR and ZmNiR genes
successfully increased the salt tolerance in theadco, and the expression of the
transformed ZmNR and ZmNiR genes may explain theaeoed stress capacity of these
plants. Previous studies describing plant overesgio@ assays have not shown that NR or
NiR is closely related to plant salt tolerance arréstrial plants. The heterologous
expression and biochemical characterization ofatdtrassimilation and nitrite reductase
revealed that the adaptions and potential of pyalitas are based on their cellular location
and function [28]. Positional cloning of the nigriteductase gene has been associated with
improved growth and regeneration ability of catlirice [29]. Our results showed that the
ZmNR and ZmNiR genes successfully improved theteédtrance of bacteria and tobacco,
suggesting that these genes have application jpatenthe development of improved crop
stress-tolerance. Considering the individual cbation of these two enzymes to salinity
tolerance, ZmNR is more important than ZmNiR. Agreasing number of genes from
seagrass or halophytes will likely be cloned anbsequently expressed in crop plants
(such as rice), which will help to narrow the gagiviieen grain production and the rapidly
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growing human population and provide insights ithe molecular mechanism of salt
tolerance in marine angiosperms.

How ZmNR and ZmNiR affect eelgrass adaptation to high salinity

The results of this study showed that NR in eekyiasmportant for NaCl tolerance;
however, the molecular mechanism of how NR affé¢#&CI tolerance requires further
study. We determined various indicators of eelgragter NaCl conditions and found that
the NO content increased significantly (Fig. 6aheTNO content increased significantly
under the high salinity (40 %0 NaCl), and decreasigghificantly after adding N&vO,.
These results indicate that the elevated NO corigeriosely related to NR activity and the
NR pathway may be the main source of NO in eelgfd€sis commonly found in various
animals and plants and can be synthesised via Bhg@thway [30]. Studies have found
that NO can regulate almost all growth and develapnprocesses in plants [31, 32] and
participates in the signal transmission in respaesearious biotic and abiotic stresses
[33, 34]. In terrestrial plants, the level of NGn cells is 100 times that of NO and NR
has a significant preference for BliQwhich means that the level of NO produced froia th
pathway is very low. However, under anaerobic ciimas (such as in seawater), the level
of NO production is expected to be higher due &abcumulation of N&) [13, 35].

Based on these results, we hypothesise that NOhmdgvolved in regulating NaCl
tolerance in eelgrass (Fig. 7). This may be thesaeawhy the phenotype of ZmNR
overexpression lines was more significant than oi@mNiR overexpression lines.
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Fig. 7. The mechanism of NO effecting eelgrass tadi@m to high salinity environment
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In previous studies, NR and NiR has been showretmtibited or slightly modified in
response to salt stress [36, 37], however thisysimgnd that the critical enzymes of nitrate
assimilation process increased under high NaClitiond and decreased under low NaCl
conditions. Therefore, the upregulation of NR ar& Nnder high salinity may be unique
to eelgrass, which is closely related to its adaptaunder marine environment. Here, we
found that both the NR and NiR genes in eelgras® Haw homology to other plants
(Figs. S1, and S2), which may be the reason far thréque functions under high salinity.
Moreover, the analysis of these gene sequencédwitetrestrial ancestors of eelgrass and
other marine seagrasses may provide insights farduesearch.

Conclusion

In summary, ZmNR and ZmNiRwere cloned and characterised in eelgrass.
The expression of ZmNR and ZmNiRas induced under high NaCl conditions and
supressed under low NaCl conditions. In additidocking nitrate assimilation by adding
NaWO, to eelgrass affected its growth and physiologjpaicesses. The heterologous
expression of ZmNR and ZmNiR conferred NaCl tolesin transgenic bacteria and
tobacco. ZmNR- and ZmNiR-overexpression bacteriaibited faster growth rates, and
ZmNR- and ZmNiR-overexpression plants demonstrateckased chlorophyll and proline
contents and reduced MDA content under high Naxélsst Taken together, these results
showed that ZmNR and ZmNiBlay important roles in eelgrass responses to Nadl
could affect various physiological pathways to emdgathe NaCl tolerance in transgenic
bacteria and terrestrial plants. Nitrate reductiegendent NO synthesis may play
an important role in NaCl tolerance in eelgrass, ths study provides valuable insights for
evaluating the role of nitrate assimilation in riagimg stress resistance and candidate genes
for enhancing salt tolerance in plants.
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