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ABSTRACT
He Songtao. Complex ecological, physiological and genetic analysis of the
response of Cucurbita genus representatives to salt stress. — Qualifying scientific
work as a manuscript.
Dissertation for a Doctor of Philosophy degree (PhD): Speciality «101-
Ecology». — Sumy National Agrarian University, Sumy, 2023.

Soil salinization is a characteristic feature of many natural ecosystems. It also
covers about 20% of the arable land of the planet. Currently, salinization, the territory
of which is constantly growing, is one of the powerful factors limiting the sustainable
development and modernization of world agriculture. Therefore, studies aimed at
elucidating the mechanisms of response and adaptation of plant organisms to salt
stress are becoming more and more important. First, they should cover the leading
agricultural crops, including members of the Cucurbitaceae family, which are widely
cultivated in the world for their economic and ecological properties. Cucurbitaceae are
not halophytes, most of them are sensitive to salt stress and usually show obvious
inhibition of growth in conditions where the NaCl content in the soil solution reaches
0.1%. Taking into account the above, the question of clarifying the ecological and
physiological aspects of the formation of salt tolerance in representatives of the
Cucurbitaceae family and the actual genus Cucurbita and managing this trait on the
basis of the use of both classical and modern scientific and technical means is gaining
relevance.

Taking into account the above, the issue of clarifying the ecological-physiological,
genetic aspects of the response to salt stress of representatives of the Cucurbitaceae
family and the actual genus Cucurbita, the formation of their salt resistance, becomes
relevant and managing this trait on the basis of the use of both classical and modern
scientific and technical means.

The aim of the work was determined: to establish the mechanisms of response to
salt stress and adaptation to it, which are implemented by representatives of the genus
Cucurbita at different levels of the organization, as well as eco-physiological aspects
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of the formation of salt resistance, quantitative and qualitative characteristics of plants
when using grafting technology.

The work was performed on the basis of the application of theoretical (analysis,
synthesis, explanation, generalization, a mathematical and statistical) and empirical
(experiment, measurement, comparison) research methods. Experimental field and
laboratory ecological-physiological and laboratory genetic studies were carried out,
chemical, spectrometric, fluorescent, morphometric, and vitality analyses were applied,
and among mathematical and statistical calculations, point estimation of statistical
series and dispersion analysis were used.

In studies aimed at establishing the effect of salt stress on the morphological
characteristics, vitality, and degree of damage to pumpkin plants, as well as on the
exchange of organic and inorganic compounds, the flow of leading physiological
processes, the following experimental scheme was used: control (water, 0 mmol/L
NaCl), low salt stress (60 mmol/L NaCl), high salt stress (120 mmol/L NaCl).
Pumpkins of two varieties were used in the study: Yanzhen and Miben.

When studying the eco-physiological interactions that occur between plants when
grafting technology is used, pumpkin plants that were subjected to salt stress were
grown, followed by their use as rootstocks for watermelon. The study of the
interactions formed when using salt-resistant pumpkin rootstocks was supplemented
by an assessment of the impact of arbuscular mycorrhiza on plant metabolism and
resistance.

According to the results of the study of the effect of salt stress caused by different
concentrations of NaCl, the nature of the reaction of morphological features of
pumpkin to salt stress was determined. It is shown that against the background of
increased salt concentration, the size, and vitality of plants decrease, and a number of
negative quality signs appear in them: yellowing of leaves, their twisting, etc. It has
been established that changes in the dimensional parameters of plants against the
background of salt stress can be an informative indicator in the study of the
mechanism of salt resistance and the breeding of salt-resistant varieties of pumpkin.

It is shown that plants respond to an increase in the concentration of a salt solution

with a statistically significant increase in the salt damage index and the salt damage
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rate. The results of the research proved that the salt damage index, as a morphological
index for assessing plant resistance to salt, is a simple, easy, accurate and reliable
indicator for directly detecting the degree of resistance of Cucurbita genus
representatives to salt stress.

It has been proven that salt stress affects indicators and signs related to the course
of photosynthesis and water exchange of pumpkin plants, which leads to a decrease in
the following values: photosynthesis rate, stomatal size, stomatal conductance,
transpiration rate, as well as changes in chlorophyll content, mainly in the direction of
its increase. At the same time, the reduction of indicators that determine the amount of
water loss are factors in increasing the resistance of plants to salt stress, and the
indicators that determine the intensity of photosynthesis are factors in slowing down
the synthesis of carbohydrates and inhibiting plant growth. The degree of variation in
chlorophyll content in leaves under salt stress was related to plant variety and salt
concentration.

An increase in the content of MDA (malondialdehyde) and the permeability of cell
membrane structures due to their peroxidation was recorded in pumpkin under salt
stress. The relative permeability of the plasma membrane also increased against the
background of increasing salt concentration. One of the reasons why NaCl damages
the structure of the plasma membrane is the excessive accumulation of Na™ in cells: it
replaces Ca?*, which can stabilize and protect the plasma membrane.

It was shown that the transformations related to the metabolism of carbohydrates
and amino acids in pumpkin play an important role in the complex of processes of
response and adaptation to salt stress: with increasing salt concentration, the content of
proline and soluble sugars increases. Soluble sugar and proline are essential substances
that regulate the osmotic potential and water potential of plants under salt stress
conditions. After 7-day salt stress caused by exposure to NaCl, the proline content in
the leaves of pumpkin seedlings was significantly higher than in the control.

It was established that salt stress affects the absolute and relative indicators of the
accumulation of ions of mineral substances, as well as their distribution in plant organs.

According to these characteristics, Na*, K*, Ca** and Mg?" ions showed high
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individuality, which is also a result and evidence of their specific role both in the
aspect of ensuring the reaction and adaptation of pumpkin plants to salt stress.

It has been found out that in response and adaptation to salt stress in pumpkins at
all levels of the organization against the background of the stated general trends,
varietal features are clearly manifested. In particular, it was established that the
Yanzhen mainly accumulates Na* in the root system, while the Miben mainly
accumulates in the stem. This results in the formation of differences in the varieties
and in the accumulation of K*, Ca?" and Mg?*, as well as differences in the value of
the K*/Na® ratio. In general, according to a complex of physiological and
morphometric characteristics, Yanzhen shows a higher resistance to salt.

Identification and analysis of the expression of the WRKY gene family in
Cucurbita genus representatives under salt stress conditions was carried out. Screened
12 WRKY family transcription factors in pumpkin in response to salt stress, and
analysed their phylogenetic relationships, spatio-temporal expression patterns, tissue-
specific expression characteristics, and transcriptional activities under salt stress in
detail.

For to improve and expand research aimed at revealing the genetic aspects of the
formation of salt resistance, have developed an efficient transient transformation
system for the study of gene function and protein subcellular localization. Using this
method, the salt tolerance gene StNHX1 was transiently overexpressed in pumpkin
roots and cotyledons.

The interactions that occur between the scion and the salt-resistant pumpkin
rootstock when using the technology of grafting in the cultivation of gourds were
studied. The influence of salt-resistant rootstocks on the metabolism of rootstocks has
been clarified and proved, the feasibility of using grafting technology to increase the
resistance of plants to salt stress, increase the yield of crops and obtain high-quality
products has been shown. It is shown that the use of arbuscular mycorrhizal fungi in
the cultivation of melon crops based on grafting technology leads to a change in plant
metabolism, affects the quality of the obtained products and contributes to increasing
the resistance of plants to adverse environmental factors.
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Scientific novelty is inherent in the research results obtained during the dissertation.
For the first time, based on the results of observations during the entire growing
season, the influence of salt stress on the complex of quantitative and qualitative
morphological features of pumpkin plants was investigated. The features and
regularities of the accumulation of ions of mineral substances in the vegetative and
generative organs of pumpkins under conditions of salt stress have been established.
The physiological and biochemical transformations that occur in pumpkins against the
background of salt stress have been comprehensively investigated and clarified. The
methodological aspects of assessing the impact of salt stress during the pumpkin
ontogenesis were improved, and the method of vitality analysis was used for the first
time to assess the vitality of pumpkin plants. An efficient system of temporary
transformation was developed to study the function of genes and subcellular
localization of protein in pumpkin. The theoretical and practical principles of using
salt-resistant pumpkin rootstocks for the cultivation of melon crops have gained
further development.

The materials of the dissertation work are used in the educational process of the
Department of Ecology and Botany of Sumy National Agrarian University. The
research results were reviewed and discussed at 6 conferences of various ranks. 12
scientific works have been published based on the dissertation materials: 3 articles in
journals included in the Scopus, Web of Science database, 3 articles in specialized
scientific publications of Ukraine, 6 publications in conference materials.

Keywords: genus Cucurbita, soil, salinization, stress resistance, adaptation,
morphometric analysis, vitality structure, plant development, antioxidants, metabolism
of organic substances, photosynthesis, chlorophyll content, ions of inorganic
substances, grafting of plants, gene expression, rhizosphere, microbial cenosis, vital

activity of soil microorganisms.



AHOTALIA
Xe Cynrao. KoMiuiekcHu#l eKoJIOriYHMH, (PI3ioN0riYHMH Ta TeHeTHYHMH
aHAJi3 pearyBaHHsi mpeacTaBHHUKIB poay Cucurbita ma coaboBuii crpec. —
KpaugidikaniiiHa HayKkoBa npausi Ha NpaBax pyKoIucy.
HNucepranis Ha 3700yTTS HAyKOBOTO CTyIleHs Joktopa ¢itocodii 3a
cnemianbHicTIO 101 «Exonoris». — CyMChbKHl HalllOHAJIBHUI arpapHUil YHIBEPCHUTET,

M. Cymu, 2023.

3aconeHHs TPYHTY € XapaKTePHOI0 03HAKOI0 HU3KH MPHPOTHUX eKocucTeM. BoHO
oxoruttoe 1ie i 0nu3bko 20% opHux 3eMensp mianetu. Harenep, 3aconenns, Teputopis
NOIIMPEHHS SKOTO TIOCTIMHO 3pOCTae, € OJHUM i3 TOTYXKHUX YHWHHHKIB, IO
00OMEXYIOTh CTaJIM PO3BUTOK 1 MOJEPHI3AII0 CBITOBOTO CUIBCHKOTO TOCIIOIAPCTBA.
Tomy yce OuIbIIOT 3HAYYIMIOCTI HAOYBAaKOTh JOCIIIKCHHS, CIIPSIMOBaH1 Ha 3’ CyBaHHS
MEXaHI3MIB pearyBaHHS POCIMHHUX OpPraHi3MiB Ha COJBOBHM CTpec Ta ajamnTallii g0
Hhoro. Hacammepen BOHM MalOTh OXOIUTIOBAaTH TPOBIIHI CUIBCHKOTOCIOIAPCHKI
KYJIBTYPH, BKIIOYAlOYM TpeacTaBHUKIB poauHu Cucurbitaceae, ski mmpoko
KYJIBTUBYIOTBCS Y CBITI 3aBASIKA CBOIM T'OCHOJAPCHKUM Ta €KOJIOTTYHUM BIACTUBOCTSIM.
I'apOy30Bi He € ramoditamu, OUIBINICTH 13 HUX YYTIMBI JO COJBOBOTO CTpecy 1
3a3BUYall BXKE JEMOHCTPYIOTh mpurHideHHs pocry komu Bmict NaCl y rpyaToBomy
po3uuni gocsirae 0,1%. BpaxoByroum 3a3HaueHe, akTyaJbHOCTI HaOyBa€ NHUTaHHS
3’SICyBaHHSI €KOJIOTO-(Pi310JI0TIYHUX, TEHETUYHUX ACTEKTIB pearyBaHHs Ha COJHOBHI
cTpec mpencraBHUKIB ponuHu Cucurbitaceae i Bmacue pomy Cucurbita, hbopmyBanms
iXHBOT CONECTIMKOCTI Ta YMPaBJIiHHS II€I0 O3HAKOID HA OCHOBI BHKOPUCTAHHS SIK
KJIACUYHUX, TaK 1 HOBITHIX HAYKOBO-TEXHIYHUX 3aCO0IB.

Metoro pobGoTu Oyno BH3HAUEHO: BCTAHOBUTH MEXaHI3MH pearyBaHHS Ha
COMBOBUHM CTpeC Ta aJanTaiii J0 HbOTO, SKI PEali3ylThCs MPEACTABHUKAMH POIY
Cucurbita mHa pi3HEX pIBHAX OpraHizaiii, a TaKOX eKO-(i3i0JOriuyHi acIeKTH
dbopMyBaHHSI COJECTIMKOCTI, KUTBKICHUX Ta SKICHUX XapaKTEePUCTUK DPOCIUH TIPH
BUKOPUCTAHHI TEXHOJOT1i IIETJICHHS.

PoGora BHKOHaHa Ha OCHOBI 3aCTOCYBaHHSI TEOPETHUYHUX (aHaJI3, CHUHTE3,

IIOACHCHHA, Y3araJlbHCHHS, MAaTCMATHKO-CTATUCTHUYHA OI_[iHKa) Ta CMHipI/I‘-IHI/IX



(ekcepuMEHT, BUMIPIOBAHHS, MOPIBHSAHHS) METOMIB JAOCHIIXeHHS. PeanizoBaHo
eKCIIEpUMEHTAIbHI TOJBOBI M J1a00OpaTOpHi €KoJIOro-(i3ioyoriuHl Ta JadopaTopHi
reHETUYHI JOCIIIIKEHHS, 3aCTOCOBAHO XIMIYHHH, CIIEKTPOMETPUYHUN,
dyopecieHTHUM, MOPp(POMETPUYHUIA, BITATITETHUN aHaAJI3H, a 3-TIOMDK MaTeMaTHKO-
CTaTUCTHYHUX PO3PAXyHKIB BUKOPHCTAHO TOYKOBE OIIHIOBAHHS CTATUCTHYHHUX PSIiB
Ta JUCHEPCIMHUMN aHAII3.

VY AochipKeHHSX, CIIPSIMOBAaHWX Ha BCTAaHOBJICHHS BIUIMBY COJLOBOTO CTpECy Ha
MOP(QOJIOTTYHI XapaKTEPUCTUKH, KUTTEBICTh (BITAJITET) 1 CTYMIHb YPAXKEHHS POCIHH
rapOy3a, a TakoX Ha OOMIH OpraHiuHMX 1 HEOPraHIYHUX CIOJIYK, MPOTIKaHHS
IpOBiAHUX (P1310JOTTYHUX TPOIECIB, BUKOPUCTOBYBAJIM HACTYIHY CXEMY JOCIITY:
koHTpostb (Boga mipu 0 mmosw/n NaCl), auspkuii conboBuii crpec (60 mmoms/n NaCl),
Bucokuit compoBuit ctpec (120 mmonn/n NaCl). YV pocmimkenni Oynu 3aaisHi rapOy3u
JIBOX COpPTiB: SIHBWKEeHb 1 Mi0eH.

[Ipu BuBYEeHHI €KO(]i1310JOTTUHMX B3aEMOJIM, SKI BUHUKAIOTh MIX POCIMHAMH TIPHU
BUKOPUCTAHHI TEXHOJIOT1I IIECTUIEHHS, MPOBOIWIOCH BUPOIILYBAaHHS POCIHH TapOy3a,
AK1 3a3HAJM COJIbOBOTO CTPECY, 13 HACTYMHUM iX BUKOPUCTAHHSAM SIK MUAIIENH ISt
KaByHa. BuBdYeHHs B3aeMofid, sKi (GOPMYIOThCS TNMPU BUKOPUCTAHHI COJECTIMKUX
migmen rapOysa, OyJ0 JOMOBHEHO OIIIHKOIO BIUIMBY apOyCKYISpHOI MIKOpHM3W Ha
0OMIH PEUOBHH Ta CTIMKICTh POCIIHH.

3a pesynbrataMyd JOCHIUKCHHS BIUIMBY COJBOBOTO CTPECY, BHUKIHUKAHOTO
pisaumu  koHneHTpamisvmu NaCl, BcTaHoBneHO xapakrep peakiii MOPQOIOTIIHHX
o3HaK rapOy3a Ha COJIbOBUU cTpec. JloBeaeHo, 110 Ha TN MiABUINEHHS KOHIICHTpAIi
conelt BiIOyBa€ThCsl 3MEHIIICHHS PO3MIPIB 1 BITATITETY POCIHMH Ta MPOSIB Y HUX HU3KH
HETaTWBHUX SKICHUX O3HAK: MMOXKOBTIHHS JIUCTKIB, IXHE CKpydyBaHHs To1mo. [Toka3aHo,
0 3MIHH PO3MIPHHX TOKAa3HUKIB POCIMH Ha TIi COJIBOBOTO CTPECY MOXKYTh
BUCTyNaTH 1HGOPMATUBHUM IHIUKATOPOM TP JOCHTIKEHHI MEXaHI3MY COJECTIHKOCTI
Ta BUBEJICHHI COJIECTINKUX COPTIB rapoysa.

BceranoBneHo, 1m0 poCcIWHU pearyoTh Ha MiJBUIIECHHS KOHIIEHTpAIlii COTHOBOTO
pPO3YMHY CTAaTHCTHYHO 3HAYYIIUM TMIABUIIECHHSM BEIWYMH I1HJEKCY COJTHOBOTO
YpaKeHHS Ta CTYIICHS COJLOBOTO ypaXeHHs. Pe3ynbTaTtu MOCTiKEHb 3aCBITUMIIH, IO

THJEKC COJIbOBOTO YpPa)KE€HHS, K MOP(MOJIOTTYHUN THIAEKC OI[IHKU CTIMKOCT1 POCIIUH J10



COJMi, € TPOCTHUM, JIETKHM, TOYHUM Ta JOCTOBIPHUM ITOKAa3HUKOM JJIsi TIPSMOTO
BUSBJICHHS CTYICHS CTIHKOCTI MpencTaBHUKIB poay Cucurbita 1o conboBoro crpecy.

JloBeneHO, 10 COJMLOBUM CTpPEC BIUIMBAE HA TMOKA3HMKU Ta O3HAKH, MOB’S3aHi 3
nepebirom (oTocuHTE3y Ta BOJOOOMIHY Yy POCIHMH rapOy3a, IO MPU3BOIUTH 10
3HIDKEHHSI 3HA4Y€Hb: MIBUAKOCTI (POTOCUHTE3Y, pO3MIpY NPOAUXIB, MNPOJUXOBOT
MPOBIJHOCTI, WIBUJKOCTI TpaHCHipalii, a TakoXK JO0 3MiHU BMICTY XJopodiny,
nepeBakHo y Oik #oro 30uiblieHHS. I[IpM 1IbOMY 3HMIKEHHS MOKAa3HUKIB, IO
BU3HAYAIOTh BEJIIMYUHY BTPAT BOAM, € YMHHHKAMU IiJBUIICHHS CTIHKOCTI POCIHH 0
COJILOBOTO CTpECYy, a MOKa3HMKIB, II0 BU3HAYAIOTh IHTEHCUBHICTH (POTOCUHTE3Y,
YUHHUKAaM{ YIOBUIBHCHHS CHHTE3y BYIJVICBOMIB 1 TaJbMYBaHHS POCTY POCIHH.
Cryminp Bapiamlii BMICTy XJOpoQuly B JIMCTKaX Ha TJI COJbOBOTO CTpecy OyB
OB’ sI3aHUI 3 COPTOM POCIUH Ta KOHLEHTPAIIEIO COJIL.

VY rapOy3iB 3a COJIBOBOTO CTpPECy 3apeecTpOBAHO MiABUIICHHS BMicty MJIA
(MaJoOHOBOTO MdiadbACTiAy) Ta TPOHUKHEHOCTI MEMOpaHHUX CTPYKTYp KIIITHH
YHACIIJOK IXHBOTO MEPEKUCHOTO OKUCIIEHHS. BilHOCHA MPOHUKHEHICTh TUIa3MaTuyHOT
MeMOpaHU TaKOXk 3pOCTajia Ha T 30 UIbIIIEHHIM KOoHIeHTpallli comi. OmHie0 3 TpUYUH
nomkomkeHHs: NaCl cTpykTypu miasMatuyHoi MeMOpaHH € HaJMipHEe HAKOMYCHHS
Na* y kmitunax: BiH 3amiHioe Ca?', sxuii Moxe cTabiTi3yBaTH Ta 3aXUCTHTH
I1a3MaTHIHy MeMOpaHy.

IToxazano, mo y rapOy3iB MepeTBOPEHHS, MOB’s3aHI 3 OOMIHOM BYIVICBOAIB Ta
aMIHOKHCJIOT, BIIIrpar0Th BaXKJIMBY POJIb Y KOMIUICKC] ITPOIIECIB BIAMOBI/I Ta aganTarii
70 COJILOBOTO CTpecy: 31 30UIBIICHHSIM KOHIEHTpaIlii coii 30UTbIIYEThCS BMICT
MPOJiHYy Ta PO3YMHHHUX IIyKpiB. BOHW € BaKIIMBUMHU PEUOBUHAMH, SIKI PETYIIOIOTH
OCMOTHYHHH TOTEHIIIA 1 BOAHUHN IMOTEHIIA] y POCIUH B YMOBaxX COJIBOBOTO CTPECY.
[Ticis 7-meHHOTO CONMBOBOTO CTpecy, ooymonieHoro BrumBoM NaCl, BmicT mponiny B
JUCTKAaX MPOPOCTKiB rap0y3iB OyB JOCTOBIPHO BUIIUM, HI)K Y KOHTPOJTI.

BcranoBneHo, 1m0 CconbOBHM CTpeC BINIMBaE Ha aOCOMIOTHI Ta BiTHOCHI
MOKa3HUKW HAKONMYCHHS 10HIB MIHEpPAJbHUX DPEUOBWH, a TaKOX IXHIA PO3MOMLI
OpraHaMHM pOCIMH. 3a IuMMHU XapakTepuctukamu ionu Na', K', Ca?* ta Mg?

MPOICMOHCTPYBAJIM BUCOKY 1HJIMBITYaJbHICTD, 110 TAKOXK € PE3YJBTATOM 1 CBIIUCHHSAM
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iXxHpO1 creundiuHOi poJl SIK B acHeKTi 3a0e3MeueHHsl pearyBaHHs, Tak 1 ajganTauii
pociiiH rapOy3a 10 COJIbOBOTO CTPECY.

3’sicoBaHO, 10 y pearyBaHHI Ta ajanTarllii 10 COJbOBOIO CTpecy y rapoOys3iB, Ha
yCiX PpIBHSAX Opradizailii, Ha TJI1 BUIIECBUKIAJCHUX 3arajbHUX TEHJICHIIIN, YITKO
MIPOSIBIISIFOTHCST COPTOB1 0COOMMBOCTI. 30KpeMa, BCTAHOBJIEHO, IO COPT SIHBWKEHD
nepeBakHo Hakormnuye Na* B kopeHeBiii cuctemi, a Miben — y crebmi. Ile mae
HaciakoM (GOpPMyBaHHS BiIMIHHOCTEH Mixk copramu i y Hakonmuenni K, Ca?" i Mg
a TakoXX BimMiHHOCTE# y 3HaueHHi crmiBBimnomenas K*/Na*. 3aramom, 3a KOMILIEKCOM
¢i1310710rTYHUX Ta MOPHOMETPUYHUX O3HAK, SIHBWKEHb JAEMOHCTPYE BHILNY CTIMKICTb
JI0 COJIL.

[IpoBeneno imentudikaniro Ta aHam3 ekcrpecii poauHu reHiB WRKY 'y
npejacraBHukiB poxy Cucurbita B ymoBax compoBoro crpecy. Y rapOy3iB mnpu
pearyBaHHI Ha COJBOBHM cTpec BIAKPUTO 12 TpaHCKpUMUIAHUX (HAKTOPIB POAMHU
WRKY, neranbHO mpoaHai30BaHO iXHI (PLIOTEHETUYH1 3B’S3KH, MPOCTOPOBO-YACOBI
MONIeNII  eKCIpecii,  TKaHUHO-CIEeIU(IUHI  XapaKTEepPUCTHUKH  eKchpecii  Ta
TPAHCKPUMIIHHY AaKTUBHICTh IiJl COJIbOBUM CTPECOM. 3ajyisi BJOCKOHAJIEHHS Ta
PO3IIMPEHHS JOCHTIIKEHb, CHOPSIMOBAHMX HA BHUSBICHHA T€HETUYHHUX AacCIEKTiB
dbopMyBaHHS  COJIECTIMKOCTI, PO3pOOSICHO €(EeKTUBHY CHCTEMY TPaH3UTOPHOI
TpancdopMairii s BUBYCHHS (YHKINI T€HIB Ta CYOKIITHHHOI JIOKasizallii OuIKiB.
BuxopucroBytoun meit meron, reH criikocTi go com StNHXI1 OyB TUMYacoBo
HAJMIPHO €KCIIPECOBAHUN y KOPEHSX 1 CiM sII0NsIX TrapOy3a.

BuBueHo B3aeMoIlifo, sika BUHMKA€ MDK MPHINETO Ta COJECTIMKOI MiAIIETO0
rapOy3a TpU 3aCTOCYBaHHI TEXHOJOTIi MICTUICHHS TPU BHUPOIIYBaHHI OalTaHHUX
KyJABTYp. 3’SICOBAaHO Ta MPOAHATI30BAaHO BIUIMB COJECTIMKUX MiAIIEN HAa METa0oIi3M
migmen. JloBeAeHO MOMUIBHICT, BHKOPHUCTAHHS IN€l TEXHOJOTIl JJIS ITIBUIICHHS
CTIKOCTI POCIMH /O COJBOBOTO CTpPECYy, MIJBUINEHHS BPOXAWHOCTI KYJIBTYyp Ta
OTpUMAaHHsI BUCOKOSKICHOT mpoaykirii. [lokazano, 1o BUKOpUCTaHHS apOyCKyISIPHUX
MIKOpU3HUX TPUOiB, TIPW BUPOIIYBaHHI OAalITAHHUX KYJIbTyp Ha OCHOBI TEXHOJOTIi
HIETJICHHS, MNPU3BOAUTHL JO 3MIHM METa0olli3My pOCJIWH, BIUIMBAa€ Ha SKICTh
OJICp)KyBaHO1 TPOAYKII Ta CHpUSE TMIABUIIEHHIO CTIMKOCTI POCIHH [0

HECHPUATINBUX YUHHHUKIB JOBKIJIJIS.
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PesynbraTram gocniikeHb, OTPUMAaHMM Y TIpOLEeCci BHUKOHAaHHA JuUcepTalii,
npuTaMaHHa HayKoBa HOBH3HA. 30KpeMa, YIepiie, 3a pe3yabTaTaMu CIIOCTEPEKCHD
MPOTATOM YCHOTO BETETAI[iHHOTO TEPiony, MOCHIIHPKEHO BIUIUB COJHOBOTO CTPECy Ha
KOMILUIEKC KUIBKICHUX Ta SKICHUX Mop(doo3Hak pociuH rapOys3a. BcraHoBieni
0COOJMBOCTI TOTJIMHAHHA Ta HAKOMWYEHHS 10HIB Y BEreTaTUBHUX Ta T€HEPATUBHUX
opraHax rapOy3iB 3a YMOB COJIbOBOTO cTpecy. BceOGIl4yHO IOoCHiIKeHO Ta 3’sICOBAHO
¢131010r0-010XIM14H1 NMEPETBOPEHHS, K1 BiI0YBalOThCs B rapOy3ax Ha TJl COJIbOBOIO
cTpecy. YIOCKOHAJICHO METOIWYHI acCleKTH OI[iIHKH BIUIMBY COJBOBOTO CTPECY
NPOTATOM OHTOTeHe3y rapOy3a Ta BIEpIIE BHKOPHUCTAHO METOAMKY BIiTAIITETHOTO
aHaji3y ISl OIIHKU XUTTEBOCTI pOCiuH rapOy3a. Po3pobieHo epekTuBHY cuUCTEMy
TUMYacoBOi TpaHchopmarlii i BUBYEHHS (PYHKIIIT reHiB 1 CyOKIITHHHOI JTOKaTi3amii
Oinka B rapOy3ax. HaOynu mojasibIioro po3BUTKY TEOPETHYHI Ta MPaKTUYHI 3acajau
BUKOPUCTAHHS COJIECTIMKMUX MifIien rapOy3iB Mpy BUPOIYBaHHI OAIITAHHUX KYIBTYP.

Marepianin nucepraniiiHoi poOOTH BUKOPUCTOBYIOThCS B HaBYaJIbHOMY IPOIIEC]
kadenpu exosnorii Ta 60TaHikn CyMCBHKOTO HaIllOHAJIBHOTO arpapHOro YHIBEPCHUTETY.
Pesynbraru mociimkeHb OyliM po3TIISTHYTI Ta 0OrOBOpPeH1 Ha 6 KOH(EPEeHIIIAX Pi3HOTO
panry. 3a marepiajaMH JucepTallii onyOJiKoBaHO 12 HayKOBHX Ipallb: 3 CTaTTi y
’KypHaJIax, 10 BXOAATh 10 0a3 manux Scopus, Web of Science, 3 crarti — y dgaxoBux
HAayKOBHUX BHJIAHHAX YKpaiHu, 6 myOikariiii — y Marepiaiax KoH(EpeHIIii.

KmouoBi caoBa: pix Cucurbita, epynum, 3zaconenns, cmiiikicmos 00 cmpecy,
aoanmayis, MOpOMempUYHULL AHANI3, GIMANIMemHa CMPYKMypa, po3GUMoK pOCUH,
AHMUOKCUOAHMU, OOMIH OP2AHIYHUX peuosuH, omocunmes, emicm Xaopo@iny, ioHu
HEeOp2aHiuHUX peuoB8UH, WeNnIeHHs POCIUH, eKCHpecisa 2eHis, pusocgepa, MIKpoOHUlL

YEHO3, HCUMMEOIANbHICING 2PYHMOBUX MIKPOOP2AHIZMIE.
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LIST OF CONVENTIONAL ABBREVIATIONS
AMF — arbuscular mycorrhizal fungi
IAl —insoluble acid invertase
SuSy — sucrose synthase
SPS — sucrose phosphate synthase
WW — well-watered
RWC — relative water content
DAP — days after pollination
WW — the well-watered
DI — the deficit irrigation
WW + AMF — well-watered and inoculated with arbuscular mycorrhizal fungi
DI + AMF — deficit irrigation and inoculated with arbuscular mycorrhizal fungi
2X — the diploid watermelon
2X/P — the diploid watermelon grafted onto the pumpkin
3X — the triploid watermelon
3X/P — the triploid watermelon grafted onto the pumpkin
MDA — malondialdehyde
Pn — photosynthetic rate
G; — stomatal conductance
Ci — intercellular CO; concentration
T, — transpiration rate
WUE — water utilization ratio
Ls — stomatal limit
GB — glycine betaine
AFO — active forms of oxygen
LEA — Late Embryogenesis Abundant proteins
Chl — chlorophyll
PS — photo system
®PSII — photo system I1
PFD — Optical Quantum Flux Densit
Fv/Fm — maximum photochemical efficiency
ETR — electron transport rate
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INTRODUCTION

The rationale for choosing the research topic. At the current stage, about 20%
of the world's arable lands are subject to salinization [1]. According to FAO, the total
area of land affected by salinization exceeds 12 million hectares [2]. Against the
background of global climate changes, their area is constantly expanded [3-5]. Soil
salinization leads to the loss of up to 50% vyield [6]. As a result of the decrease in yield
and quality of products [7], which are manifested against the background of soil
salinization, the annual losses of the world agriculture are about 12 billion dollars, and
this value is still increasing [8]. As a result, salinization becomes one of the powerful
factors limiting the sustainable development and modernization of world agriculture
[9-12]. These facts and the fact that against the background of the increase in the
world population and the shortage of arable land in, the territories, that have
undergone salinization become an important reserve land resource [13, 14], studies
aimed at elucidating the mechanisms of response and adaptation of plant organisms to
salt stress are becoming more and more important [15-17]. These studies should first
of all cover the leading agricultural crops, include a number of representatives of the
family Cucurbitaceae, which are widely cultivated in the world due to its economic,
medicinal, edible and ecological values [18-23]. Cucurbitaceae are not halophytes,
most of them are sensitive to salt stress and usually show obvious inhibition of growth
in conditions where the NaCl content in the soil solution reaches 0.1% [24].

Taking into account the above, the issue of clarifying the ecological-physiological,
genetic aspects of the response to salt stress of representatives of the Cucurbitaceae
family and the actual genus Cucurbita, the formation of their salt resistance, becomes
relevant and managing this trait on the basis of the use of both classical and modern
scientific and technical means. Such studies have significant theoretical and practical
significance, because they allow to deepen knowledge about the essence of the
phenomena of life, about the role of different levels of the organization in ensuring
response of plants to the influence of internal and, external factors, to determine the
possibility and approaches of managing adaptation processes and, on this basis, for

territories, that have undergone salinization, to develop conceptual principles for the
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formation of sustainable and productive agrocenoses with the participation of the
Cucurbitaceae family, including its typical representative: genus Cucurbita
(pumpkins).

Connection of the research with scientific programmes, plans, and topics.
The work was done according to the plans of the research institute work of the
Department of Ecology and Botany at Sumy National Agrarian University and
according to the plans of the research institute work of Henan University of Science
and Technology. In particular, research was supported by grants from the Key
Research and Promotion Projects of Henan Province (N0.212102110410 & No.
202102110202).

The purpose and objectives of the study. The aim of the research was: to
establish mechanisms of response to salt stress and adaptation to it, which are
implemented by representatives of the genus Cucurbita at different levels of
organization, as well as eco-physiological aspects of the formation of salt resistance,
quantitative and qualitative characteristics of plants when using grafting technology.

To achieve of the set goal were formulated the following tasks:

1. To evaluate the influence of salt stress on the morphostructure and habit of
pumpkin individuals, as well as their vitality and representation among the
studied plants of individuals of different vitality classes.

2. To evaluate the effect of different concentrations of salts on the degree of salt
damage to pumpkin.

3. To find out the influence of salt stress on indicators related to the flow of
photosynthesis and water exchange of pumpkin

4. To study the processes related to the effect of salt stress on cells and their
membranes

5. To find out the peculiarities and regularities of the metabolism of leading
organic substances in the body of salt stress and adaptation to it.

6. To establish the nature of changes in the ionic composition of plants, which is
manifested in the response and adaptation system to salt stress.

7. To study the manifestation of individual varietal characteristics of pumpkin

plants in response to salt stress
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8. To identify the WRKY gene family and analyse its expression in response to salt
stress in pumpkin.

9. To study the possibility of applying the latest methods for rapid functional
analysis of genes, including those determining salt tolerance.

10.To find out the essence of eco-physiological interactions and transformations
that are manifested in plants when using salt-resistant pumpkin rootstocks in the
cultivation of melon crops and their adaptation to salt stress.

11.To study the influence of symbiotic relationships of pumpkins with arbuscular
mycorrhizal fungi on eco-physiological characteristics of grafted plants.

The object of the research. Adaptation processes and ecological-physiological
interactions manifested in plants of the family Cucurbitaceae

The subject of the research. Adaptations of pumpkin to salt stress at different
levels of the organization and the use of salt-tolerant pumpkin rootstock for cultivation
of melon cultures.

Research methods. The work was performed on the basis of the application of
theoretical (analysis, synthesis, explanation, generalization, a mathematical and
statistical) and empirical (experiment, measurement, comparison) research methods.
Experimental field and laboratory ecological-physiological and laboratory genetic
studies were carried out, chemical, spectrometric, fluorescent, morphometric, and
vitality analyses were applied, and among mathematical and statistical calculations,
point estimation of statistical series and dispersion analysis were used.

The scientific novelty of the obtained results. For the first time, based on the
results of observations during the entire growing season, the influence of salt stress on
a complex of quantitative and qualitative morphological characteristics of pumpkin
plants was studied. The features and regularities of the accumulation of ions of mineral
substances in the vegetative and generative organs of pumpkins under conditions of
salt stress have been established. Physiological and biochemical transformations that
appear in pumpkins against the background of salt stress were comprehensively
investigated and clarified.

There have been screened 12 WRKY family transcription factors in pumpkin in
response to salt stress, and analysed their phylogenetic relationships, spatio-temporal
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expression patterns, tissue-specific expression characteristics, and transcriptional
activities under salt stress in detail.

For the first time, the eco-physiological interactions and transformations that
occur during the cultivation of Cucurbitaceae using grafting technology and the use of
arbuscular mycorrhizal fungi were investigated and clarified.

The methodological aspects of the assessment of salt stress impact assessment
during ontogenesis of pumpkin have been improved and the technique of vitality
analysis was used to assess the condition of pumpkin plants.

The efficient transient transformation system for the study of gene function and
protein subcellular localization in pumpkin have been developed.

The further development of the theoretical and practical principles of the use of
salt-tolerant pumpkin rootstock for cultivation of watermelon have been gained.

The practical significance of the obtained results. The materials of the
dissertation work are used in the educational process of the Department of Ecology
and Botany of Sumy National Agrarian University when teaching such disciplines as
“Ecological Physiology of plants”, “Agroecology”, “Biology”.

The doctoral candidate’s contribution. The dissertation student processed the
sources of literature independently, mastered the relevant research methods and
conducted the necessary experiments. The part of the experiments were carried out
together with employee’s research institutions of the Republic of China: Henan
Institute of Science and Technology, Henan Province Engineering Research Center of
Horticultural Plant Resource Utilization and Germplasm Enhancement, College of
Horticulture and Landscape Architecture. The share of personal participation of the
acquirer in joint publications is more than 60%. The interpretation and the
generalization of the results and the preparation of the publications were carried out
with the participation of the scientific supervisor.

Approbation of the dissertation results. The main results position theses were
considered and discussed at 6 conferences of different rank. In particular, they are
presented on the following international scientific and scientific and practical
conferences: «Goncharivskyi reading» (Sumy, 2019, 2020, 2021). Also, the results of
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dissertation studies are presented on at scientific and practical conferences of Sumy
National Agrarian University (Sumy, 2019, 2022, 2023).

Publications. According to the materials theses 12 scientific papers were
published: three articles were published in a scientific journal, included in the database
of Scopus, Web of Science, three articles were published in professionals scientific
journals of Ukraine, six publications were published in materials and abstracts of
reports at international and national conferences.

Structure and scope of the dissertation. The materials of the dissertation are
presented on 182 pages. The dissertation consists of an annotation, a list of symbols,
introduction, three chapters of the main part, conclusions, the list of sources and five
appendices. The list of references includes 352 sources.
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CHAPTER 1
RESPONSE AND ADAPTATION OF CUCURBITACEAE TO SALT STRESS,
WAYS OF INCREASING THEIR SALT RESISTANCE
(LITERATURE REVIEW)

1.1. Eco-physiological and biochemical aspects of the response of plants to

soil salinin and salt stress

Soil salinization is the process of easily soluble salts accumulation in the soil or
the surface layer of the soil. Depending on their composition, several main types of
salinization are distinguished: chloride, sulfate, sodium [7, 24, 25]. It is the result of
natural and (or) anthropogenic factors [24, 26-29]. At the same time, the arid climate
impact the spread of salinization among the former, and among the latter non-
compliance with technologies and environmental standards during management, for
example, during irrigation [30, 31]. Establishing the mechanisms underlying the
adaptation of plants to salinization is an urgent scientific problem, important from both
a theoretical and a practical point of view. Currently, many scientists are working on it
and, accordingly, a significant amount of data has already been accumulated.

In the sources, it is noted that osmotic stress can occur in plants based on
salinization, and at the level of an individual in general — ion imbalance (Fig. 1.1, 1.2)
[32-36]. The plant damages by salt ions are divided into direct and indirect. The first
of them is usually caused by osmotic stress and ion toxicity, and the second is
manifested in secondary reactions that occur under the effects of direct damage [37,
38].

Osmotic stress effects cell growth and metabolic transformations. It can rapidly
change water-related parameters, including relative water content, water potential, and
osmotic potential in leaves. There is a decrease in the rate of leaf growth, a change in
the enzyme activity and pigment content, the state of the stomata and the process of
photosynthesis, and the growth of shoots is inhibited [33, 39-42].

The accumulation of large amounts of salt ions causes plants to use more energy
to absorb water from the soil and maintain internal homeostasis [43]. The
accumulation of toxic ions under the influence of salt stress is the main cause of plant
growth inhibition [44].
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Salt stress is most often caused by NaCl. Compared to the accumulation of Na* in
the roots, its concentration in the leaves of the plant causes more damage to it, because
it is accompanied by their etiolation and necrosis [37, 45-47].

Under the salt stress impact, the accumulation of reactive oxygen species (ROS) is
activated and oxidative damage to cells and their structures occurs [48]. These oxygen
species negatively affect protein stability, especially the status of amino acids such as
tyrosine, phenylalanine, tryptophan, and cysteine [49] and can inhibit enzyme activity
[50]. Membrane lipid peroxidation is considered as a marker of oxidative damage in
plants under salt stress conditions [51]. That is, the mechanisms of the salt stress effect
on plants, as well as their response to such an effect, are quite powerful and diverse
[52].

Depending on the ability to grow on saline soils, plants are traditionally divided
into halophytes and glycophytes [8, 53]. Due to the development of molecular biology,
studies of the plant adaptation mechanism to stress moved from the physiological and
ecological level to the molecular level. Modern research is aimed not only at
explaining the mechanism of plant adaptation to stress, but also at obtaining various
gene resistance to crop breeding [54].

Plant cytoplasm cannot resist to high salt concentrations, so they need to limit
excess salt entering the vacuole, other compartments, and tissues. So far, five salt
resistance genes have been identified: SOS5, SOS4, SOS3, SOS2, and SOS1 [55, 56].
The SOS1 gene encodes a 127 kDa polypeptide containing 1146 amino acid residues
[54, 56]. SOS1 protects plasma membrane K™ ion transport during salt stress [56]. The
SOS2 gene encodes a serine/threonine protein kinase containing 446 amino acids [55],
with a molecular weight of about 51 kDa. SOS2 interacting with Na* and H* ions
effects their exchange activity and directs excess Na* to vacuolar regions, thus
contributing to ion balance [57]. In addition, [58] found that SOS2 detects
environmental changes by differentially regulating SOS1 and H* and Ca?* ion
exchange. The SOS3 gene encodes a calcium-binding protein [59]. When the level of
Ca®" changes, SOS3 interacts with SOS2. Through SOS3, the SOS3/SOS2 protein
kinase complex activates SOS1, and activated SOS1 excretes an excess of Na',
thereby contributing to the maintenance of Na* balance [59, 60]. Thus, three genes,
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SOSI, SOS2, and SOS3, are actively involved in signal transduction related to the
maintenance of intracellular ion balance [59, 60-63].

The SOS4 gene is widely expressed in all plant tissues and is an important
cofactor for many intracellular enzymes, and it regulates the activity of specific ion
transporters in cells [64]. Compared with natural flora plants, genetically modified
plants containing SOS4 accumulate more Na* and store less K* [65]. Thus, SOS4
becomes a new determining factor that powerfully regulates the balance of Na* and
K*, ensuring plant resistance to salinization. The SOS5 gene encodes a polypeptide
containing 420 amino acid residues. It is concentrated on the outer surface of the
plasma membrane [66]. The SOS5 gene may play a certain role in intercellular
adhesion, maintenance of cell wall integrity, and cell resistance under salt stress [67,
68].

Oxidative stress also occurs based on the joint action of salinization and drought.
During salinization stress, as a result of active stomatal closure, the availability of
atmospheric CO; is reduced, as well as the consumption of NADP and a chain reaction
with the formation of more harmful oxygen free radicals is initiated [69]. Metabolic
disturbance is observed due to oxidative damage to lipids, proteins, and nucleic acids
(McCord, 2000). Opposite these negative effects, an antioxidant system of enzyme
protection is formed in plants, as well as a non-enzymatic system of molecular
protection, the aggregates of which are glutathione, ascorbic acid, carotenoids, etc.
[70].

To overcome oxidative stress, plants remove excess active forms of oxygen
(AFO) by activating antioxidant enzymes. The degree of oxidative damage is directly
determined by the properties of the plant antioxidant system [71, 72]. Research results
prove the existence of a correlation between antioxidant capacity and salt stress
resistance in citrus fruit [73], wheat [74], beans [75], rice [76], purslane [77].
Transgenic plants overexpressing AFO scavenging enzymes have increased resistance
to osmotic, temperature, and oxidative stress [78, 79].

Under normal conditions, AFO production and its neutralization in plants are in
dynamic equilibrium. During the salt stress, this balance is broken. Accordingly, the
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AFO absorbtion system plays a very important role in the physiology of plant salt
resistance [80, 81].

The main result of salt stress is the loss of intracellular water. Plants accumulate
many metabolites, and these "adaptive (osmotic) solutions™ in the cytoplasm increase
hyperosmotic resistance to water loss caused by salt stress. The high osmotic
concentration balances the high concentration of extracellular salt, on the one hand,
and neutralizes the high concentration of Na* and CI ions in the vacuole, on the other
hand [8].

Such substances as proline, betaine, polyamine, glycerol, sorbitol and inosyt, as
well as some soluble sugars and soluble proteins are involved in ensuring organic
osmoregulation. Wherein, proline plays a leading role [82-84]. There are two main
mechanisms of proline accumulation under the influence of salt stress: firstly, it is the
activation of biosynthesis [85]; secondly, reducing its oxidative degradation [86].
Increased proline synthesis under conditions of drought or salt stress can mitigate
cytoplasmic acidosis and maintain the NADP*/NADPH ratio at the required metabolic
level [87]. It was proved that salt stress significantly increased the accumulation of
proline in the leaves of two rice varieties, and it contributed to their osmotic adaptation
and increased resistance to salinization [88].

In plants and many other organisms, including bacteria, algae and fungi, animals
synthesize and accumulate glycine betaine (GB) in response to some abiotic stresses.
It also protects higher plants from salt/osmotic stress by providing osmotic function.
The correlation between the protective effect of GB and the antioxidant defence
system is registered in rice [88], in tomatoes [89], in wheat [90, 91], in tobacco [92].

Plants have the ability to quickly perceive and actively adapt to changes of the
external environment. This strategy of perception and active adaptation to
environmental changes is the result of stress signalling, which includes three stages:
perception of stress signals by the plant, transmission of stress signals, their
recognition and response to them [93]. Nowadays, the signal transmission ways,
related to plant salt resistance are known, which mainly include SOS signalling way,
protein kinase signalling way, protein phosphatase signalling way, Ca?* and

calmodulin signalling way, osmotic stress signalling way, etc. Ca?" is an active
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messenger molecule in the cells of higher plants. Cold, drought, and salt stress can
cause changes in the cytosolic Ca?" concentration, which is a signal for further
unfolding events [94].

Membrane Na*/H* antitransporters located in the vacuolar membrane and plasma
membrane, respectively, play an important role in the formation of plant resistance to
salt stress [95-98].

Under the influence of salt stress in plants, some pathways of protein synthesis
are inhibited, but protective proteins are synthesized. The synthesis of salt stress
proteins in cells is important [99-103]. In vegetative tissues dehydrated by stresses
such as drought, low temperature, and salinity, proteins called LEA
(Late Embryogenesis Abundant) proteins are synthesized [104]. The LEA protein may
function as a dehydration defence agent to protect cells from reduced water potential
during seed maturation, desiccation, and osmotic stress. The stress resistance of
transgenic plants is positively correlated with the accumulation of the LEA protein,
which became direct evidence of the main role of the LEA protein in the process of
plant salt tolerance [105].

Plant salt tolerance is a complex trait controlled by several genes. The role of one
gene in the process of ensuring plant resistance to salt is limited. Currently, scientific
research has entered the post-genomic era, that is, the era of the functional genome. In
the post-genomic era, proteomics is gradually becoming an important method for
studying gene function [106]. Since proteins are involved in most life processes,
proteomic studies help to understand in more detail the biological functions of cells at
the molecular level, including the prostheses associated with ensuring salt tolerance
[107].

1.2. Cucurbitaceae family: leading traits and data on responses to salt stress
In the modern world, the issue of providing the population with food products is
one of the most urgent. According to some data, approximately 40 million people die
annually on Earth from hunger and its consequences. This problem, which is also
becoming more acute against the background of the decrease in the area of land
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suitable for cultivation, forces us to look for ways to increase the yield of plants and
the productivity of various branches of agriculture [108-114].

A component of the problem of providing the population with food products is the
satisfaction of people's needs in vegetables, at the expense of products obtained in the
process of growing Cucurbitaceae representatives as well. Data on the number of
genera and species belonging to this family differ significantly: the number of genera
Is indicated in the range of 90-130, and the number of species is 600-1100.
Cucurbitaceae is mainly represented by perennial and annual herbs common in warm
climates. A common botanical feature of the family is a liana-like life form. The fruits
of many representatives of the family (melons, cucumbers, pumpkins, watermelons,
zucchini, squash, and a number of others) are edible and very popular with the
population as a food product [18, 19, 23].

Considering the above, it is quite natural that now considerable attention is paid
to improving technologies, applying innovations in the cultivation of plants of the
Cucurbitaceae family [115-120] and carrying out selection work for them [121-128].
Recently, attention to the introduction of rare plants of this family has been growing
[129, 130].

Pumpkin is a melon crop of the genus Cucurbita L, which includes 21 species,
five of which are cultivated (C. pepo L., C. maxima Duch., C. moschata Duch., C.
mixta Pang., C. ficifolia Bouche) [131-136]. The wide and diverse use of pumpkins is
determined not only by their high productivity [137], but also by biological [138, 139],
food [132-136] and medicinal properties [23, 137-139]. Modern medical research has
found that pumpkin can prevent diabetes, hypertension, coronary heart disease,
cerebrovascular disease, etc. Pumpkin contains a variety of nutrients, such as
carbohydrate, protein, cysteine, ascorbic acid, etc. Pumpkin fruit is rich in a variety of
vitamins, amino acids and minerals. Pumpkin seeds contain a variety of healthy active
ingredients, such as antioxidants and antitumor chemicals [20, 21]. Pumpkin has also
been shown to have a unique ability to take up harmful pollutants from soil [22].
Members of the genus Cucurbita are believed to originate from the American
continent [133, 140, 141].
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Plants of the Cucurbitaceae family are not halophytes, however, as a result of their
popularity and cultivation in various regions, including those that are subject to
salinization or have a potential danger of the spread of saline soils, the study of the
characteristics and regularities of the response of plants of this family to salinity is an
urgent scientific problem.

Scientists paid considerable attention to the effect of salt stress on the germination
of melon seeds. The obtained results indicate that the treatment of their seeds with low
concentrations of salts (primarily NaCl) can even promote the activation of
germination, while high concentrations usually have an inhibitory effect [142—-146].

Studies on its salt tolerance have been reported from the germination stage to the
seedling stage in terms of growth and osmoregulation [147, 148].

In the degree of sensitivity to the negative impact of increased salt concentrations
on the state of plants of the Cucurbitaceae family, there is a manifestation of both
species and varietal characteristics [149-152].

According to the results of studies conducted on melon, it was established that
its seeds, pre-treated with salt, really germinated earlier, and the seedlings had a higher
dry weight and content of total sugar and proline. That is, such seedlings had a higher
salt tolerance [153]. In addition, plants treated with salt had higher chlorophyll, K* and
Ca 2 [154]. At the same time, in other experiments, a decrease in leaf area, plant
weight, and accumulation of dry matter were recorded in melons under the influence
of salt stress [155].

In cucumbers, the content of chlorophyll and carotenoids in seedling leaves
increased under short-term salt stress [156]. Salt stress was accompanied by an
increase in the rate of synthesis of O,, an increase in the activity of peroxidase, the
content of H,O,, malondialdehyde and, as a result, — a slowdown in plant growth [143,
157, 158].

When studying zucchini treated with different concentrations of salt, it was found
that as the concentration of salt solution increases in the leaves of these plants, the
content of Fe, Mn, and Zn increases, and Cu decreases. At the same time, the content
of Fe and soluble Mn in the fruits also increases [159].
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1.3. Genetic research of salt resistance plants

Plant salt tolerance is a complex trait controlled by genes. Accordingly, the study
of processes that are regulated at the genetic level is an important component of
research aimed at establishing the mechanisms of ensuring plant salt tolerance and its
regulation [72, 106]. Genetic engineering plays an important role in this system of
measures. Genetic engineering can improve crops by exploiting important genes and
engineering transgenic plants with targeting properties [160].

Transcription factor is a kind of protein molecule with special structure and
function of regulating gene expression. There are two kinds of transcription factors in
plants. One is a non-specific transcription factor, which can non-selectively regulate
the transcriptional expression of genes, such as HvCBF2 (C-repeat/DRE binding
factor 2) in barley [161]. The other is specific transcription factors, which can
selectively regulate the transcriptional expression of certain or certain genes, such as
WRKY, bHLH, bZIP, MYB, NAC, HMG, HSF, zinc-finger protein, AP2/ERF
(ethylene response factor), etc. They play an important and unique role in regulating
plant specificity [162, 163]. Among them, WRKY gene family is one of the largest
transcription factor families in higher plants, which is found in the whole plant lineage.
Ishiguro et al. [164] cloned the world's first WRKY gene SPF1 (Swet potato factor 1)
from sweet potato, and subsequently successfully isolated and identified WRKY
transcription factors in a variety of plants. The WRKY gene family has shown a
process of gene expansion during its evolution from one or a few genes in green algae,
to more than 30 genes in the earliest terrestrial mosses, to more than 100 genes in
higher plants.

Rushton et al. [165] identified WRKY1, WRKY?2, and WRKY3 from parsley,
named WRKY (pronounced "worky"), and demonstrated for the first time that WRKY
proteins play an important role in regulating plant responses to pathogens. It also plays
a potential role in regulating the expression of sucrose (SPF1) or germination (ABF1
and ABF2) genes. Since the publication of WRKY transcription factors in 2000,
scientists have made significant progress in the study of WRKY proteins in the past
decade.
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WRKY transcription factors have very significant structural characteristics. The
protein structure of WRKY transcription factors basically contains 1-2 WRKY
domains, which are DNA binding domains (DBD), composed of about 60 highly
conserved amino acid residues, including heptapeptide located at the N-terminal and
zinc finger structure located at the C-terminal. The N-terminal heptapeptide
WRKYGQK is absolutely conserved and is the core sequence, while the C-terminal
sequence is composed of C2H2 (C-X4-5-C-X22-23-H-X-H) or C2HC (C-X7-C-X23-
H-X-C) type zinc finger structure [166, 167, 168]. WRKY transcription factors can
specifically bind to the cis-acting element TTGAC (C/T) nucleotide sequence (W-box)
in the promoter region of target genes through WRKY domain to activate or inhibit
transcription and then regulate the expression of downstream genes [169, 170].
Yamasaki et al. [171] reported that the WRKY4 domain of Arabidopsis thaliana
consists of a four-stranded B-lamellar, in which a zinc-binding pocket is formed by
conserved cysteine/histidine (Cys/His) residues at the C-terminus of B-lamellar, and
WRKYGQK residues correspond to the N-terminal chain of the sequence. It is twisted
by the Gly residue in the middle of the sequence, allowing extensive hydrophobic
interactions involving Trp (tryptophan) residues, thereby contributing to the structural
stability of the B-chain. The WRKYGQK motif of the B chain can contact a region of
approximately 6 bp, which is largely consistent with the length of the W-box
(TTGACY). These results indicate that the WRKYGQK motif can bind specifically to
the W-box structure of the promoter region of the target gene.

The domain of WRKY transcription factor has many variations in different plants.
Rice WRKY family members have 19 variants of WRKY domains, among which
WRKYGEK and WRKYGKK are common mutants shared by 7 domains and 5
domains [172]. Among the 53 CiIWRKY genes identified from the transcriptome data
of Caragana intercala, the CiWRKY protein contains both the highly conserved
WRKYGQK motif and two variant WRKY GKK and WKKYEEK motifs [173]. Some
studies have shown that WRKYGQK sequence mutation can significantly reduce the
binding activity of WRKY transcription factors to DNA. In the domain of tobacco
NtWRKY transcription factor, the C-terminal domain has strong activity, while the N-
terminal WRKY domain has weak binding activity with W-box. The conserved
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cysteine and histidine residues in the C2H2 zinc finger motif are replaced. It can also
destroy WRKY transcription factors binding to DNA [168].

In addition to the WRKY domain, WRKY transcription factors contain other
domains, Including TIR-NBS-LRR (Toll/interleukin-1 receptor-nucleotide binding
site-leucine-rich repeat), kinase domain, proline rich region, glutamine rich region,
serine - threonine-rich area, leucine zipper, nuclear localization domain, etc. [174].
Arabidopsis AtWRKY7 contains both a WRKY domain and a calmodulin CAM-
binding domain [175]. The diverse domains of WRKY transcription factors indicate
that WRKY transcription factors with special structures can play important, special
functional roles in the regulation of gene expression.

Before obtaining the complete WRKY gene family sequence from plants, Eulgem
et al. [166] divided WRKY family members into three subfamilies: Groupl, Groupll
and Grouplll. Group I contains two WRKY conserved domains, and its C-terminal
zinc finger structure is C2H2 type. Group Il contains only one WRKY conserved
domain, and the zinc finger structure is the same as that of class I, which is C2H2 type.
Group I11 zinc finger structure is C2HC-type and contains a WRKY conserved domain.
However, the structure types of a few WRKY proteins do not match these three types
of features, such as AtWRKY10, whose structure may be that the N-terminal WRKY
conserved domain has been lost and only contains one WRKY conserved domain. The
protein structure characteristics were similar to but inconsistent with those of Group |
[167]. For example, the C terminus of WRKY protein in apple is classified as Group
IV because it lacks a complete zinc finger-like protein structure [176]. Zhang et al.
[172] believed that Eulgem et al. 's classification of Arabidopsis WRKY family was
not entirely based on phylogenetic analysis. In order to reflect the evolution process of
WRKY domain, the WRKY transcription factors were divided into I, lla+lib, lic,
Ild+1le and 11l by phylogenetic analysis. And category Il is not a separate category.
This was subsequently confirmed by Tamura et al. [177] through pure phylogenetic
data analysis. The evolutionary analysis of WRKY transcription factors is important
for understanding the overall mechanism of plant biodiversity, as well as the specific
functions played by WRKY genes in plant regulatory networks.
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Many transcription factors (WRKY, AP2/EREBP, bHLH, C2H2 and ARF) have
roles in regulating plant development and dwarfing. Of these, the most known are the
WRKY family [178, 179]. WRKY transcription factors can induce plant dwarfing
[180]. Overexpression of OsSWRKY11 reduced the height of transgenic rice plants,
resulting in short stature [181, 182]. The dwarfing phenotype is mainly caused by
changes in fine cell division and cell elongation, which are regulated by cytokinin
(CTK), auxin (1AA), gibberellin (GA) and brassinosteroid (BR) [183]. IAA, CTK and
GA are widely believed to play an important role in plant dwarfing [184-186]. In
addition, BR also plays an important role in plant dwarfing. In Arabidopsis thaliana,
cpd, cbb3, dwf4 mutants and BR60ox1, BR60x2 double mutants with BR biosynthesis
gene defects all show dwarfing phenotype [183] Zheng et al. [187] showed that
WRKY could directly regulate BR biosynthesis. Apple transcription factor
MdAWRKY?9 restricts the transcription of MADWF4 synthetase by directly inhibiting
brassinosteroid, reduces the production of BR, and positively regulates plant short
stature. These results demonstrate that WRKY transcription factors play an important
role in the regulation of plant development and dwarfing.

WRKY genes have been reported to play a role in the regulation of plant hormone
synthesis [181, 182]. Some WRKY genes affect root structure by affecting plant
hormone signaling or gene expression. Overexpression of OsWRKY31 results in
fewer and shorter lateral roots than wild-type, possibly by interfering with auxin
response or transport [183].

Similar studies have shown that OsSWRKY28 loss-of-function mutants may affect
root growth by reducing the expression of JA biosynthetic genes [184]. In addition,
ethylene (ETH) can induce the formation of root hairs and adventitious roots during
root development. In the wheat experiment, the 1-amino-cyclopropen-1-carboxylate
synthase gene synthesized by ethylene was down-regulated in the overexpression line
TawrKY51-OE, but up-regulated in the gene silencing Tawrky51-Rnai line. Further
studies revealed that TaWRKY51 was a negative regulator of ETH synthesis.
TaWRKY51 inhibits the expression of ETH synthesis gene ACS by binding to W-box
cis-elements present in the promoter region, which coordinates ethylene synthesis and

lateral root formation in wheat [185]. These results suggest that WRKY transcription
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factors can regulate the synthesis of corresponding plant hormones, and then regulate
root development through these plant hormones.

WRKY transcription factors play an important regulatory role in the physiological
pathway of fruit ripening. Analysis of expression patterns showed that nearly 60% of
CaWRKY was expressed in the ripening process of pepper [186]. CIWRKY was
highly expressed in watermelon fruit tissues [187]. WRKY transcription factors related
to ripening process were also successfully screened in avocado [188] and strawberry,
indicating that WRKY transcription factors may play a regulatory role in fruit ripening
process. Among them, FAWRKY transcription factor is involved in abscisic acid (ABA)
signaling pathway and promotes strawberry fruit ripening by regulating ABA synthesis
[189].

WRKY transcription factors are also involved in the regulation of leaf senescence.
WRKY transcription factors are the second-largest family of transcription factors in
the ageing transcriptome of Arabidopsis [190]. AtWRKY6 was significantly
upregulated during ageing. By analysing the target genes of AtWRKY®6, it was
confirmed that ageing induced the expression of receptor kinase and receptor-like
kinase (SIRK/FRK1) genes. SIRK/FRKL1 encodes a receptor-like protein kinase that is
strongly and specifically induced during leaf senescence [191, 192]. In other species,
WRKY genes (including GhWRKY42, CiWRKY40-4, and BrWRKY6) that regulate
ageing have been identified. For example, overexpression of GhWRKY42 leads to
increased expression of senescence related genes and promotes premature leaf
senescence [193]. CiWRKY40-4 overexpression in Arabidopsis inhibits leaf
senescence and is a negative regulator of senescence. GA can inhibit leaf senescence,
while BrWRKY®6 binds to the promoters of ageing-related genes BrSAG12, BrNYCI
and BrSGR1 through W-box cis-elements, and inhibits the expression of GA
biosynthetic genes BrKAO2 and BrGA200x2 accelerated leaf senescence [194].

The expression of WRKY transcription factors is strongly and rapidly induced by
a variety of environmental and internal factors, especially those related to biological
stress. Plant responses to biological stress depend on a wide variety of receptor
proteins present in the cell membrane and inside the cell. In general, receptors on cell

membranes initiate resistance responses by recognizing characteristic sequences
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conserved on pathogens. Such conserved feature sequences are referred to as Pathogen
associated molecular patterns (PAMPs) for short. The receptors that recognize these
sequences are called Pattern recognition receptor (PRR). The resistance responses
mediated by them are known as PAMP triggered immune responses (PTI) [195, 196].
In addition, receptor proteins inside cells are mostly encoded by NBS (Nucleotide
binding site) —LRR (Leucine-rich repeat) disease-resistant genes, which directly or
indirectly recognize effectors released into cells by pathogens and initiate disease-
resistant responses. This response is known as Effector triggered immunity (ETI).
Both reactions are mediated by WRKY transcription factors [195-197].

WRKY proteins can activate or repress transcription and are generally rich in
potential transcriptional activating and repressing domains. Some WRKY factors have
two functions. For example, in yeast, AAIWRKY53 activates or represses reporter gene
transcription depending on the sequence upstream and downstream of the promoter.
AtWRKY6 negatively autoregulates its own promoter while transcriptionally
activating the SIRK gene, which encodes a receptor-like protein kinase associated with
ageing. Transient expression studies showed that OsSWRKY72 and OsWRKY77 were
both ABA signalling activators and GA signalling inhibitors in aleurone cells [198].

Studies have shown that many genes are activated by WRKY factors associated
with their promoters. BhWRKY1 binds to the W-box of the BhGolS1 (galactol
synthetase) promoter and activates transcriptional BhGolS1 expression, which can
improve drought tolerance in Arabidopsis [199]. AtWRKY50 can interact with TGA2
or TGAS and bind to the W-box of PR1 promoter, synergistically activating PR1
expression and enhancing Arabidopsis resistance [200].

It is involved in the regulation of WRKY transcription factor binding activity. For
example, in Arabidopsis, MEKK1 protein kinase is a bifunctional protein that can both
bind to the WRKY53 promoter at a site upstream of the W-box (WP1) and induce
phosphorylation of the AtWRKY53 transcription factor in the Arabidopsis ageing-
induced signalling pathway. It promotes the binding of AtWRKY53 transcription
factor and its own encoding gene promoter to regulate ageing in Arabidopsis [201].
WRKY46 transcription factor binds to the promoter of PAMP responsive gene NHL10,
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increases the expression of NHL10 gene, and regulates the defence response against
bacterial flagellin pathogens in Arabidopsis [202].

Another mechanism of WRKY function is through small RNA (sSmRNA)
(microrNA, miRNA and small dry RNA, siRNA), which have become the basic mode
of regulating gene expression. Since the predicted targets of multiple mirnas encode
WRKY transcription factors, WRKY can not only regulate the amount of SmRNA, but
also the WRKY transcription factors themselves are SMRNA targeting factors [203].
One of the modes of action is that the target gene is bound to the regulatory site of the
promoter by other transcription factors, which prevents the binding of the own
transcription factor to the target gene promoter. For example, PCWRKY1 can bind to
the W-box of the PcCPR10 gene promoter, mitogen-activated protein kinase can modify
the bound PCWRKY1 transcription factor in the nucleus, and this modification leads to
allosteric release of PCWRKY 1 transcription factor [204].

Another form of transcriptional repression is to prevent transcription by altering
the higher structures of DNA or histones. For example, epigenetically modified DNA
methylation and demethylation, histone acetylation and deacetylation are key
mechanisms that induce stress transcription to turn off or on. DNA methylation can
cause changes in the way DNA interacts with proteins, thereby inhibiting gene
expression. For example, DNA methylation at the promoters of WRKY50 and
WRKY72 in rice leaf tissues decreased the expression levels of WRKY50 and
WRKY72 [205]. On the contrary, DNA demethylation can realize the deinhibition
process of WRKY transcription factors, so that the inhibitory effect of WRKY
transcription factors can be converted to the activation effect. The promoter region of
DBR2 was demethylated at four CG—, four CHH- and two CHG- sites, leading to
upregulation of DBR2, a key regulatory gene for artemisinin biosynthesis, indicating
that demethylation at the WRKY promoter promoted the expression of ABI5
artemisinin [206]. Similarly, deacetylation of histones inhibits transcription factors
from binding specifically to DNA-binding sites, whereas acetylation of histones has
the opposite effect. Histone deacetylase 19 (HDAL9) inhibits the transcription of
AtWRKY38 and AtWRKY62 by removing acetyl groups from histone tails, and
negatively regulates basal defence [207]. Another acetylation study showed that the
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acetylation of histone H3K9 (lysine 9 of histone H3) on the WRKY40 promoter in
Arabidopsis increased WRKY40 gene expression and enhanced Arabidopsis resistance
to Fusarium [208].

A characteristic feature of the WRKY signalling network is regulation through
autoregulation of WRKY transcription factors interacting with their own promoters
and cross-regulation of the actions of other WRKY transcription factors, which is
achieved by identifying and binding to W-box promoters in target genes. For example,
CaWRKY40b shows positive feedback regulation at the transcriptional level by
directly targeting the W-box in its own promoter, thus achieving self-regulation of
WRKY transcription factors. Parsley PCWRKY1 has a conserved arrangement of three
synergistic W-boxes in the promoter [209]. After PAMP induction, PCWRKY1
transcription products increased [210]. Chromatin immunoprecipitation analysis
showed that these three W-boxes were bound by WRKY transcription factors.
However, when PCWRKY'1 binds to its own promoter, the transcription of PCWRKY'1
Is down-regulated, indicating that the W-box at the promoter site of PCWRKY1 is
bound by other WRKY transcription factors to activate transcription [211]. Based on
bioinformatics and functional studies of plant promoters, it was found that many
WRKY gene promoters were statistically enriched in W-boxes [212]. For example, in
parsley PCWRKY1, there are multiple W-boxes, which have a synergistic effect on
transcription. Transcription of barley HYWRKY38 requires two adjacent W-boxes to
bind effectively [213]. Two rice OsSWRKY45-DBD molecules exchange 4-B5 strands
to form dimers, which contain two DNA-binding domains that interact with W-boxes
[214].

Mitogen-activated protein kinase (MAPK) exists in all eukaryotes and is a highly
conserved module. In plants, the MAPK pathway is involved in the regulation of
development, growth, programmed cell death, and response to various environmental
stimuli [215]. The MAPK signalling level connects multiple phosphorylation
processes to upstream receptors and downstream targets, amplifies and transduces
pathogen-derived signals sensed by membrane receptors through phosphorylation, and
changes the expression of related genes by these signals [216].



39

MAPK signalling pathway responds to MTI (immunity triggered by MAMP, a
conserved molecule that recognizes microorganisms) or PTI defence signalling
pathway in plants. MAMP and PAMP can be sensed by intracellular MAPK signalling
cascade in plants during immune response, and the induction of WRKY transcription
factors is stimulated. In Arabidopsis, the transcription factor AtWrky33 forms MAMP
or PAMP complexes with MAP kinase 4 (MPK4) in the absence of pathogen infection
[217]. In a subsequent study, phosphoprotein migration and transfer assay showed that
AtWrky33 could be phosphorylated by MPK3/MPK6 and promoted AtWrky33 to
regulate the biosynthesis of phytoantitoxin [218]. Conversely, the loss of
MPK3/MPKG6 phosphorylation site in WRKY34 affects WRKY34 function in vivo
[219]. OsWRKY53 functions as a negative feedback regulator of MPK3/ MPKG®,
thereby playing an early inhibitory role in inducing defence [220]. The positive
regulatory loop composed of MPK3/MPKG6, Wrky33, AGD2-like defence response
protein 1 (ALD1) and piperidolic acid (PiP) exists in the induction of systemic
acquired resistance (SAR), suggesting that there are different SAR activation
pathways at the level of PiP biosynthesis [221].

ETI of plant defence signalling pathway is specific resistance based on the
recognition of effector proteins by resistant R proteins. After a pathogen invades plants,
plants secrete resistant R proteins to recognize pathogen effector proteins, WRKY
transcription factors interact with resistant R proteins to form protein complexes, and
relieve the inhibition of basic defence pathways [222]. In barley immunity against
powdery mildew, the ETI immune pathway is involved. The resistance R protein MLA
in the cytoplasm can recognize the powdery mildew effector AVR10 and bind to
HVWRKY1 and HVWRKY2 in the nucleus to relieve the inhibitory effect of
HVWRKY1/2 on disease resistance. Thus, the purpose of disease resistance is
achieving [223]. Typical chimeric proteins, such as R protein NBS-LRR and WRKY
transcription factor chimeric proteins, have been found to play an important role in
Immune regulation. For example, AtWRKY52/RRS1, a chimeric protein formed by
WRKY transcription factors interacting with RRS1 (a NBS-LRR protein), provides
Immunity to bacterial pathogens through interaction with the bacterial effector PopP2
[224, 225]. These studies demonstrated that WRKY transcription factors play an
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important regulatory role in the immune system of ETI by binding to disease-resistant
R proteins, recognizing effector proteins produced by pathogenic microorganisms and
triggering specific defence responses in plants.

Proteins, especially regulatory proteins, rarely act alone, and usually they interact
physiologically, either transiently or permanently, to assume biological functions in
living systems. For example, WRKY transcription factors can interact with a variety of
transcription factors to jointly regulate plant growth and development. AtWRKY50
can interact with TGA2 or TGAS to bind to PR1 promoter and cooperate with TGA
transcription factors to activate PR1 expression [226]. In addition to binding to
transcription factors of other families, WRKY transcription factors can also bind to
other transcription factors of their own families to play a corresponding regulatory role.
WRKY transcription factors can form dimers or mulmers through protein-protein
interactions before binding to DNA [227].

In addition to many of the important regulatory proteins mentioned above, there
are other proteins that interact with WRKY transcription factors to play regulatory
roles. VQ protein is a cofactor in plant-specific transcriptional regulation. The
interaction of VQ proteins with WRKY proteins may lead to conformational changes
or post-translational modifications that activate or inhibit their binding to target gene
promoters [228]. In melon, a total of 24 WRKY genes were co-expressed with 11 VQ
family genes [229]. Further studies revealed that Arabidopsis VQ10 and WRKY8
could form complexes in plant nuclei. The interaction between the intermediate region
of WRKY8 and VQ10 promotes the DNA-binding activity of WRKY8 and positively
regulates plant resistance to Botrytis cinerea [230].

Numerous WRKY-interacting proteins have been identified, and it is expected
that more WRKY-interacting proteins will be identified in the future by both
traditional methods (such as yeast two-hybrid) and recently developed methods (such
as high-density protein microarrays) based on the identified WRKY-interacting
proteins. The complex regulatory functional network of WRKY transcription factors
was improved through the interaction of phase interacting proteins at different levels.

The release of genomic sequences from the pumpkin [160] has laid the
foundation for molecular breeding and the exploration of useful genes for agronomical
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traits. However, there is no stable and efficient genetic transformation of pumpkin
presently available, which restricts the application of genetic engineering and the study
of gene function. Transient expression in plants is a valuable tool for many aspects of
functional genomics and promoter testing. It can be used to over-express and to silence
candidate genes. It does not depend on chromosomal integration of heterologous DNA
so it is a relatively facile procedure and can lead to high levels of transgene expression.
Recombinant DNA can be introduced into plant cells via physical methods, via
Agrobacterium or via viral vectors [231]. Agrobacterium - based transient plant
transformation methods have been widely used in many plants, such as Oryza sativa
[232], Nicotiana benthamiana [233], Arabidopsis thaliana [234, 235] and so on [236-
239]. Attempts at transient transformation in pumpkin are very limited [240].
Therefore, it is significantly important to develop an efficient transient transformation
system in pumpkin. Reporter genes are used to detect whether the target gene has been
successfully transformed, such as GUS, which encodes a B-glucosidase hydrolase. It is
stable and can be easily observed by histochemical staining [241].

1.4. Grafting of plants in the system of measures for growing of the
Cucurbitaceae family and increasing their salt resistance

Against the background of the growing demand for products obtained through the
cultivation of plants of the Cucurbitaceae family, the obstacles on the way to
achieving the desired indicators regarding quantitative and qualitative yield indicators
are also increasing. Among them, in particular, is the spread of diseases transmitted
through the soil during the continuous cultivation of melon crops. It significantly
affects the efficiency of vegetable production. At the same time, traditional measures
of prevention and control often not only irrationally spend human and material
resources, pollute the environment, but also do not give satisfactory results.

Grafting, which is one of the types of artificial vegetative reproduction of plants,
IS now considered an effective means of increasing the quantitative and qualitative
indicators of the obtained products of the Cucurbitaceae family. Currently, grafting is

actively used in the cultivation of melons, watermelons, and cucumbers. This
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technology is considered as a component of measures to reduce the shortage of
watermelons and melons in the non-seasonal growing period.

Grafting is an ancient skill, documented over 3000 years ago. This technology
was first noted in written Chinese sources in the 16th century. Compared to fruit trees,
the research and application of grafting started somewhat later for vegetables. In
general, grafting became widely used in agriculture in the second half of the 19th
century. It happened against the background of active scientific research in this
direction all over the world. In particular, in Japan and the Korean peninsula, the large-
scale application of grafting technology in vegetable production began in 1920, [242,
243], aubergines in 1950, cucumbers and tomatoes in 1960 and 1970 [244]. In Ukraine,
one of the first people interested in grafting was I.M. Krajevyi (1947-1978) [245]. At
present, grafting is a technology popular both in Asia and Europe. Every year, 540
million garden plants are grafted in South Korea, and 750 million in Japan [243]. In
France, 2,800 hectares are under rootstock plants. In South Korea and Japan,
approximately 95% of watermelons, most of the cucumbers of open soil and 30% of
protected soil are grown on various grafts [245]. Considerable attention is paid to the
development of this technology in China [246].

When cultivating plants of the Cucurbitaceae family, pumpkins are widely used
grafts. The best graft among pumpkins is considered C. moschata, which have high
adaptability, rapid seedling growth and easy propagation [247-249].

When evaluating the efficiency of the application of grafting technology,
considerable attention is paid to the study of yield indicators and plant productivity.
There are data that melon plants grafted onto pumpkins, compared to ingrafted ones,
were larger at the initial stages of growth; they were 77.4% larger at the initial stages
of growth, and 112.3% larger at the later stages [250]. In grafted melon, a higher yield
of 34.3-47.3% was recorded [251]. At the same time, yield indicators depend
significantly on the combination of species (cultivars, hybrids) used as rootstock and
grafts [250, 252]. Indeed, grafting can achieve early harvest, extend the growing
season, and increase yields, but a poor combination of plants selected for grafting can
also lead to reduced yields. That is, choosing the appropriate combination of rootstock
and grafts is the key for achieving high productivity of melon crops [252—-256].
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The change in the quality of melon vegetables after grafting is another important
problem shared by producers and consumers. If the quality of melon vegetables
deteriorates after grafting, then the rootstock has no consumer value. In particular, in
watermelons grafted onto pumpkins, a decrease in fruit shape index, skin thickness,
juice pH, and glucose content values were registered [254]. The results of evaluation
of the quality of grafted and self-rooted cucumbers showed that the grafted cucumbers
had a larger fruit mass. In one of the studies, it was shown that eight days after
grafting, the fruit mass of grafted plants increased by 36.1-38.4%, and the length of
the fruits increased by 23.7-30.2%, compared to non-grafted plants. At the same time,
the content of ascorbic acid, soluble protein and free amino acids decreased gradually
in the cucumbers, while the content of soluble sugar, the concentration of K and Mg
increased. Other researchers reported lower vitamin C content in grafted cucumber
fruits, while the protein and water content of grafted and non-grafted plants was
almost the same [257, 258]. For the most part, it is noted that those changes that are
registered in plant fruits when using plant grafting are not accompanied by a
fundamental deterioration in the quality of the obtained products [252, 256, 259].
However, in general, in the aspect of obtaining fruits of proper quality from grafted
plants, the issue of optimal selection of the combination of rootstock and grafts does
not lose its relevance.

The facts recorded in grafted plants regarding yield indicators, growth rate, fruit
characteristics, etc. are a natural result of physiological changes that occur during the
cultivation of such plants. Scientists also pay considerable attention to this issue [255,
260, 261]. In particular, for grafted plants, the transport and distribution of ions [262],
activity of enzymes and hormones [263-266], nitrogen metabolism [267, 268],
productivity of photosynthesis [269, 270], functioning of the mechanism that provides
resistance [271-273] are being studied.

It has been shown that compared to the root system of the graft, the root system of
the rootstock is usually more developed and has a greater capacity to absorb water and
nutrients [274]. Accordingly, activation of the flow of substances and changes in the
concentration of nitrogen, phosphorus, calcium, magnesium, and amino acids were

observed in the grafted cucumbers [275]. There is evidence that grafting in melon
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vegetables contributed to increasing the efficiency of nitrogen use [276]. Against the
background of grafting, there were changes in the synthesis of phytohormones,
activation of energy metabolism and increase in cold resistance of plants [277]. A
decrease in NH* i K* content was registered in grafted watermelon seedlings.
However, these plants were distinguished by higher rates of solar energy absorption,
CO; and photosynthesis intensity in general [278]. It was found that grafted zucchini
plants, compared to those rooted independently, under conditions of low temperature
stress have higher stomatal conductance and initial activity of carboxylase and higher
intensity of photosynthesis [279].

The greater resistance of grafted plants to diseases not transmitted through the soil
Is mainly due to a more developed root system, a powerful growth potential and an
active flow of processes related to plant formation [280]. When studying the
physiological effect of different rootstocks on grafted cucumber, it was established that
against the background of grafting, the intensity of photosynthesis in plants increased
by 21.81%, and at the same time, the yield also increased. Active growth and high
metabolism of the root system contributed to this, which ensured the supply of a large
amount of water, inorganic salts, and hormones, which had a positive effect on the
growth and morphogenesis of shoot structures. In turn, the rapid growth of the shoot is
accompanied by an active increase in the area of the leaves, an increase in the content
of chlorophyll, and the activation of photosynthesis and synthesis of organic
substances.

Experts in the field of grafting [281] believe that this technology is not just a
mechanical combination of parts of different plants, but an effective interaction
between them to form a single whole unit. Substances that were initially absent in the
graft can be transported to it from the rootstock. In turn, the graft can also change the
composition of the rootstock and thus affect its morphological and physiological
characteristics. As a result, a new plant organism is formed, which differs in its
characteristics from both graft and rootstock.

Therefore, grafting is also a means of influencing the eco-characteristics of

individuals and modelling plants with traits that meet the demands of production. In
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particular, the use of grafting is effective in solving the issue of increasing salt
tolerance of members of the Cucurbitaceae family, which are mostly not halophytes.

Indeed, it has been proved that grafting can increase the resistance of
Cucurbitaceae plants to salt stress [282]. In particular, on alkaline soils, the percentage
of shoot mass reduction was significantly lower in plants grafted onto pumpkin
rootstocks compared to non-grafted plants. Against the background of a high pH level,
a decrease in the concentration of macro elements, especially P and Mg, was registered
in the leaves of non-grafted plants, and in plants in general —a decrease in assimilation
indicators. At the same time, grafted plants were distinguished by higher values of Fe
content (on average 109.5 ug g * versus 86.7 pug gt in non-grafted plants).

The increased salt resistance of grafted plants is due to the higher stability of the
membranes of the root system of the rootstock (pumpkin), the activation of the
absorption of K, Ca and Mg against the background of grafting, and, as a result, the
improvement of the values of the K/Na indicator, the increase in the content of
saturated fatty acids in the lipid components of the membrane [283]. Damage to the
plasma membrane and an increase in its permeability were registered in watermelon
rootstocks against the background of salt stress. However, relative electrical
conductivity was improved significantly and the degree of peroxidation of membrane
lipids increased. The activity of peroxidase increased significantly, and the activity of
superoxide dismutase decreased. The content of free proline increased, which is an
important sign of increased salt tolerance [284]. Salinity resistance also increases
when using salt-tolerant rootstocks [285, 286].

The results of many studies show that grafting, including the use of highly
resistant or immune rootstocks, can improve significantly the resistance of plants to
diseases (fusarium, downy mildew, gray mold, etc.) [287-290]. As a result, it is
accompanied by an increase in plant survival, yield, average fruit weight and soluble
dry matter content [291, 292].

Therefore, the analysis of literary sources shows that the response and adaptation
of plants to salinity is accompanied by a number of physiological and biochemical
processes. In the aspect of ensuring the adaptation and survival of plants in conditions
of salinity, an important role, in particular, is played by the functioning of salt
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tolerance genes, the formation of the antioxidant system of enzyme protection, the
activation of the synthesis of proline and other adaptive substances, and the
accumulation of glycine betaine. The success of finding out the mechanisms of salt
tolerance is closely related to the general development of science. At the current stage,
the degree of detail in the problem disclosure has significantly increased due to the use
of the latest methods and technologies, including those that allow revealing the
essence of adaptation processes, starting with the molecular level and the
implementation of genetic control. These approaches are promising and will certainly
allow us to deepen our knowledge of both the essence and the interaction of the
processes that occur in plants under the influence of high concentrations of salts. An
urgent issue is to find out the mechanisms of salt tolerance of representatives of the
economically valuable family Cucurbitaceae and genus Cucurbita, which are not
halophytes, and quite sensitively react to salt stress, however, the mechanisms of this
response have not yet been sufficiently studied.

Undoubtedly, at the current stage, the use of the latest scientific approaches, in
particular, genetic engineering and study of symbiotic relationships between plants,
opens up wide opportunities for deepening knowledge about the formation of salt
resistance in plants. However, further research on ensuring salinity of plants based on
the use of traditional technologies, such as grafting, does not lose its relevance.

Despite the ancient history of its origin, in modern conditions, grafting is a
technology that is not only widely used, but also is constantly improved. Its
application in the system of measures for growing plants of the Cucurbitaceae family
Is an integral part of solving one of the priority problems of humanity: providing the
population with food products. First, this is ensured by the fact that the use of grafting
provides an opportunity to increase the resistance of plants to adverse environmental
factors (for example, soil salinity, exposure to low temperatures) and diseases, and as a
result, to increase their yield and production volumes. The growth of the last indicator
Is also facilitated by the achievement, thanks to the introduction of grafting, of the
continuity of the cultivation of plants of the Cucurbitaceae family. Despite significant
theoretical and practical developments, research on issues and problems related to

grafting technology continues. Currently, considerable attention is paid to the in-depth



47

investigation of the physiological and biochemical aspects of the interaction of graft

and rootstock, as well as the issue of achieving their optimal (for specific scientific,

industrial tasks and conditions) combination.

The conducted analysis not only confirms the relevance of the study of salt
resistance of plants of the family Cucurbitaceae and genus Cucurbita, but also
indicates the insufficiency of a comprehensive study of this problem covering different
levels of the organization.

Therefore, the purpose of our dissertation work was determined to establish of the
complex mechanisms of response to salt stress and adaptation to it, which are
implemented by representatives of the genus Cucurbita at different levels of
organization, as well as eco-physiological aspects of the formation of salt resistance,
based on using both classical and modern technological approaches.

The materials of the chapter are covered in four publications:

1. Xe Cynrao (2022). ®izionoro-0i0XiMigHI acIeKTH pearyBaHHS POCIHH Ha
3acojieHHs TIpyHTY (ommsigoBa). BicHuk CyMCBKOTO HaIllOHAJIBHOTO arpapHoro
YHIBEPCHUTETY. Cepis: ArpoHOMist 1 6iomoris, 50 (4), 62—68.
https://doi.org/10.32845/agrobio.2022.4.9

2. Xe Cyntao (2023). lllenenHs y cucteMi 3aX0/1iB 13 BUPOIIYBaHHS POCIUH POIUHH

Cucurbitaceae. Bicauk CyMChKOTO HaIliOHAJILHOTO arpapHoro yHisepcutety. Cepist
«ATpoHOMIs i oiomorisy, 51 (1), 129-136. DOI
https://doi.org/10.32782/agrobio.2023.1.15

3. He Songtao, Zhou Junguo, Skliar V. H. & Xinxiang (2021). Mechanism of plant
adaptation to osmotic stress. «l'oruapiBchki unTaHHs»: Martepiaan MikHApOTHOT
HAyKOBO-TIPAaKTUYHOI KOoH(pepeHIlii, mpucBsueHoi 92-piudto 3 JHS HAPOMKEHHS
JIOKTOpa  CUTBCHKOTOCMONAPChKUX  HayK, mnpodecopa lonuapoBa Muxkonu
Hem‘sHoBuya (25 tpaBus 2021 p.). Cymu, 2021, 108-109.

4. He Songtao (2022). Results of the analysis current status of salinization worldwide.
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CHAPTER 2
STUDY OF THE INFLUENCE OF VARIOUS CONCENTRATIONS OF SALTS
AND SALT STRESS ON THE PLANTS
(METHODOLOGY)

2.1. Scheme of the experiment and assessment of the effect of different
concentrations of salt on the habit of plants, the ionic composition, and the degree
of salt damage

An experiment on the influence of different concentrations of salts was
conducted in the greenhouse of Henan Institute of Science and Technology from
March to August 2020 with varieties Yanzhen and Miben. At the beginning of research
fifty seeds of the same size were selected for each test material, disinfected with 0.1%
KMnO,, soaked at 28°C for 8h, rinsed with sterile water for 5 times, inoculated in
sterile 12 cm petri dish with 2 layers of filter paper, added with 3-5 ml sterile water,
sealed with a sealing film, and then promoted germination under the condition of
darkness and constant temperature (27+1 °C). After germination, the neatly sprouted
seeds were planted in a nutrient bowl containing vermiculite and perlite (2:1) and
planted in a greenhouse equipped with a heating system. Greenhouse management day
temperature of 25 ~ 28°C, night temperature of 15 ~ 18°C, light intensity of natural
light, relative humidity of 50% ~ 70%, other management is the same as the general
solar greenhouse. Seedlings were transplanted when they reached two leaves and
seeded in a mixture of nutrient soil and perlite (2:1). The culture container shall be a
rectangular plastic culture container with a length of 60 cm, a width of 50 cm and a
height of 40 cm (Fig. 2.1, Appendix A).

The seedlings were treated with 0, 60 and 120 mmol/L NaCl solution (in
increments of 60 mmol/L each time). To prevent salt shock effect, the seedlings were
treated three times on the 22nd, 24th and 26th respectively until the set concentration
(60, 120 mmol/L) was reached.
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Fig. 2.1. Pumpkin plants at different stages of research
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During the whole experiment, the water content of the soil was kept at
15%~16%, and the water was replenished quantitatively with a watering can.

2 cultivars and 2 NaCl treatments (60 and 120 mmol/L) were used. Each
treatment was repeated 3 times, with no NaCl treatment as the control.

Foremost, the influence of salinity on the morphometric parameters of plants was
studied. At the same time, they relied on the experience accumulated by Sumy
Scientific School of Population Ecology of Plants regarding the methodology and
rules of morphometric analysis [293, 294]. In the process of the experiment, static
metric indicators such as stem diameter, stem length, and leaf area were primarily
evaluated (Appendix B). Based on the results of morphometric analysis, according to
the methodology of Yu.A. Zlobin, the vitality of plants was assessed, as well as the
ratio of the proportion of individuals of different levels of vitality (the highest — class
«a», the intermediate — class «b», the lowest — class «c») among the studied groups of
plants [294-296].

Stem diameter, stem length and leaf area of the seventh tubercle were measured
when the plant was grown (May 24). Results After harvest (July 10), the whole plant
was washed with deionized water, and each plant was divided into four parts: root,
stem, leaf and fruit. The plant was degreenized at 105 °C for 15 minutes, and dried at
65 °C to constant weight, which was called dry weight.

Salt damage index is an important index reflecting the damage degree of salt
stress on plants. Salt damage index and salt damage rate [297]. all plants were
observed and counted to calculate the damage index and damage rate of each plant
under each treatment. The classification standard of salt damage was 0: no symptoms
of salt damage; Grade 1: mild salt damage, with a small part (about 1/5) of leaf tips
and leaf edges yellowing; Grade 2: moderate salt damage, with about 1/2 of leaf tips
and leaf edges yellowing; Grade 3: moderate salt damage, most leaf tips and leaf edges
burnt yellow. Grade 4: extremely severe damage, leaf scorched, fell off, withered
branches, and eventually died. The formula for calculating salt damage index and salt

damage rate is as follows:
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Corresponding series)
Grade plant number

Z(Level of salt damage

Salt damage index (%) =

Total plant number—Maximum salt damage value

The numbe r of plants affected by salt appeared

Salt damage rate (%) =

Total plant number

Characteristics of ion uptake and accumulation in Chinese pumpkin plants
under NaCl stress

It is an important content of crop cultivation research under salinization and
secondary salinization condition to study the mechanism of plant salt damage and salt
tolerance and to select salt tolerant varieties. The key to solve this problem is to adopt
salt-tolerant rootstocks for grafting and cultivation. Pumpkin is the main rootstock in
the production of melons, but the salt tolerance of different pumpkin rootstocks in the
production is quite different.

In this research, the salt-tolerant material 'salt stock' and the commercial variety
Milbon selected by us from Chinese pumpkin (C. moscchata Duch.). The state of the
pot culture under conditions of stress created by NaCl was studied.

At present, the commonly used pretreatment methods related to element content
detection include dry digestion, wet digestion, microwave digestion and pressure tank
digestion, etc. [298-300]. Compared with other methods, microwave digestion has the
characteristics of strong capacity, high efficiency, less solvent consumption and low
blank space, and can effectively control sample volatilization loss and reduce the risk
of sample contamination. It has improved the accuracy and precision of analysis and is
widely used in the pre-processing of metal element analysis in food [301].

There are many kinds of technologies for detecting and analysing the content of
metal elements in substances, the main ones are: atomic fluorescence spectrometry
[302, 303], flame atomic absorption spectrometry (FAAS) [304, 305], Graphite
Furnace Atomic Absorption spectrometry (GFAAS) [306], Inductively coupled Plasma
Emission spectrometry (ICP-AES) [307] and inductively coupled Plasma Mass
spectrometry (ICP-MS) [308-310], etc. The materials used in the first three
spectroscopic methods are specially manufactured hollow cathode lamps, which can
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only analyse and detect one metal element in the sample each time, which not only
greatly limits the types of elements measured, but also increases the measurement cost
due to the extremely high price of hollow cathode lamps, which also cannot meet the
tester's requirements for experimental data analysis. ICP-AES is a spectral analysis
technique using inductively coupled plasma torch as excitation light source. It can
determine various metal elements in samples very quickly, easily and accurately, and
there is no obvious matrix effect. Up to now, ICP-AES analysis technology has
become one of the most important methods in modern detection and analysis
technology.

Compared with the above analysis methods, ICP-AES analysis has the following
advantages: The analysis is rapid. ICP-AES technology has low interference, relatively
stable spectral distribution time will not change with time, wide linear range is easy to
observe, and can identify and detect the characteristic spectrum of a variety of sample
elements and can simultaneously conduct quantitative and qualitative analysis and
detection of a variety of metal elements. High sensitivity. It can be measured directly
without any other operation, and the concentration has little effect on the detection,
even a small concentration can be detected. High accuracy. ICP-AES is one of the
least interferential analytical techniques and methods. The relative standard deviation
is less than 10% under normal conditions, and as low as 1% when the concentration of
analyte is more than 100 times the detection limit. A wide range of detection and
analysis. It can measure and analyse several or even dozens of metal elements at a
time.

Therefore, the microwave digestion-ICP-AES method was used to quantitatively
analyse the trace and trace metal elements in pumpkin. Meanwhile, the electrothermal
plate digestion samples were pre-processed. At the same time, the inductively coupled
plasma mass spectrometry was carried out in-depth discussion and research, so that the
optimized method and setting could be applied to the analysis of metal elements in

pumpkin.
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Instruments and reagents

Optima 2100DV inductively Coupled Plasma Emission Spectrometer, PE, USA;
XA-2 mill, Jintan Chengdong Xinrui Instrument Factory; ML-2-4B temperature
regulating electric heating plate, Jintan Huaou Experimental Instrument Factory;
MDS-6G microwave digestion and extraction technology was used for sample
digestion. Shanghai Xinyi Weibo Chemical Technology Co., LTD. Its main parameters

are shown in Table 2.1.
Table 2.1. Main parameters of microwave digestion instrument

Content Range of values
Power supply voltage ~220V(% 10%)50Hz
Rated power rating 1600W
Rated microwave output power 0~1000W
Microwave frequency 2450MHz+50MHz

Sample pretreatment and solution configuration

Sample the dried samples in 2.1, 3 plants per treatment, according to the root,
stem, leaf, fruit, mixed, crushed and mixed with high-speed grinder. The treated
samples of 0.50 g (accurate to 0.001g) were accurately weighed respectively and
placed in microwave digestion tank (PTFE), then 10 mL concentrated nitric acid was
added, 2 mL 30% hydrogen peroxide (H202) was poured into PTFE container, placed
on the rotating turntable of microwave oven, pre-digestion at 120 °C for 45 min. Then,
digestion was carried out according to the working parameters of the microwave
digestion instrument in Table 2.2. After digestion, the acid was driven to 0.5-1ml at
constant temperature on the electric heating plate at 160 °C, and the acid driven
solution was put into a 25mL volumetric bottle with 3% HNO3 for constant volume
testing. The specific measurement conditions are shown in Table 2.3. At the same
time, standard quality control samples, parallel samples, reagent blank and other

quality control measures are made.
Table 2.2. Operating conditions of microwave digestion instrument

Steps 1 2
T (°C) 140 180
Power (W) 600 600

Time (min) 10 10
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Table 2.3. Working conditions of ICP-AES (Optima 2100 DV)

Content Technical parameters
Radio frequency power 1300 W
Atomizer flow rate 0.2 L/min
Plasma cooling gas flow rate 15 L/min
Auxiliary gas flow rate 0.2 L/min
Peristaltiat?;nrz?ysampling 1.50 mL/min

Drawing of standard curve

Dilute the mixed standard solution with 2% HNOs; solution in A certain
proportion to obtain the corresponding standard solution: 0 mg/L, 1 mg/L, 2 mg/L, 3
mg/L, 4 mg/L, 5 mg/L. Absorbance A is chosen as the vertical coordinate, and the
horizontal coordinate represents the concentration C of each element in standard

solution. Standard curve drawing is done by instrument.

2.2. Effect of pumpkin rootstock on the growth of grafted watermelon

Grafting cultivation is the main form in the production of melon vegetables at
present. Watermelon (Citrullus lanatus) is one of the main fruit and vegetable
horticultural crops and one of the 20 most important crops worldwide. China is the
world's largest country in watermelon production and consumption, and watermelon
industry occupies an important position in China's agricultural industry.

China is rich in pumpkin germplasm resources, but there are relatively few
pumpkin rootstocks suitable for watermelon grafting in the market at present, which
cannot fully meet the needs of watermelon industry. Therefore, this study evaluated
the effect of Chinese pumpkin Yanzhen on grafting of watermelon with different
ploidy, to obtain a new combination of pumpkin stock with good grafting affinity and
little negative impact on watermelon fruit quality.

In this experiment, a commercial pumpkin rootstock cultivar “Baimill2”
(Cucurbita maxima, Henan Institute of Science and Technology), commercial triploid
watermelon cultivar “Zhengzhou No.3 (3X)” and corresponding diploid watermelon
line “Zhengzhou No.3 (2X)” [Citrullus lanatus (Thunb.) Matsum. and Nakai., Chinese
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Academy of Agricultural Sciences] were used. The triploid watermelon cultivar
“Zhengzhou No.3 (3X)” was obtained by crossing diploid “Zhengzhou No.3 (2X)”
and corresponding autotetraploid “Zhengzhou No.3 (4X)” parental lines [311].

The seeds of pumpkin, diploid and triploid watermelon were surface sterilized
with 3 % (v/v) sodium hypochlorite for 2 min followed by three washes with sterile
deionized water. After germination at 30 °C for 24 h, the seeds were sown in 50-cell
plug trays filled with a mixture (1:1:1) of peat, perlite, and vermiculite (v/v) in the
greenhouse at Henan Institute of Science and Technology, with a 14/10 h day/night
photoperiod at temperatures ranging between approximately 22 and 30 °C and ambient
relative humidity. The rootstock seeds of pumpkin were sown earlier 5 days than the
watermelon scion (triploid and diploid watermelon) seeds sowing. Two grafting
combinations of watermelon lines were used, that is, triploid watermelon (3X) grafted
onto pumpkin (3X/P) and diploid watermelon (2X) grafted onto pumpkin (2X/P).
Once the pumpkin rootstock seedling produced the second and first true leaf, grafting
was performed by using hole-insertion grafting method as described by Hassell et al.
(2008) [312]. The ingrafted diploid and triploid watermelon lines were used as control.
In order to maintain high humidity, seedlings were covered with a layer of transparent
plastic film, and seedlings were placed in shade for 72 h. The plastic film was
removed for a short time during initial days to control relative humidity, and it was
completely removed after 10 d of grafting. When the third true leaf emerged, the own-
root watermelon, grafted-root watermelon seedlings were transplanted into an open
field in Xinxiang, China (35°18' N, 113°52' E) and grown under the same conditions
in early May. Each line comprised of 2 rows, and each row was for 10 individuals; the
spacing between the rows was 180 cm, and the spacing between individuals in a row
was 50 cm. The treatment was replicated four times and was arranged in a randomized
complete block design. The flowers were hand-pollinated and tagged. Five individual
fruits were chosen randomly at 10, 20, 30 days, respectively, after pollination and used
for testing fruit mass, dry matter content (whole fruit), sugar content (flesh) and
assaying enzyme activity (flesh). The flesh (central portion) samples were collected
and divided into two subsets. One subset was freeze-dried to a powder for sugar

content determinations. The other subset was immediately frozen in liquid nitrogen
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and stored at -80 °C for the enzyme assays. Each point therefore represents the average
of five samples from individual fruit.

Study of pumpkin rootstock on the growth of grafted watermelon was
supplemented by an assessment of the effect of mycorrhiza on the condition of plants.
In this experiment, the commercial pumpkin rootstock cultivar ‘Baimil12’ (Cucurbita
maxima), the commercial triploid watermelon cultivar ‘Zheng No.3 (3X)’ and
the corresponding diploid watermelon line ‘Zheng No.3 (2X)’ [Citrullus lanatus
(Thunb.) Matsum. and Nakai.] were used. The arbuscular mycorrhizal fungi (AMF):
Rhizophagus intraradices, was provided by Henan Agricultural University, Zhengzhou,
People’s Republic of China. Which was multiplied ina pot culture for 15 weeks
in greenhouse conditions using maize. The average colonisation of Rhizophagus
intraradices was 95.6% and the average spore density was 549 per 10 g of air-dried
soil. The spores, mycelium, colonised root fragments, and dried sand-soil were mixed
to use as AMF inoculums. The mycorrhizal inoculums were placed 15 cm below the
seedlings at the time of transplanting (15 g per plant).

The treatments were: (1) well-watered and non-AMF (WW); (2) well-watered and
inoculated with AMF (WW + AMF); (3) deficit irrigation and non-AMF (DI); (4)
deficit irrigation and inoculated with AFM (DI + AMF). The DI treatments started five
days af ter pollination and were imposed by withholding water from the plots until the
soil water potential was achieved. At the same time, the well-watered plots were
controlled with 80% of the field capacity (-0.075 MPa), and the DI plots were
controlled with 60% of the field capacity (-0.14 MPa). The soil water potential was
measured by a pressure plate apparatus (Shimadzu, CL-800, Kyoto, Japan) and the
amount of water loss was supplied to each plot to keep the intended soil water contents
[312].

2.3. Physiological and biochemical aspects of response to salt stress and
adaptation to it

Establishing the general features and patterns of response and adaptation of
pumpkins to salt stress and establishing the features and patterns of response and
adaptation to salt stress of plants created during the application of grafting technology,
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was accompanied by the conduct of physiological and biochemical studies, the
methodology of which is outlined in this subsection.

The net photosynthetic rate (PN)

PN: Net photosynthetic rate was measured under the conditions of natural
environment (field). We also recorded the change process of photo flux density (PFD)
and temperature in experimental location at this time (Fig.2.2). LI6400 portable
photosynthesis system (LI-COR co., USA) was used to measure the PN of the third
leaf (from the top) at 10, 20, 30 days, respectively, after pollination under natural
conditions. They were measured at 8:00, 9:00, 10:00, 11:00, 12:00, 13:00, 14:00,
15:00, 16:00, 17:00, 18:00 in a day. Each result shown was the mean of 10 replicated

treatments.
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Fig. 2.2. Diurnal changes of light intensity (A) and temperature (B) at 10, 20, 30 d
after pollination. DAP — days after pollination

Chl fluorescence parameters
The Chl fluorescence parameters of the third leaf were measured with a portable
chlorophyll fluorometer (Mini-PAM, Heinz Walz GmbH, Effeltrich, Germany). The
mean values of leaf electron transport rate (ETR), maximum photochemical efficiency
of PSII (Fv/Fm) and actual photochemical efficiency of PSII (®PSII) were measured
as described by Baker (2008) [314]. Each result shown was the mean of 10 replicated

treatments.



59

Sucrose and total sugar determination

Sucrose and total sugar content was assayed as described by Liu et al. (2013)
[315]. Approximately 200 mg of freeze-dried flesh per sample was ground to a fine
powder and extracted for 1 h in 10 mL of 50 % ethanol at 80 °C and then centrifuged
at 3,000 g for 10 min. The pellet was again extracted and centrifuged, and the
combined supernatants were placed in a volumetric flask (25 mL); 2 mL of the sample
was centrifuged at 3,000 g for 10 min. The supernatants (1 mL) were filtered through a
0.45-Im HPLC nylon filter (Membrana, Germany). The sugars in the sample were
separated in an analytical HPLC system (Pump System LC-10ATVP, Shimadzu, Japan)
fitted with a Shodex Asahipak NH2P-504E column (4.6 x 250 mm; Shodex, Japan)
using a refractive index detector (RID-10A, Shimadzu, Japan).

Extraction and assay of alkaline a-galactosidase

The alkaline a-galactosidase activity was assayed according to the method of
Gao and Schaffer (1999) [316], with some modifications. Approximately 1 g of freshly
frozen flesh was homogenized in a mortar with four volumes of extraction buffer
containing 50 mM Hepes-NaOH (pH 7.5), 2 mM EDTA and 5 mM DTT. All samples
were centrifuged at 18,000 g for 20 min at 4 °C to separate the supernatants. After
centrifugation, the supernatants were collected for alkaline a-galactosidase analysis
using p-nitrophenyl-a-D-galacopyr-anoside (pNPG) as a substrate. The initial reaction
buffer contained 5 mM pNPG in 50 mM Hepes buffer (pH 7.5). The samples were
incubated at 37 °C. The reaction was terminated after 10 min by adding four volumes
of 0.2 M NayCOs. The release of p-nitrophenol was measured spectrophotometrically
at 410 nm, and p-nitrophenol (Sigma) was used as a standard.

Insoluble acid invertase (1Al) extraction and assay

Insoluble acid invertase activity was measured according to the method of Miron
and Schaffer (1991) [317], with some modifications. Approximately 1 g of freshly
frozen flesh was homogenized in a mortar with three volumes of extraction buffer
containing 50 mM Hepes-NaOH (pH 7.5), 0.5 mM Na-EDTA, 2.5 mM DTT, 3 mM
diethyldithiocarbamic acid, 05 % (w/v) BSA and 1 % (w/v) insoluble
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polyvinylpyrrolidone (PVP). All samples were centrifuged at 18,000 g for 30 min at 4 °C
to collect the insoluble pellet (containing crude insoluble acid invertases) by
separation. The insoluble pellet was homogenized in the extraction buffer, centrifuged
and suspended in 3 mL of 50 mM Hepes-NaOH (pH 7.5) and 0.5 mM Na-EDTA. To
solubilize the “insoluble” acid invertase enzyme, NaCl (0.5 M final concentration) was
added to the initial extraction buffer prior to extraction. All samples were incubated at
4 °C for 10 min and centrifuged at 18,000 g for 20 min at 4°C. The supernatants were
collected for analysis of crude insoluble acid invertase activity. Insoluble acid
invertase activity was assayed in 0.8 mL of 0.1 M K;HPOQO, - 0.1 M citrate buffer (pH
5.0), 0.2 mL 0.1 M sucrose and 0.2 mL of enzyme extract (for the control). All
samples were incubated for 30 min at 37 °C, after which the reactions were stopped at
100°C for 5 min. After cooling, colour development was measured at 540 nm. Enzyme

was added to one sample after the 30-min incubation for the blank control.

Extraction and assay of SuSy and SPS

SuSy and SPS were extracted according to the methods of Hubbard et al. (1989)
[318] and Lowell et al. (1989) [319], with some modifications. Frozen flesh was
homogenized in a chilled mortar using a 1:5 tissue-to-buffer ratio. The buffer
contained 100 mM phosphate buffer (pH 7.5), 5 mM MgCI2, 1 mM EDTA, 2.5 mM
DTT, 0.1 % (v/v) Triton X-100 and 2 % PVPP (w/v). The homogenates were
centrifuged at 10,000 g for 30 min at 4 °C. After centrifugation, the supernatants were
dialysed in a 15-cm dialysis tube (MwCO:8,000—15,000) for approximately 16 h at 4 °C
against a solution containing 10 mM phosphate buffer (pH 7.5), 0.5 mM MgCI2, 0.1
mm EDTA, 0.25 mM DTT and 0.01 % (v/v) Triton X-100. The solution remaining in
the dialysis tube was collected for analysis of crude SuSy and SPS activity. SPS
activity was assayed by adding 0.1 mL of crude extract to 50 pL. Hepes buffer [SO mM
Hepes—NaOH (pH 7.5), 15 mM MgCl,, 15 mM fructose-6-PNa2, 15 mM glucose-6-
PNa2 and 15 mM UDP-glucose]. The samples were incubated for 30 min at 37 °C,
after which the reaction was stopped by the addition of 0.2 mL 30 % (v/v) KOH. The
tubes were placed in boiling water for 10 min to destroy any non-reacted fructose or
fructose-6-P. After cooling, 3 ml of a mixture of 0.14 % (w/v) anthrone in 13.8 M
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H,SO4 was added to each sample, and the samples were incubated in a 40°C-water
bath for 20 min. After cooling, colour development was measured at 620 nm. The
procedure for the SuSy assay (measured in the sucrose synthesis direction) was
identical to that of SPS except that the reaction mixtures contained 0.1 M phosphate
buffer (pH 8.0) and 60 mM fructose and did not contain fructose-6-P or glucose-6-P.

2.4. Genetic aspects of response to salt stress and adaptation to it

2.4.1. Identification and expression analysis of WRKY gene family in pumpkin
under salt stress

After a long period of evolution, plants have formed a series of mechanisms for
regulating their growth and development and resisting biotic and abiotic stress and
adversity. WRKY transcription factors are the largest family of transcription factors in
higher plants and widely exist in the entire plant lineage [320].

Acquisition and identification of pumpkin WRKY family members

Physiological and biochemical ownload the pumpkin (Cucurbita) protein group
and genome data melon/v3.6.1 (ftp://cucurbitgenomics.org/pub/cucurbit/genome/),
Blast localization software (Blast2.2.28) was used to construct a local protein and gene
database. Download the hidden Markovmodel (HMM) file of WRKY conservative
domain (serial number PF03106) from the Pfam database (http:// pfam.xfam.org/) (El-
Gebali et al., 2019) [321] and use it as the search sequence. HMMER3.2 software
[322] was used to conduct BlastP search in pumpkin local database, and the threshold
was set as E-value < 10-10 to obtain pumpkin WRKY candidate proteins. Candidate
protein sequences were predicted by SMART (http://smart. embl. de/) online software
to further identify whether pumpkin WRKY candidate proteins contain WRKY
domains, using ProtParam (http:// web.expasy.org/protparam/) analysis of pumpkins
member of the WRKY protein sequence length, molecular weight and isoelectric
point. Euk - mP -  Loc2.0 subcellular localization  analysis
(http://www.csbio.sjtu.edu.cn/bioinf/euk-multi-2/) [323].
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Chromosome localization, evolutionary tree and conserved motif analysis

When finding the location of the CmWRKYs chromosome in the pumpkin gene
database (http://cucurbitgenomics. org/organism/18), map the chromosome
distribution of CmWRKYs using MapChart 2.2. The gene and protein sequences of
Arabidopsis WRKY members (Eulgem et al., 2000) [324] were derived from the
Arabidopsis database (http://www.arabidop-sis.org/). MEGA X10.0.5 [325] was used
to construct the WRKY phylogenetic tree of Arabidopsis thaliana and pumpkin. The
sequence alignment method was MUSCLE and neighbour-joining (NJ) method was
used to construct the phylogenetic tree. The execution parameters are p-distance and
pairwise deletion, respectively, and the number of repetitions of bootstrap is set to
1000 [326-328], and select the default option for the remaining Settings. According to
the division method of Arabidopsis WRKY family members, the pumpkin WRKY
family members were classified, and the results were shown by Evolview2 [329].
MEMES.1.0 software was used to analyze the conserved motifs of CmWRKY protein,
and the parameters were set as the minimum motif length was 15aa, the maximum
motif length was 150aa and the maximum number of conserved sequences was 20
[330].

Pumpkin material culture and salt treatment

The pumpkin was a hybrid variety 'Salt Anvil' bred by Henan Institute of Science
and Technology. The seeds were disinfected with 5% sodium hypochlorite solution for
10 minutes, then cleaned with distilled water for 3 times, and then soaked in distilled
water for 8h, the seeds were sown in the bud stimulating dish, and the buds were
stimulated at 26°C for 3 days. Seeds with uniform germination were selected and
seeded in nutrient bowls containing matrix (vermiculite : nutrient soil =3:1), with 1
seed in each bowl, a total of 160 seeds. Then it was cultured in a light incubator with a
photoperiorcycle of 16h light/8h darkness, an average light intensity of 6000Ix, and a
day/night temperature of 26°C/24°C. Salt treatment was carried out in the four leaves
of pumpkin at the same time. The day/night temperature was set as 9°C/6°C, and the
day/night temperature of 26°C/24°C was used as the control. The photoperiod and
light intensity were the same as above. Pumpkin leaves were completely unfolded at 0,
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12 and 24 hours of treatment, respectively. The leaves were repeated 3 times at each
time point, and 5 mixed plants were taken each time. The samples were quick-frozen
in liquid nitrogen and stored at -80°C in the refrigerator.

gRT-PCR analysis of CmMWRKYSs gene expression

Total RNA from pumpkin leaves was extracted by Trizol reagent (TIANGEN,
Beijing). cDNA was synthesized by reverse transcription kit (TaKaRa, Dalian).
According to the results of CmWRKYs gene evolution, some homologous WRKY
genes in each subgroup were selected for salt stress induction analysis. CmWRKY's
and its internal reference gene (B-actin, GeneBankNo. AY859055) specific primers
were designed with PrimerPrimer5.0. The primer was synthesized by Shanghai
Sangon Biological Co., LTD. PCR reaction system: 10uL SYBR Green Mastermix
(2x), 10umol/L upstream and downstream primers each 0.8uL, cDNA template 2L,
ddH206.4puL. PCR reaction procedure: predenaturation at 95°C for 30 s; 95°C 5 s,
60°C 30 s, 50 cycles. With the expression level of Oh control group as the total control,
the relative gene expression level of control group and treatment group at 12 and 24h
was calculated by 2-AACt method (Livak, Schmittgen, 2001) [290], and the calculated
results were converted by log2 (relative expression level +1) formula. The pheat map
package in R-3.6.0 software was used to map the gRT-PCR results of 26 genes. For 11
of the genes that were highly up-regulated, Levene test of variance, Analysis of
variance (aov function), Tur- key's honestly significant difference (HSD) and Fish- in
R-3.6.0 software were used Er 'sleast significant difference to analyse significant
difference (LSD)) and marking, the histogram display using ggplot2 package.

2.4.2. Transient transformation system for gene function studies in pumpkin

The release of genomic sequences from the pumpkin [160] has laid the foundation
for molecular breeding and the exploration of useful genes for agronomical traits,
including to achieve increased salt resistance. Recombinant DNA can be introduced
into plant cells via physical methods, via Agrobacterium or via viral vectors [231].

Currently, gene exploration and molecular breeding in pumpkin (Cucurbita

moschata Duch.) is a challenging process. There are limited efficient stable
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transformation methods for pumpkin [240]. Therefore, it is significantly important to
develop an efficient transient transformation system in pumpkin.

Transient transformation is a promising tool for the study of gene function. Here,
an efficient Agrobacterium-mediated transient transformation system was developed
for gene function studies in pumpkin. In this study, we also investigated the effect of
sonication and vacuum infiltration on transformation efficiency via the GUS reporter
gene.

The objects of research were pumpkin inbred lines coded ‘360— 3°, ‘112— 2°,
‘009 — 1°, ‘042 — 2°, ‘Chang — 2’ and ‘Jiujiang’ were used as plant materials for the
experiments. All these pumpkin resources were obtained from our pumpkin breeding
and research team.

Research was carried out in several stages [331]:

1. Sonication and vacuum infiltration

2. GUS assay

3. Salt stress treatment and determination of physiological indicators

4. Cotyledon injection

5. GFP fluorescent detection

6. Vector construction and Agrobacterium transformation

As a result, the vector pBI121-EGFP was isolated and digested with Xba | and
Sma I (N-terminus of EGFP), and then purified by gel electrophoresis.

Primers were designed according to full-length cDNA with no stop codon of
CmoCh05G005550 (named as CmPHD1, no introns, 717bp) released from the
Cucurbit Genomics Database (http://cucurbitgenomics.org/).

Forward primer: 5' -GCTCTAGAATGGATTTCGATGAGGAGCAC-3’

Reverse primer: 5' -TACCCCGGGATCATTTGAGCACTTCTTC-3’

The underlined sequences are of Xba | and Sma | cutting sites, respectively.

The pumpkin genome DNA was isolated and used as a template for PCR.

The T4 DNA ligase (Takara, Dalian, China) was used to ligate the fragment and
vector (16 °C, 1 h). The 10 pL ligation liquid was transformed into E. coli (DH5a)
competent cells via a heat shock method. The recombinant vector, pB1121-CmPHD1-

EGFP, was isolated and stored at — 20 °C for further use. Agrobacterium tumefaciens
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EHA105 competent cell was purchased from a company (Biomed, Beijing, China).
The new construct was transformed into Agrobacterium based on the instructions from
the manufacturer.

Mathematical statistics methods and appropriate software were used to
summarize the data collected during the research. It was widely used SAS software
(SAS Institute, Inc., Cary, NC, USA). In particular, they calculated means = SE. Used
one-way and two-way analysis of variance (ANOVA /ANOVA), method (Tukey’s
multiple range test) [332].

The use of the set of methods, described in Chapter 2, made it possible to
comprehensively (at the level of individuals, physiological and biochemical changes,
functioning of genetic mechanisms) study and analyse the adaptation, response of
plants of the Cucurbitaceae family to salt stress, identifying possible means of
regulating their salt resistance (based on the use of both classic technologies (grafting)
and the latest (genetic engineering etc.)).

The materials of this chapter are mainly covered in three scientific publications,
which were published in publications entered scientific databases (Scopus, Web of
Science):

Xuejin Chena, Songtao He, Lina Jiang, Xinzheng Li, Weili Guo, Bihua Chena,
Junguo Zhoua &Viktoriia Skliar (2021). An efficient transient transformation system
for gene function studies in pumpkin (Cucurbita moschata D.). Scientia Horticulturae,
1, 1-10. DOI:10.1016/j.scienta.2021.110028

Yang, P.M., He, S.T., Jiang, L.N., Chen, X.J., Li. Y.F. & Zhou, J.G. (2020). The
effects of pumpkin rootstock on photosynthesis, fruit mass, and sucrose content of
different ploidy watermelon (Citrullus lanatus). Photosynthetica. 58 (5), 1150-1159.
DOI: 10.32615/ps.2020.068

Yang, PM. & He, S.T. (2022). The effects of arbuscular mycorrhizal fungi and
deficit irrigation on the yield and sugar content of watermelons (Citrullus lanatus).
Hort. Sci. (Prague), 49, 225-233. https://doi.org/10.17221/108/2021-HORTSCI
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CHAPTER 3
RESPONSE AND ADAPTATION OF PUMPKIN PLANTS TO SALT STRESS
(RESULTS)
3.1. The influence of different concentrations of salts on morphological
characteristics, viability and degree of damage to pumpkin plants
3.1.1. The effect of salts on the on morphological signs and vitality of pumpkin
plants
At the beginning of the research, the studied plants at the beginning of the
research did not have statistically significant differences in the values of
morphoparameters (Table 3.1).
Table 3.1. Dimensional indicators of pumpkin plants at the beginning of  research

NaCl concentration | Dry weight Leafarea | Stem length | Stem thickness
(mmol.L?)
0 1.0 1.0 1.0 1.0
60 1.0 0.92 0.84 1.0
120 1.0 1.0 1.0 0.89

After NaCl treatment, the leaves and plant height of pumpkin plants became
smaller. With the increase of salt concentration, the inhibition degree of plants
increased gradually. After 60 mmol/L NaCl treatment, the growth of the plants was
delayed, some tips and margins of Miben were yellowish, and the leaves of Yanzhen
were slightly smaller. At 120 mmol/L, the plant growth was further delayed, and most
of the leaf tips and margins of Miben showed obvious symptoms of salt damage,
severely abnormal growth, severe leaf curl, lodging and even death, and even could
not flower and bear fruit normally. The Yanzhen leaves are further reduced, with some
tips and margins browned, but can flower and bear fruit normally (Fig. 3.1, Appendix
A).
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Fig. 3.1 Pumpkin plants treated of NaCl

After NaCl treatment, stem diameter, stem length, leaf area and dry weight were
significantly affected (Figure 3.2, Appendix B). After treatment with 60 mmol/L NaCl,
all the characters of NaCl sensitive Miben showed significant decrease. However, the
Yanzhen with less NaCl sensitivity only showed a decrease in dry weight. After 120
mmol/L NaCl treatment, leaf area and dry weight were significantly affected, followed
by stem length, and stem diameter was least affected.
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Fig. 3.2. Effects of different concentrations of NaCl on pumpkin plant traits

Among them, the stem diameter, stem length, leaf area and dry weight of Miben
were lower than those of Yanzhen. In general, Miben was the most sensitive to salt
stress, and its growth and development were affected the most. The Yanzhen was the
least sensitive to salt stress, and the growth and development were the least affected.

The results of the vitality analysis based on these morphometrics (Table 3.2)
showed that, against the background of an increase in the concentration of salts among
pumpkin plants, the proportion of individuals with the highest vitality (class «a»
vitality) decreases from 100 to 58% the variety Miben and from 100% to 75% the
variety Yanzhen, and the proportion of plants increases of lower vitality (class «b»):
from 0% to 42% the variety Miben and from 0% to 25% the variety Yanzhen. The
results of the vitality analysis also confirmed the higher sensitivity of plants of the
variety Miben to the influence of increased salt concentrations.
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Table 3.2. Vitality of pumpkin plants against the background of different
concentrations of salts

Ne Variety Nacl/ The share of plants of different classes of vitality
(mmol/L) a b C

1 : 0 1,0 0 0

o | Miben 60 0,02 0,08 0

3 120 0,58 0,42 0

4 Yanzhen 0 1,0 0 0

5 60 0,83 0,17 0

6 120 0,75 0,25 0

3.1.2. Influence of different concentrations of NaCl on salt damage index of pumpkin

Indicators of salt damage of pumpkin treated with different concentrations of salt
are shown in Table 3.3. As can be seen from Table 3.3, with the increase of NaCl
concentration, the salt damage index and salt damage rate of the two kinds of pumpkin
showed an increasing trend. When the concentration of NaCl reached 60mmol/L, the
salt damage symptom of Miben was obvious, the salt damage index and salt damage
rate reached 19% and 33.3%, respectively. But Yanzhen did not show obvious
symptoms of salt damage, salt damage index and salt damage rate are significantly
lower than Miben.

When the concentration of NaCl reached 120 mmol/L, the salt damage index of
Miben reached 37%, and the salt damage rate reached 100%.

Table 3.3. Salt damage index and salt damage rate of two kinds of pumpkin varieties
treated with different concentrations of NaCl

Note: Foos5 = 5.14

NaCl/ Salt damage index, %
(mmol/L) Miben Yanzhen F-value!
0 0.00 0.00 0
60 19 0 1.87

120 37 18 2.42
Salt damage rate, %
Miben Yanzhen F-value
0 0.00 0.00 0
60 33.33 0.00 1.77
120 100 41.67 4.20

; F0_01 =10.92
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While the salt damage index of Yanzhen is 18%, the salt damage rate is only
41.67%, the increase range is obviously less than Miben. These results indicated that
the two kinds of pumpkin had significantly different salt tolerance under NaCl stress.
Yanzhen showed the latest symptom of salt damage, the salt damage index and salt
damage rate were significantly lower than Miben, showing a strong salt tolerance.
However, Miben showed early symptoms of salt damage, the salt damage index was
significantly higher than Yanzhen, and the salt tolerance was weak, so it was a salt
sensitive variety. Both the salt damage index and salt damage rate reflect the salt
resistance ability of plants under different concentrations. Therefore, when the two
indexes are combined to reflect the damage to plants under salt stress, the results will
be more objective. After comprehensive analysis, it can be seen that Miben had the
worst tolerance and Yanzhen had strong salt resistance of pumpkin from two different
provenances.

3.2. The influence of salt stress on the exchange of organic compounds and
leading physiological processes

3.2.1. The influence of salt stress on indicators related to the flow of
photosynthesis and water exchange of pumpkin.

Net photosynthetic rate (P,), stomatal conductance (Gs), intercellular CO;
concentration (C;) and transpiration rate (T;) were measured by LI-6400XT portable
photosynthesometry system at 9 : 00 ~ 11 : 30 in the morning. An open gas path was
used for measurement. CO;, was collected from the relatively stable 3~4m high air
outside the greenhouse, and 6400 PS was used to provide illumination. The optical
quantum flux density (PFD) was set at 1000 umol/(m?-s) (human light source). The
temperature of leaf chamber was controlled at (25+1) °C, the concentration of CO>
was (380+10) umol /mol, and the relative humidity (RH) was 50%. The formulas (3.1,
3.2):

Ls=1-C;/Ca 3.1,
where C, is the concentration of CO; in air;
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WUE = P,/T,; 3.2,
were used to calculate stomatal limit (Ls) and water utilization ratio (WUE),
respectively.

As can be seen from Table 3.4, under different concentrations of NaCl, Py, T,, and
WUE of the two kinds of pumpkins all decreased, and the decreasing amplitude
increased with the increase of NaCl concentration. Under 60 and 120 mmol/L NacCl,
the P, fraction and T, of Yanzhen pumpkin were 13.95% and 46.41% lower than that
under the exposure, and 12.16% and 37.30% lower than that under the exposure,
respectively. P, and T, of Miben pumpkin decreased by 29.92% and 64.61%,
respectively, and 25.98% and 46.56%, respectively, compared with the control.

As can be seen from Table 3.4, Gs, Ls and C; of the two kinds of pumpkin
significantly decreased under different concentrations of NaCl. Under 60 and 120
mmol/L NaCl, Gs and Ls of Yanzhen pumpkin decreased by 10.30% and 41.97% and
3.20% and 15.50%, respectively, compared with the control.

Compared with the control, Gs of Miben pumpkin decreased 23.19% and 67.35%
respectively, and Ls decreased 9.82% and 31.13% respectively. The results showed
that the decreasing range of Gs and Ls in pumpkin increased with the increase of salt
stress concentration, and the decreasing range of Miben pumpkin was larger than
Yanzhen pumpkin. Although the Ls decreased under salt stress, the influence of
stomatal factors decreased, but the CO; into plant cells decreased with the Gs
decreased.

After 7 days of salt stress with different concentrations, the changes of chlorophyll
content of the two kinds of pumpkin were different (Fig. 3.7). The contents of
chlorophyll a, b and chlorophyll in the leaves of Yanzhen pumpkin increased with the
increase of NaCl concentration.
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Table 3.4. Effects of different concentrations on photosynthetic characteristics and water use of pumpkins?

Variety NaCl Pn Tr WUE Gs Ci Ls
(mmol/L) | [umol/(m?-s), | [mmol/(m?-s), (mol/mol, [mol/(m?-s), H.0] (umol/mol,
CO9] H20] CO2/H-0) CO2)

0 (CK) 16.35a 4.30a 3.80a 0.1110a 226.16e 0.405a
Yanzhen 60 14.07b 3.78b 3.72ab 0.0996b 238.76d 0.372b
120 8.76d 2.70d 3.25¢C 0.0644d 256.70b 0.324d
0 (CK) 16.45a 4.38a 3.83a 0.1121a 226.26€ 0.485a
Miben 60 11.46¢ 3.18c 3.60b 0.0853c 248.41 0.346¢
120 5.79 2.30e 2.52d 0.0362¢ 279.50a 0.264e

Note: Different letters after the same column of numbers indicate significant difference at the 0.05 level
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Fig. 3.3. Effects of NaCl stress on contents of chlorophyll a, chlorophyll b and
chlorphyll in leaves of Yanzhen pumpkin and Miben pumpkin

Although chlorophyll a decreased under the condition of 120 mmol/L NaCl, it
was still significantly higher than the control. The contents of chlorophyll a, b and
chlorophyll in the leaves of Miben pumpkin showed the same trend of change, that is,
they all increased significantly under the condition of 60 mmol/L NaCl, while the
contents of the three decreased with the increase of NaCl concentration. Under the
condition of 120 mmol/L NacCl, the contents of chlorophyll a and chlorophyll were
significantly lower than the control. Chlorophyll b content was reduced to an
undesirable level compared with the control.

3.2.2. Effects of salt stress on plasma membrane permeability and MDA content

The production rate of O is accelerated after salt stress, which leads to membrane
system damage and cell damage, and the content of MDA in the body is increased. As
shown in Figure 3.4, MDA content in the leaves of the two kinds of pumpkin
increased with the increase of salt treatment concentration, indicating that the plasma
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membrane peroxidation level was aggravated by salt treatment at different

concentrations.
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Fig.3.4. Effects of NaCl stress on electrolytic leakage of Yanzhen pumpkin and

Miben pumpkin MDA content in the leaves of Miben pumpkin treated with
different concentrations of NaCl was slightly higher than that of Yanzhen pumpkin.
The relative permeability of plasma membrane also increased with the increase of salt
concentration (Fig. 3.5).
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Fig. 3.5. Effects of NaCl stress on MDA content in Yanzhen pumpkin and Miben
pumpkin
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After 7 days of treatment, the plasma membrane permeability of Yanzhen
pumpkin leaves was 106% and 159% of that of the control. The damage effect of NaCl
on the plasma membrane of Miben pumpkin was 130% and 171%, which indicated
that the damage effect of NaCl on the plasma membrane of Miben pumpkin was
greater than that of Yanzhen pumpkin.

The above changes in plasma membrane permeability and MDA content of
Yanzhen and Miben pumpkin leaves after NaCl stress indicate that Yanzhen pumpkin
has strong salt tolerance. In the later stage of stress, the production and scavenging of
reactive oxygen species and free radicals have reached a balance under the action of
antioxidant enzymes and antioxidants. The production rate of O, and the content of
MDA remained unchanged at a certain level, while the salt tolerance of Miben
pumpkin was weak, the production and removal of reactive oxygen species and free
radicals could not reach balance, the lipid peroxidation of root membrane was
intensified, and the content of malondialdehyde was high (He Songtao et al., 2020).

3.2.3. Effects of salt stress on contents of free proline and soluble sugar in pumpkin

Soluble sugar and proline are important osmotic substances that regulate osmotic
potential and water potential of plants under salt stress. After 7 days of NaCl stress, the
content of proline in leaves of two pumpkin seedlings was significantly higher than
that of the control. Under the conditions of 60 mmol/L NaCl and 120 mmol/L NaC1,
the proline content in Yanzhen pumpkin leaves was 4.3 times and 6.2 times that of the
control, respectively. However, the proline content of Miben pumpkin showed no
obvious increase trend 4, and its content was 4.3 times and 4.6 times of that of the
control (Figure 3.6).
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Fig. 3.6. Effects of NaCl stress on free proline content in Yanzhen pumpkin and Miben
pumpkin

Figure 3.7 shows that with the increase of NaCl concentration, the soluble sugar
content in the Yanzhen pumpkin leaves gradually increases. At 120 mmol/L NaCl, the
content of soluble sugar in 'salt anvil' pumpkin leaves was 2.5 times that of the control.
The soluble sugar content of Miben pumpkin only increased significantly under the
condition of 60 mmol/L NaCl, while the soluble sugar content of Miben pumpkin
leaves under the condition of high concentration of 120 mmol/L NaCl had little
difference with the control.
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Fig.3.7. Effects of NaCl stress on content of soluble sugar in Yanzhen pumpkin
and Miben pumpkin

Under normal conditions, there was little difference in the contents of proline and
soluble sugar between the two pumpkins, but under salt stress, especially under high
concentration of salt stress, the accumulation of proline and soluble sugar in the leaves
of Yanzhen pumpkin was significantly higher than that of Miben pumpkin. It can be
seen that the ability of these two genotypes of pumpkin seedlings to accumulate
organic solutes is significantly different when NaCl stress exceeds a certain
concentration.

These results indicate that after NaCl stress, more soluble sugar and proline can
be synthesized in the root system of Yanzhen to maintain osmotic balance under salt
stress, with strong osmotic regulation ability. However, the contents of soluble sugar
and proline of Miben pumpkin were increased by the internal reaction at the beginning
of salt stress. With the increase of salt stress concentration, the root system suffered
more damage. However, more soluble sugars and prolines could not be synthesized to
maintain osmotic balance.
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3.2.4. Generalization of the results of the study of the effect of salt stress on the
exchange of organic compounds and the flow of leading physiological processes in
pumpkin

Therefore, plant salt tolerance is controlled by multiple genes, and the mechanism
of salt tolerance is different in different plants. Salt harms plants mainly through ion
toxicity, osmotic stress and nutrient deficiency. The salt damage index can be used as a
suitable index to identify the salt tolerance of perennial plants. Leaf salt damage index
was often used as an indicator of salt tolerance. In this study, it was concluded that the
salt damage index of pumpkin under salt stress, as a morphological index of salt
tolerance, was simple and easy to detect the strength of salt tolerance of pumpkin
directly and transformed the traditional apparent salt tolerance evaluation into a
standardized evaluation method with quantitative indicators, which increased the
accuracy and reliability of salt tolerance evaluation.

Salt stress has a significant effect on the whole growth and development cycle of
plants, among which the seedling stage is an important period of plant growth and
development, which is more sensitive to environmental changes. In this study, two
different concentrations of NaCl were used to treat different pumpkin varieties.
Combined with the growth conditions of the whole growth cycle and the degree of salt
damage, the concentration of salt stress resistance identification of pumpkin seedlings
was analysed. The results showed that the salt tolerance of Yanzhen showed in each
stage of growth.

Traditional studies on salt stress mainly focus on the effects on plant leaves. This
study explored the correlation between salt damage grade and dry weight by studying
the relationship between salt damage grade and the whole growth cycle of pumpkin,
indicating that the degree of salt damage can be reflected through the changes of stem
diameter, leaf size, dry weight and other traits, which can provide a certain reference
for the research on the mechanism of salt tolerance and the breeding of salt-tolerant
varieties of pumpkin.

The relative growth of plants under stress conditions can reflect the strength of
stress resistance. The larger the relative growth, the stronger the resistance to
adversity. In this study, through the salt tolerance test of different pumpkin varieties
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under the same cultivation conditions, the comprehensive analysis of the salt
resistance of different pumpkin varieties is concluded that there are obvious
differences in the salt resistance of different pumpkin varieties. The salt resistance of
different pumpkin varieties is analysed from the salt damage index and salt damage
rate index Yanzhen strong salt resistance. Through the comparison of this experiment,
the salt tolerance of Yanzhen is better than Miben, indicating that its salt tolerance has
a greater use value, it is necessary to make further research on its stock characteristics,
to use it as a salt tolerant melon stock variety.

Salt stress reduces photosynthesis in plants by affecting the diffusion of CO;to
binding sites, changing the structure and function of organelles responsible for
photoreaction, changing the chemical process of dark reaction and inhibiting the
transfer of assimilative products. The results of this experiment showed that salt stress
could lead to the decrease of Gs and Tr in pumpkin leaves, which was conducive to
reducing water loss in plants and enhancing their resistance to salt stress. The decrease
of Gs will cause the transport of CO; required for photosynthesis to mesophyll cells to
be blocked. However, the reduction of plant Pn caused by salt stress also reduces the
CO; required for photosynthesis, resulting in the accumulation of CO; in plant cells
and the increase of C; value. The decrease of Ls indicated that stomatal restriction was
not the main factor affecting plant photosynthesis under salt stress. The decreased
photosynthesis of tested materials under salt stress may lead to the reduction of
carbohydrate and inhibit plant growth.

Cytoplasmic membrane permeability controls the flow of substances into and out
of cells. The normal exchange of substances in living cells mainly depends on the
normal maintenance of cytoplasmic membrane permeability. Under salt stress, the
plasma membrane of plant cells is the first to be damaged, resulting in the destruction
of the selective permeability of the membrane, that is, the permeability becomes
larger, and many organelle functions are destroyed. It is generally believed that there
are two main reasons for the damage to plasma membrane under salt stress. First, the
membrane lipid peroxidation caused by salt stress destroys the plasma membrane
structure. As an indicator of lipid peroxidation level, MDA has been accepted by
people. The stronger the lipid peroxidation, the higher the MDA content and the
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greater the membrane permeability. Therefore, it is generally believed that the amount
of MDA accumulation and the increase of membrane permeability are negatively
correlated with the salt tolerance of varieties, that is, the more MDA accumulation, the
greater the increase of membrane permeability and the weaker the salt tolerance,
because the increase of surface MDA accumulation and membrane permeability can
be used to compare the surface address between varieties. In addition, MDA affects
cell ion absorption and accumulation by affecting membrane permeability and
membrane transport proteins. MDA content and membrane permeability of two kinds
of pumpkin under NaCl stress both increased with the increase of salt concentration,
indicating that NaCl stress enhanced membrane peroxidation of plant leaves, damaged
membrane system and increased membrane permeability. Under the same
concentration of NaCl stress, the increase of MDA content and membrane
permeability was different between Miben pumpkin and Yanzhen pumpkin. Another
major reason why NaCl damages the plasma membrane structure is the excessive
accumulation of Na* in cells, which replaces the Ca?* that can stabilize and protect the
plasma membrane. Although NaCl has little effect on the total content of Ca?* in the
test, it may affect the morphology of Ca?* in cells and thus affect the structure of the
plasma membrane.

The growth of plants and the yield of crops are fundamentally determined by the
intensity of photosynthesis, and the absorption of light energy, the formation of
electron transport, the formation of reducing capacity and the formation of primary
photosynthates are all related to the structure of chloroplasts. Chloroplast is the most
sensitive organelle of cells to salt and is vulnerable to salt stress. Chlorophyll content
of plant leaves under salt stress is not only directly related to the photocontracting
process of plants, but also one of the important physiological indexes to measure the
salt tolerance of plants. Increase of chlorophyll content in leaves is to reduce the
physiological disorder caused by salt stress and slow down the physiological
interference caused by the relaxation of the binding between protein and chlorophyll,
which is another adaptive physiological effect of salt-tolerant plants in saline
environment. Synthesis of chlorophyll required proline, and the large amount of

proline accumulated in cells under salt stress was conducive to chlorophyll synthesis.
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Stressed soybean seedlings with NaCl, the contents of chlorophyll a (chla),
chlorophyll b (chib), total chlorophyll (chlT) and carotenoid (Car) increased, and the
chla/chlb values decreased to varying degrees, which was more obvious under severe
stress. Chlorophyll content increased with the increase of NaCl concentration.
However, when the concentration is greater than 20 g-L*, it decreases again. Salt
stress can reduce plant chlorophyll content. Chlorophyll a was the most sensitive to
salinity, followed by chlorophyll b, and carotenoid was the least sensitive. Reduction
of chlorophyll was mainly caused by the degradation of chlorophyll b by chlorophyll
enzymes, while the content of chlorophyll a and carotenoid was less affected. The
results of this experiment showed that the contents of chlorophyll b and chlorophyll in
the Yanzhen pumpkin leaves showed the same change trend, that is, with the increase
of NaCl concentration, the content of chlorophyll a also increased under the condition
of low concentration of NaCl (60 mmol/L) compared with the control, but decreased
when the NaCl concentration was 120 mmol/L. The contents of chlorophyll a,
chlorophyll b and chlorophyll in the leaves of Miben pumpkin showed the same
change trend, that is, they all increased significantly under the condition of low
concentration of NaCl (60 mmol/L), and the contents of the three decreased with the
increase of NaCl concentration. On the one hand, these differences indicated that the
variation in degree of leaf chlorophyll content was related to plant species, salt species
and concentration, on the other hand, salt stress could affect leaf chlorophyll content,
and the initial response of plants to salt stress was polymorphic. Therefore, chlorophyli
content can only be used as a reference index of salt tolerance.

3.3. Studies on ion absorption and accumulation characteristics of pumpkin
plants under NaCl stress
3.3.1. Accumulation of Na* in different organs of pumpkin under NaCl stress
As can be seen from Figure 3.8, the Na* content in organs of the two varieties
was basically the same without NaCl stress, both at relatively low levels. After 60
mmol/L NaCl stress and 120 mmol/L NaCl stress, the Na* content in all organs of the
two pumpkin plants increased significantly, but the increase amplitude was different.
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Fig. 3.8. Effects of NaCl stress on Na* content in roots, stems and leaves of
Yanzhen pumpkin and Miben pumpkin

The content of Na* in Miben pumpkin leaves increased to 5.2 times and 8.3 times
of the control, respectively, while that in Yanzhen pumpkin was 1.5 times and 2.8
times of the control. The content of Na in the stem of Miben pumpkin was 10.4 times
and 14.1 times of that in the control, while that in Yanzhen pumpkin was 8.1 times and
10.6 times of that in the control. The content of Na* in the root of Miben pumpkin was
3.7 times and 4.4 times of that of the control, and that of Yanzhen pumpkin was 11.7
times and 14.3 times of that of the control. In conclusion, under high concentration
(120 mmol/L) NaCl stress, the Na* content in the leaves of Miben pumpkin reached
31.24 mg/gDW, while the Na* content in the leaves of Yanzhen pumpkin was only
9.86 mg/gDW, which was only one third of that in Miben.

The Miben pumpkin material accumulated most of the Na in the above-ground
part, while the Yanzhen pumpkin material accumulated more Na in the underground
part. In other words, Miben accumulates more than 80% Na* in the aboveground part,
while Yanzhen accumulates more than 50% Na* in the underground part. Significantly
higher than black-seeded squash. The order of Na* content in the organs of Yanzhen
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plants from high to low was root - stem - leaf, while the order of Na* content in the
organs of Yanzhen plants from high to low was stem - leaf - root.

The above results indicate that the organs of Yanzhen and Miben pumpkin that
accumulate Na* after being subjected to NaCl stress are different. Yanzhen plants

mainly accumulate Na* in roots, while Miben plants mainly accumulate Na* in leaves.

3.3.2. Accumulation of K* in different organs of pumpkin under NaCl stress

Compared with the control, the content of K* in each organ of the two pumpkins
under NaCl stress decreased, and the greater the NaCl concentration, the greater the
decrease in K* content, because the accumulation of Na* inhibited the absorption of K*
after NaCl stress. The distribution of K* content in each part of two pumpkin plants
was stem - root-> leaves. After salt treatment, the content of K* in the two pumpkin
varieties was significantly lower than that in the control (Fig. 3.9).
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The content of K* in the root of all pumpkin varieties decreased less, and the content
of K™ in the leaves decreased most obviously. Studies have shown that maintaining
higher K* in the aboveground can help reduce the damage of Na* to plants. K*/Na*
ratio can better reflect this effect. K*/Na® was the highest in stems, the second in
leaves, and the lowest in roots of all pumpkin varieties (Tabl. 3.5).

Table 3.5. Effects of Nacl stress on theK*/Na* of pumpkin?

Varieties KZ/Na®
Root | Stem | Leaf
0 mmol/L NaCl (CK)

Miben 16.17ab 30.92c 18.68b
Yanzhen 17.58a 37.35¢c 23.38¢
60 mmol/L NaCl
Miben 3.16cd 0.941a 0.42a
Yanzhen 0.98bc 1.36¢ 2.68ab
120 mmol/L NacCl
Miben 1.76a 0.32b 0.10c
Yanzhen 0.47a 0.66b 1.12¢

Note: Different letters indicate significant differences at P < 0.05 by Duncan's multiple range test

After NaCl treatment, K*/Na* of all pumpkin varieties decreased significantly.
The K*/Na™ in the root of the Miben pumpkin material with fewer Na* accumulation in
the underground part is significantly higher than that of the Yanzhen pumpkin with
more Na* accumulation in the underground part. There was no significant difference in
K*/Na* in stem of all pumpkin varieties. However, the K*/Na* content of the Yanzhen
pumpkin was higher, which was mainly due to the lower Na* content in the leaves.

After salt stress, the content of K* in the ground and in the lower part showed a
decreasing trend compared with the control. The magnitude of the decline varied
among different varieties. The decrease of K* content in underground part was
significantly higher than that in aboveground part. The decrease of K* content in
underground part was 39%-67%, while that in aboveground part was 2%-25%,
indicating that K* ions were mainly transported to aboveground part after absorption,
which was beneficial to avoid aboveground part K™ nutrient deficit and ensure the
normal physiological activities of plants.
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3.3.3. Ca?* accumulation in different organs of pumpkin under NaCl stress

As can be seen from Figure 3.10, the leaves of the two varieties are the main sites of
Ca?* accumulation. After NaCl stress, the order of Ca?" content in the organs of
Yanzhen plants was leaf = root = stem, while the order of Ca?* content in the organs
of Miben plants was root - leaf - stem, with great changes in the roots and increased

content, while the changes in other organs were not obvious.
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Fig. 3.10. Effects of NaCl stress on Ca?* content in roots, stems and leaves of
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Ca®" is a stabilizer of biofilms and plays an important role in maintaining the
integrity and selectivity of biofilms under salt stress. The content of Ca?* in pumpkin
of different varieties increased slightly or remained unchanged. In both control and
salt treatment, Ca?* content in above-ground parts was higher than that in underground
parts, indicating that different varieties could selectively absorb beneficial nutrients
under salt stress and avoid nutrient deficiency in above-ground parts. There was no
significant difference in Ca?* content in the same part of pumpkin between different
varieties.

3.3.4. Accumulation of Mg?* in different organs of pumpkin under NaCl stress

As can be seen from Figure 3.11, Mg?* ions of the two varieties mainly accumulate
in the leaves. After NaCl stress, Mg?* content in the roots, stems and leaves of the two
kinds of pumpkin had little change, while Mg?* content in the leaves of Yanzhen plants

increased slightly. Mg?* content in Miben leaves decreased significantly.
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Fig. 3.10. Effects of NaCl stress on Mg?* content in roots, stems and leaves of
Yanzhen pumpkin and Miben pumpkin

3.3.5. Accumulation of ions in aboveground and underground parts of pumpkin

after NaCl stress

The K*/Na* in aboveground and underground parts of two kinds of pumpkin
decreased with the increase of NaCl concentration, and the decrease in aboveground
part was much greater than that in underground part. Compared with the control, the
above-ground K*/Na* decreased by 97% and the subsurface K*/Na" decreased by 92%
when treated with 120 mmol/L NaCl. The above ground K*/Na* decreased by 98%
and below ground by 91%. Under control and NaCl treatment, the ratio of Na* to other
ions in aboveground and underground parts of Yanzhen pumpkin was much lower than
that of Miben pumpkin (Table 3.6), indicating that the overall Na* expulsion ability of
Yanzhen pumpkin was higher than that of Miben pumpkin.
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Table 3.6. K*/Na*™ and Na/cations of shoot and root, and shoot/ root of cations in
Miben and Yanzhen after NaCl stress

Variet NaCl K*/Na* Na/cations Shoot/root ratio
y (mmol/L | shoot | root | shoot | root | Na | K Ca | Mg
)

0 33.2 | 354 | 001 [0.16 10.34|4.10| 9.13 | 3.73

7
Yanzhen 60 6.78 | 0.63 | 0.07 1048 |0.44|4.79 | 10.1 | 3.75

1

120 1.11 | 0.29 | 0.28 | 0.61 | 1.27 (4.78 | 7.50 | 3.01
0 28.0 | 267 | 0.02 |0.20|0.37 |3.84 | 957 | 2.81

Miben 0
60 564 [ 0.35] 0.09 | 0.62|0.33|5.32| 9.80 | 3.11
120 0.56 | 0.23| 0.45 | 0.63|2.07|496| 6.85 | 2.02

The content ratio (S/R) of various ions in aboveground and underground parts
reflects the transport of ions from roots to aboveground parts. Compared with the
control, the (S/R) ratios of Na* and K* of both kinds of pumpkin were increased under
NaCl treatment, but the (S/R) ratio of K* content was decreased under 120 mmol/L
NaCl condition compared with the low concentration of NaCl condition. The (S/R)
ratio of Ca?* content in the two kinds of pumpkin was higher than that in the control at
60 mmol/L NaCl, but lower than that in the control at 120 mmol/L NaCl. The (S/R)
ratio of Mg?* content in Yanzhen pumpkin was higher than that in the control under 60
mmol/L NaCl condition and lower than that in the control under 120 mmol/L NaCl
condition. The (S/R) ratio of Mg?* content in Miben pumpkin was higher than that in
the control at 60 mmol/L NaCl and lower than that in the control at 120 mmol/L NaCl.
This indicated that low concentration (60 mmol/L) of NaCl increased the transport of
various ions to the aboveground part. With the increase of NaCl concentration, the
equilibrium of ion transport and distribution was broken, and numerous Na* ions

entered and transported and had antagonistic effects on the transport of other cations.
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3.3.6 Changes of Na*/K*, Na*/Ca?" and Na*/Mg?" ratios in different parts of
pumpkin after NaCl stress

After salt treatment, the results of comparison of Na*/K*, Na*/Ca?* and Na*/Mg?*
ratios in the roots, stems and leaves of the two pumpkins showed that the absorption
capacity of Miben pumpkin to nutrient elements under salt stress was lower than that
of Yanzhen pumpkin (Table 3.7). With the increase of salt concentration, the ratio of
Na* to the three nutrient elements in the two kinds of pumpkin was increased. The
increased ratio of Na* to nutrient elements came from two aspects: one is the net
increase of Na* in the tissue, the other is the decrease of nutrient element level.
Compared with the control, the ratio of root, stem and leaf of Miben pumpkin
increased significantly under 120 mmol/L NaCl conditions than that of 'salt stock’
pumpkin. Under 120 mmol/L NaCl, the Na*/K*, Na*/Ca?* and Na*/Mg?* ratios in all
organs of Miben pumpkin were significantly higher than those of Yanzhen pumpkin.
Salt ions absorbed by plant roots are transported up the ground by transpiration. Water
Is dissipated through transpiration, while salt ions remain in the leaves. Saline soil will
accumulate a large amount of Na* in the plant. Since non-halophyte plants do not have
the salt-discharge structure unique to halophyte plants such as salt glands, the
excessive accumulation of salt in the leaves will eventually lead to the appearance of
salt damage symptoms. Excessive accumulation of Na* in non-halophytic plants is
harmful, which can affect the balance of other ions in the plant and inhibit plant
growth.

The salt tolerance of non-halophones is related to the ability to prevent the
absorption of salt ions and control the transport of salt ions to the over ground part.
The basic strategy is to preferentially accumulate salt ions in the lower part of roots
and stems and mature leaves to prevent excessive accumulation in upper leaves and
ensure high K* content in young tissues. K*, Ca?* and Mg?* are beneficial elements in
plant body, and their balance is very important for the normal growth and development
of plant. Therefore, the salt tolerance of non-halophyte plants is mainly determined by

limiting the uptake of Na by plant roots and maintaining a low level of Na* in leaves.



94

Table 3.7. Effects of stress on Na*/K*, Na*/Ca?* and Na*/Mg?* of Yanzhen and Miben?

- NaCl Root Stem Leaf
@ (mmol/L) | Na*/K* Na*/Ca?* Na*/Mg? Na*/K* Na*/Ca?* Na*/Mg* Na*/K* Na*/Ca?* | Na'/Mg?*
S
- 0 0.28f 1.88d 1.23e 0.04q 0.05f 0.13f 0.02f 0.03e 0.09e
EN’ 60 1.85e 4.61c 3.69d 0.20f 0.45e 0.79e 0.05ef 0.04e 0.12e
5_% 120 2.91d 6.21b 6.07bc 1.16¢ 1.49¢c 2.73c 0.60c 0.64c 1.53c

0 0.37f 1.64d 1.18e 0.03g 0.08f 0.16f 0.03ef 0.04e 0.11e
- 60 3.50c 8.13a 6.02bc 0.27e 0.68d 1.21d 0.06e 0.06e 0.18e
b}
'§ 120 6.37a 8.74a 9.07a 2.24a 3.25a 6.24a 1.25a 1.17a 3.40a

Note: Different letters indicate significant differences at P < 0.05 by Duncan's multiple range test
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The ionic radii and hydration energy of Na* and K* are similar, showing obvious
antagonistic effect. The accumulation of Na* in non-halozoan plants under salt stress is
often accompanied by the decrease of K* content, showing the characteristics of
selective absorption. As for the phenomenon of high K*/Na* value in crops with high
salt tolerance, it may be related to the dynamic enzymes in the root vesicle membrane
and plasma membrane.

The reason may be the increase of ATPase activity in the root membrane at the
tip, and the transmembrane gradient of protons formed promoted K* to enter the
cytoplasm through the K* channel. Moreover, the Na*/H" exchange gate on the plasma
membrane is activated, which accelerates the absorption of K* and the emission of
Na*, and improves the selectivity of K*. The selective absorption of ions and the
ability to regulate regionalized distribution of plants were closely related to their salt
tolerance, and there were significant differences among different varieties.

From the distribution of ions in different organs of the two kinds of pumpkin, it
can be seen that the absorption of Na* by the root system of Yanzhen pumpkin is
slightly lower than that of Miben pumpkin, while the transport of Na* to the ground
part, especially the leaves, of Yanzhen pumpkin is significantly lower than that of
Miben pumpkin. Na has a strong competitive effect on the absorption of K*, resulting
in the reduction of K* content under NaCl stress. Most salt-tolerant plants showed
selective absorption of K* and less absorption of Na*, and had a strong ability to
transport K* to the overground part. In addition, it has also been reported that salt
treatment does not affect or increase K content in leaves, and this opposite
experimental result may be caused by different experimental conditions. After 7 days
of NaCl stress, the absorption and transport of K™ to the overground part of both
Yanzhen pumpkin and Miben pumpkin were inhibited. Under the conditions of 60 and
120 mmol/L NaC1, Na*/K" in root and leaf of Yanzhen pumpkin was significantly
lower than that of Miben pumpkin, indicating that Yanzhen pumpkin had a higher
selective ability to absorb and transport K*.

Ca?" plays an important role in plant salt tolerance, which helps to improve the
K" selective absorption capacity of plants and maintain the K*/Na* ratio. NaCl in

nutrient solution can lead to Ca?* deficit in plants. Salt treatment had no significant
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effect on Ca?* content in olive leaves, while Ca?* content in roots increased. It has also
been reported that with the increase of salt concentration in soil, the content of Ca?* in
the leaves of salt-sensitive plants decreased, while the content of Ca?" in salt-tolerant
plants increased or remained unchanged. In this experiment, with the increase of NaCl
concentration, Ca?* content in two kinds of pumpkin organs decreased first in stem,
then in leaf, while there was no significant decrease in root, which indicated that
within the range of NaCl concentration, Ca?* content in pumpkin roots was absorbed
by NaCl. However, Ca?* transport to the aboveground part was gradually inhibited
with the increase of NaCl concentration. In addition, Ca?* plays an important role in
maintaining the integrity and selectivity of biofilms. The decreased level of
intracellular Ca?* in plants suggests that the level of intracellular Ca?* in the plasma
membrane is decreased. It may be replaced by Na*, which will reduce the selective
permeability of the membrane and directly lead to numerous salt ions entering.
Compared with Miben pumpkin, Yanzhen pumpkin maintains higher Ca?* level under
salt stress and non-salt stress, which may be closely related to its strong salt tolerance,
and plays an important role in maintaining low Na*/K" ratio in the body.

It has been reported that salt treatment can cause Mg?* deficiency, but the
competitive effects of Na* and Mg on absorption and transportation have not been
reported. Compared with the control, there was little difference in Mg?* content in the
organs of Yanzhen pumpkin, indicating that NaCl had little effect on Mg absorption
and retransport in salt anvil pumpkin. Under the conditions of 60 and 120 mmol/L
NaC1, Mg?" content in the root of Miben pumpkin increased significantly, while
decreased significantly in the leaves, which may be caused by high concentration of
NaCl affecting Mg?" transport in the root of Miben pumpkin to the leaves to some
extent.

In a saline environment, a high concentration of NaCl usually changes the
nutrient balance of plants, leading to changes in the ratio of salt ions to nutrient
elements, such as the increase of the ratio of Na*/K*, Na*/Ca?*, Na*/Mg?* and CI/NO*
, affecting the normal physiological metabolism of cells. The results of this experiment
showed that, compared with the control, the absorption of various nutrient elements in

the root system of the two kinds of pumpkin decreased, and the content of various
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nutrient elements in the above-ground parts also decreased correspondingly, which
was exactly reflected in the changes of the ratios of Na*/K*, Na*/Ca?* and Na/Mg in
different organs.

The reasons may be the following: 1. The competition between salt ions and
nutrient elements reduces the absorption of nutrient elements. 2. Salt ions affect the
ion selectivity of biofilm and interfere with the absorption of nutrient elements by
roots. The comparison of these three ratios between the two kinds of pumpkin showed
that the Miben pumpkin had lower absorption capacity of nutrient elements under salt
stress than the «salt anvil» pumpkin. Under salt stress conditions, Yanzhen pumpkin
can maintain a relatively good nutritional status, which may be one of the important
reasons for its strong salt resistance.

In summary, the main reason for the difference in salt tolerance between the two
kinds of pumpkin plants is the difference in Na* content in various organs under NaCl
stress. The Yanzhen mainly accumulates in the root system, while the Miben mainly
accumulates in the stem, resulting in different changes in the absorption and
accumulation of K*, Ca?" and Mg?" in various organs, and the reduction range of
K*/Na* is also different. Thus, the growth inhibition degree of Yanzhen is smaller than
that of Miben.

3.4. Genetic aspects of adaptation and response of pumpkins to salt stress

3.4.1. ldentification and expression analysis of WRKY gene family in pumpkin
under salt stress

Whole genome identification and physicochemical properties' analysis of
WRKY family members of pumpkin

Firstly, bioinformatics website Pfam was used to search WRKY DNA-binding
domain (PF003106), which was unique to WRKY transcription factors. Then, we
downloaded the seed sequence of PF003106 from Pfam and the whole pumpkin
genome data published by Boyce Thompson Institute (BTI) and China National
Vegetable Engineering and Technology Research Center (Beijing) in 2017. Finally, we
used the hidden Markov model to compare the sequences between the two. The
comparison method is to set e-value&lt on HMMER software. le-5, screened the
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protein sequences containing PF03106 (WRKY DNA-binding domain) in the whole
pumpkin genome. After screening, 86 candidate WRKY transcription factors were
obtained.

The methods of naming transcription factors in current studies are different. One
Is the homologous Arabidopsis transcription factor name as the method of naming
transcription factors in other species, and the other is the method of naming
transcription factors based on the location of genes on chromosomes. The different
naming methods lead to different descriptions of the same transcription factor in
different literatures. In this study, Arabidopsis thaliana was named by comparison
according to its position on chromosomes (Table 3.8).

Table 3.8. The basic information of WRKY gene family in pumpkin

Gene ID Gene name Number of Molecular | Theoretical | GRAVY | Category
amino acid weight/Da pl

CmoCh11G018380.1 CmWRKY1_2 282 31.6034 6.36 -0.989 llc
CmoCh02G007110.1 CmWRKY1_1 302 34.2082 8.72 -0.846 lic
CmoCh02G005990.1 CmWRKY10_2 704 78.9721 10.05 -0.805 lic
CmoCh20G011350.1 CmWRKY10_1 277 31.2418 5.12 -0.778 lic
CmoCh11G003510.1 CmWRKY11 309 35.5204 6.43 -0.526 ld
CmoCh03G010490.1 CmWRKY12_1 342 37.7083 6.36 -0.716 lic
CmoCh14G002380.1 CmWRKY12_2 645 69.7790 6.56 -0.638 lic
CmoCh06G009630.1 CmWRKY12_3 212 24.1542 8.37 -0.557 lic
CmoCh02G005040.1 CmWRKY15 253 27.6142 9.88 -0.923 ld
CmoCh19G011100.1 CmWRKY16_1 306 34.8666 5.50 -0.789 lle
CmoCh11G020440.1 CmWRKY16_2 490 53.7599 6.51 -0.423 lle
CmoCh03G004310.1 CmWRKY16_3 196 22.3505 6.06 -0.400 lle
CmoCh01G017100.1 CmWRKY18_1 419 45.9452 9.06 -1.168 lla
CmoCh13G000170.1 CmWRKY18_2 272 30.7892 5.75 -0.650 lla
CmoCh01G007370.1 CmWRKY18_3 321 35.3758 8.55 -0.434 lla
CmoCh01G018760.1 CmWRKY2_1 271 30.7571 10.09 -1.125 I

CmoCh09G002470.1 CmWRKY2_2 206 24.0012 9.01 -0.136 I

CmoCh16G009820.1 CmWRKY20_1 278 31.6311 6.11 -0.685 I

CmoCh06G006650.1 CmWRKY20_2 590 62.8662 6.04 -0.770 I

CmoCh08G003110.1 CmWRKY21_1 323 35.3261 9.65 -0.610 ld
CmoCh19G000310.1 CmWRKY21_2 288 32.4316 5.15 -0.867 ld
CmoCh02G018140.1 CmWRKY21_3 317 35.0726 6.74 -0.612 ld
CmoCh04G007420.1 CmWRKY21_4 488 53.9967 6.53 -0.567 ld
CmoCh16G006040.1 CmWRKY21_5 325 35.8200 8.31 -0.901 Id
CmoCh03G010450.1 CmWRKY21_6 523 58.0568 5.86 -0.872 Id
CmoCh14G021260.1 CmWRKY22_1 273 30.8332 5.62 -3847 lle
CmoCh06G011130.1 CmWRKY22_2 350 37.9779 9.69 -0.661 lle




99

Cont. Table 3.8

Gene ID Gene name Number of Molecular | Theoretical | GRAVY | Category
amino acid weight/Da pl

CmoCh14G009620.1 CmWRKY?23 183 20.7818 7.04 -0.826 llc
CmoCh06G007190.1 CmWRKY24 257 28.1278 10.19 -0.826 llc
CmoCh03G009820.1 CmWRKY26 418 46.0315 7.68 -0.536 llc
CmoCh15G011240.1 CmWRKY27_1 312 34.5088 8.76 -0.736 lle
CmoCh18G013290.1 CmWRKY27_2 162 17.9500 5.45 -0.628 lle
CmoCh16G000740.1 CmWRKY27_3 169 18.7630 5.01 -0.537 lle
CmoCh04G017660.1 CmWRKY?3_1 337 38.1620 6.31 -0.943 I

CmoCh05G003550.1 CmWRKY?3_2 298 33.4513 5.90 -0.769 I

CmoCh18G004080.1 CmWRKY30 273 27.1245 7.60 -0.453 |

CmoCh17G003670.1 CmWRKY31 1 250 22.5544 6.22 -0.402 Ib
CmoCh14G016120.1 CmWRKY31 2 147 16.6155 9.13 -0.620 Ib
CmoCh06G015650.1 CmWRKY31_3 271 29.3418 9.82 -0.837 Ib
CmoCh10G005000.1 CmWRKY32_1 539 59.8265 6.93 -0.642 I

CmoCh11G004590.1 CmWRKY32_2 245 28.0273 6.37 -0.557 |

CmoCh08G012540.1 CmWRKY32_3 308 34.8923 5.62 -0.921 I

CmoCh14G000290.1 CmWRKY?33 420 46.2380 6.65 -0.842 I

CmoCh04G007680.1 CmWRKY35_1 506 54.9409 6.38 -0.842 lle
CmoCh16G006300.1 CmWRKY?35_2 325 36.5674 5.30 -0.803 lle
CmoCh07G000480.1 CmWRKY35_3 83 9.7804 9.84 -0.771 lle
CmoCh03G014640.1 CmWRKY35_4 305 33.0305 9.65 -0.522 lle
CmoCh05G004350.1 CmWRKY38 446 48.7375 7.03 -0.714 1
CmoCh11G009610.1 CmWRKY4_1 284 31.8611 8.42 -0.635 1
CmoCh18G011450.1 CmWRKY4_2 342 38.2854 5.99 -0.554 "
CmoCh10G008630.1 CmWRKY4_3 356 39.6938 5.77 -0.921 "
CmoCh14G001690.1 CmWRKY4_4 59 6.7900 6.00 -0.787 "
CmoCh01G001920.1 CmWRKY40_1 540 56.1731 8.30 -0.426 I

CmoCh12G003170.1 CmWRKY40_2 589 64.0627 6.13 -0.402 I

CmoCh09G005200.1 CmWRKY41 169 18.8830 9.37 -0.131 "
CmoCh03G005730.1 CmWRKY42_1 263 28.3229 9.84 -0.681 lb
CmoCh07G003110.1 CmWRKY42_2 470 51.3855 6.24 -0.774 lb
CmoCh14G010700.1 CmWRKY5 543 59.5090 8.18 -0.617 lic
CmoCh17G011970.1 CmWRKY51 275 31.0896 9.19 -0.862 lic
CmoCh04G000970.1 CmWRKY55 223 25.8565 8.18 -0.614 "
CmoCh04G029190.1 CmWRKY58_1 220 24.9208 9.07 -0.563 I

CmoCh15G002580.1 CmWRKY58_2 491 55.1012 7.29 -0.908 I

CmoCh19G009380.1 CmWRKY6_2 375 41.4286 6.85 -0.876 lb
CmoCh11G018890.1 CmWRKY6_3 262 30.4714 5.95 -0.822 lb
CmoCh06G010490.1 CmWRKY6_4 679 70.2107 5.92 -0.843 lb
CmoCh17G005420.1 CmWRKY6_5 201 20.7622 9.71 -0.711 lb
CmoCh14G021630.1 CmWRKY6_6 518 57.6006 8.81 -0.552 lb
CmoCh08G001250.1 CmWRKY6_1 189 20.9633 8.59 -0.784 lb
CmoCh16G010370.1 CmWRKY62 333 37.9279 6.13 -0.645 lb
CmoCh19G010450.1 CmWRKY65_1 317 35.1788 5.03 -0.574 lle
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Cont. Table 3.8

Gene ID Gene name Number of Molecular | Theoretical | GRAVY | Category
amino acid weight/Da pl
CmoCh11G019840.1 CmWRKY®65_2 309 34.5105 5.30 -0.951 lle
CmoCh05G004640.1 CmWRKY67 384 42.9390 9.36 -0.747 Il
CmoCh01G002870.1 CmWRKY68_1 303 33.8433 5.29 -0.416 llc
CmoCh13G009630.1 CmWRKY68_2 211 24.4003 5.44 -0.482 llc
CmoCh10G003940.1 CmWRKY?7 307 29.8878 6.21 -0.191 Il
CmoCh06G001750.1 CmWRKY70_1 316 36.4226 8.60 -0.641 Il
CmoCh04G011250.1 CmWRKY70_2 357 39.7931 9.69 -0.734 Il
CmoCh18G005080.1 CmWRKY72 322 36.1107 6.32 -0.647 Ib
CmoCh14G014930.1 CmWRKY75_1 503 54.8600 8.12 -0.862 llc
CmoCh14G007400.1 CmWRKY75_2 278 31.6311 6.11 -0.654 llc
CmoCh13G006140.1 CmWRKY8 367 41.2245 6.99 -0.583 llc
CmoCh16G003930.1 CmWRKY381 80 8.8167 9.46 -0.948 llc
CmoCh01G016200.1 CmWRKY84 256 29.3682 5.13 -0.876 llc
CmoCh10G001980.1 CmWRKY9 1 429 44,4134 8.59 -0.788 Ib
CmoCh04G005460.1 CmWRKY9_2 317 36.0275 8.28 -0.826 Ib
CmoCh20G009780.1 CmWRKY97 940 108.0014 5.92 -0.970 Ib

Bioinformatics analysis showed that the isoelectric points of the 86 CmWRKY
proteins ranged from 5.01 (CmWRKY27-3) to 10.19 (CmWRKY24), and the protein
size ranged from 59 to 940 (CmWRKY97) amino acids, with an average number of
amino acids of The molecular weight (MW) varied from 6.7900 to 108.0014 kD.

Construction of pumpkin WRKY transcription factor phylogenetic tree

Phylogenetic studies of WRKY transcription factors in many model plants have
been completed, among which the WRKY transcription factor family in Arabidopsis
Thaliana is the most extensively studied. Arabidopsis WRKY transcription factor
family was divided into 3 groups according to the composition of conserved domain,
and the second group was further divided into 5 groups. The purpose of classification
Is to study the evolutionary relationship and function of WRKY transcription factors in
plants. In this study, 1 to 2 Arabidopsis WRKYSs and pre-screened pumpkin WRKY's
were randomly selected from each group of all Arabidopsis taxa. MEGAX software
was used to construct phylogenetic trees of WRKY transcription factor families of all
pumpkin and part of Arabidopsis thaliana, as shown in Figure 3.11. According to the
classification method of WRKY transcription factors in Arabidopsis thaliana, WRKY
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transcription factors from the same branch of pumpkin were assigned to the same
group in pumpkin. Finally, all 86 pumpkin WRKY transcription factors were divided
into three groups.

Fig. 3.11. Phylogenetic tree of WRKY family members in pumpkin and
Arabidopsis thaliana

Class I WRKY has high homology with AtWRKY?2. Studies have shown that
AtWRKY2 plays a role in osmotic stress responses induced by NaCl and mannitol, so
it is speculated that WRKY in class | pumpkin has a similar role. Class Il WRKY
transcription factors can be divided into five subclasses according to the zinc finger
domain. It can be seen from the evolutionary tree that WRKys of class Ila and
AtWRKY18/60 have higher homology. In Arabidopsis thaliana, AtWRKY18 and
AtWRKY40 bind directly to the transcription-like kinase CRKS5 promoter and,
together with AtIWRKY 60, negatively regulate CRKS expression.

It is speculated that the Ila WRKY transcription factor family of pumpkin has
similar functions. Ilb transcription factors have high homology with AtWRKY®6.
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AtWRKY®6 can regulate the ageing process caused by salt stress in plants, suggesting
that WRKYys I1b in pumpkin have similar functions. Class Il WRKY has high
homology with AtWRKY46. Studies have shown that AtWRKY46 is regulated by
ABA signalling and related to secondary rooting development under salt stress, so it is
speculated that class Il WRKys have similar effects. The classification results of the
WRKY family according to the phylogenetic tree were also recorded in the pumpkin
WRKY transcription factor information in Table 3.8.

Multi-sequence alignment of pumpkin CmWRKY
The most significant sequence structure of WRKY protein is the highly conserved
"WRKYGQK" core sequence at the N-terminal and the variable zinc finger structure
at the C-terminal. DNAMANT7.0 was used to conduct multiple sequence alignment for
the full length of amino acid sequence of pumpkin WRKY transcription factor. The
conserved domain sequences in the alignment results were marked and drawn with
Weblogo as shown in Appendix C.

The figure shows that the WRKY conserved domain is highly conserved for
pumpkin. WRKY | has two WRKY conserved domains. As can be seen from the
figure, multiple sequence comparison results of two conserved domains at the C and N
terminals of WRKY | can be seen. It is found that these two conserved domains are
highly conserved and all contain WRKYGQK domain and C2H2 type zinc finger
domain. However, the structure of zinc finger at N-terminal and C-terminal are
slightly different. The difference between the N-terminal zinc finger domain and C-
terminal zinc finger domain lies in the number of amino acid residues between the
second cysteine (C) residue and the first histidine (H) residue, with 23 residues in the
former and 24 in the latter. A highly conserved PRSYY sequence was found between
WRKYGQK and zinc finger structure in the conserved domain of Class | WrKys. The
conserved domains of lla+b, llc, Ild and Ile only contain 1 WRKYGQK domain and 1
C2H2 type zinc finger domain. Most WrkygQKs in Class Il have the same structure as
those in Class I, but there are occasional variants. There were 5 amino acid residues
between the two cysteine residues in the zinc finger structure of Class Il, 1 more than

that of class I, and 23 residues between the C and H residues. There were differences
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between zinc finger domains in each subclass of class II. The Il WRKY conserved
domain contains a WRKY domain composed of WRKYGQK and a C2HC zinc finger
domain composed of CX7CX23HXC.

Motif identification of CmWRKY in pumpkin
MEME was used to analyze the conserved momotif of the above 86 pumpkin
WRKY transcription factors, as shown in Figure 3.12, 3.13. The modules are arranged

}
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Fig.3.12. Model analysis (I) of the pumpkin WRKY transcription factor family
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Fig.3.13. Model analysis (II) of the pumpkin WRKY transcription factor family
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in ascending order by E value, and a small E value of a module indicates a high
frequency of occurrence and a high homology. The amino acid lengths of the four
motifs ranged from 11 (motif 3) to 38 (motif 2). It can be seen from the figure that all
WRKY transcription factors have moduli 1, indicating that these moduli constitute
homologous WRKY domains. The group | WRKY transcription factors also contain
modules 3 and 4 representing the conserved WRKY domain at the C-terminal of group
I. Meanwhile, group lla and Ilb both contain module 2, and group Ild contains module
3. The same composition of modules in the same class of WrKys confirms the
previous grouping results of pumpkin WrKys, and the appearance of a module in
different classes of WRKY transcription factors indicates that they have similar

functions.

Analysis of WRKY gene expression in salt mustard under salt stress

In order to further verify the reliability of transcriptome sequencing data,
combined with gene family analysis and previous reports, we further removed the
redundancy of 15 WRKY differentially expressed genes identified from transcriptome
data. Twelve WRKY differentially expressed genes were screened and extracted from
pumpkin leaf RNA treated with NaCl for 12h and 48h. The cDNA template was
synthesized by reverse transcription and verified by gRT-PCR.

Real-time quantitative PCR showed that 10 genes were up-regulated and 2 genes
down-regulated under NaCl treatment for 12h. Under NaCl treatment for 48h, 3
differentially expressed genes were up-regulated and 9 differentially expressed genes
were down-regulated (Fig. 3.14). Although the results of gRT-PCR analysis were not
exactly the same as the results of sequencing, the differential expression trend was the
same, which might be related to the differences between the two analysis techniques
and methods, and could also prove the correctness and reliability of the results of

transcriptome data.
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WRKY transcription factors are a class of transcription regulatory factors unique
to higher plants, as well as indispensable regulatory hubs in plant life activities,
which are involved in plant growth and development and various biological and
abiotic stress response processes. Currently, the role of several WRKY family
transcription factors in abiotic stress response has been demonstrated in Arabidopsis
thaliana [333], cotton [334], rice [335], soybean [336] and other species. In this study,
we analysed the transcriptome data of pumpkin control and salt treatment, and used
ITAK software and other methods to predict and screen 12 WRKY family
transcription factors that were induced or inhibited by salt. Sequence analysis showed
that all of them had core conserved sequences of WRKY family genes, which proved
the reliability of our predictive screening method.

Through sequence alignment and phylogenetic analysis, it was found that
CmWRKY3 and CmWRKY33 had the highest homology among the 12 WRKY
transcription factors, which were distributed in the phylogenetic branch of type |
WRKY family (containing two WRKY domains). In Arabidopsis thaliana, the
functions of several genes in this clade have been shown to be related to plant stress
response. For example, AtWRKY3 and AtWRKY4, which have the highest
homology with CmWRKY3 and CmWRKY33, both play a role in disease resistance
of Arabidopsis thaliana [337]; AtWRKY 20 and AtWRKY 26 were associated with the
response of jasmonic acid (JA) [338]; AtWRKY25, AtWRKY26 and AtWRKY33
were associated with temperature stress response [339]. The type Il WRKY family
(containing one WRKY core domain and one C2H2 motif) consists of five
subfamilies of Grouplla to e. In this study, 10 transcription factors belong to type I,
among which CmWRKY18 and CmWRKY42 are located in Grouplla and Groupllb.
CmWRKY48/50/57/75 is located in the Groupllic subfamily. Documented studies
have shown that Transcription factors of these three subfamilies are involved in plant
embryo development, ageing, and substance transport [340], drought [341], salt stress
[342], disease defence, and stress hormone response [343] and other aspects also play
an important role. Therefore, it is speculated that WRKY transcription factors isolated
in this study may also be involved in the stress response of pumpkin.
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In the process of plant evolution, in order to adapt to environmental changes and
various biological and abiotic stresses, plants have formed a set of their own adaptive
mechanisms. Under stress conditions, plants should not only respond quickly to
short-term stimuli from internal and external environmental signals, but also initiate a
series of protection systems to cope with long-term adversity stress [344]. Changes in
the temporal and spatial expression patterns of transcription factors play a key role in
regulating plant response to stress. Tissue specific expression analysis of 12 target
WRKY transcription factors showed that most of the genes had typical tissue specific
expression. Normally, gene expression localization is compatible with its function.
For example, maize GmGRP3 gene is specifically expressed in roots and controls
root development [345]. MtSERKL1 gene was specifically expressed in embryos and
correlated with embryo development [346]. Therefore, it is speculated that the
differences in the temporal and spatial expression patterns of these WRKY
transcription factors may be related to their functional diversity in response to salt
stress [347].

In conclusion, in this study, we screened 12 WRKY family transcription factors
in pumpkin in response to salt stress, and analysed their phylogenetic relationships,
spatio-temporal expression patterns, tissue-specific expression characteristics, and
transcriptional activities under salt stress in detail. However, there are still some
unsolved problems. Such as: do these genes have tolerance function? If such a
function exists, what is the molecular mechanism of their involvement in hexagrams
stress response? In addition to salt stress, are they involved in other stress response or
growth regulation processes? And so on. In the future, further studies should be
carried out by constructing overexpressed or functionally deficient transgenic strains

to further reveal their functions and molecular regulatory mechanisms.

3.4.2. An efficient transient transformation system for gene function studies in
pumpkin
Transient transformation is a promising tool for the study of gene function. Here,
an efficient Agrobacterium-mediated transient transformation system was developed
for gene function studies in pumpkin.
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To optimize the conditions for highly efficient transformation, experiments on
the time effect of sonication and vacuum infiltration were carried out. As treatment
time increased, the efficiency was gradually enhanced. Post-infiltration followed by 3
days co-culture, seeds without the GUS assay were planted in soil for further use.
However, the damage to seedlings caused by sonication and vacuum infiltration also
increased. So we carried out damage assessment and determined the optimal
treatment time, 120 s sonication and 5 min vacuum infiltration. To apply this
transformation method to gene function analysis, we tested it by using a salt tolerance
gene, named StNHX1 and cloned in wild aubergine previously [348].

To detect the function of StNHX1 in pumpkin, post-co-cultured seeds were
planted in pot and applied with 200 mmol/L NaCl solution for several days. The
results showed that over-expression of SINHX1 improved salt tolerance for pumpkin
seedlings. Morphologically, the cotyledons in StNHX1 were green with slight wilting,
while the control cotyledons turned yellow and withered rapidly. Compared with
control plants, the fresh weight of StINHX1 seedlings was higher (Fig. 3.15).

All the 5 genotypes showed relatively higher resistance to salt stress when the
StNHX1 gene was over-expressed. Except for ‘112—2°, the other 4 genotypes
displayed significant differences compared to the controls in fresh weight. The fresh
weight of root in 4 genotypes was significantly higher than the control, except for
‘009— 1’ (Fig. 3.16).

Since the method of agroinjection for subcellular localization of a CmPHD1
protein is efficient in analysing gene expression, we carried out experiments to
determine the expression of GFP, which is widely used as a tag for subcellular
localization (Fig. 3.17). Initially, GFP fluorescence was detected using a special
excitation light source. It showed that EGFP was expressed in some parts of
cotyledon.

The results showed that about 7-day-old seedlings with dark green, fully flat
cotyledon and one true leaf are best for subcellular localization analysis (Fig. 3.18).
To further test this method, we analysed subcellular localization of a pumpkin protein
searching from the Cucurbit Genomics Database (http://cucurbitgenomics.org/). The
gene ‘CmoCh05G005550° encodes a zinc finger like PHD-finger protein, named



110

CmPHD1. The subcellular localization of this protein - the nucleus

(http://www.csbio.sjtu.edu.cn/bioinf/ plant-multi/) [349].
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Fig. 3.15. Over-expression of StNHX1 increases salt tolerance in young seedlings

Agrobacterium harbouring empty vector pPCAMBIA1302 (without GUS gene) was
used as control. The plant material is ‘360—3’. A: Schematic diagram of T-DNA
region of pCAMBIA3301-StNHX1 plasmid; B: GUS staining assay. C:
Morphology of young seedlings after salt stress treatment; D: Comparison of fresh
weight after salt stress treatment, * indicates difference which is statistically
significant at the P < 0.05 level. The results of 3 independent experimental

replicates are shown.
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Fig. 3.16. Over-expression of StNHX1 increases salt tolerance in 5 pumpkin
genotypes.
Agrobacterium harbouring empty vector pCAMBIA1302 was used as a control.
A: Morphology of young seedlings after salt stress treatment. The picture was
taken 3~5 days post-treatment; B: Comparison of fresh weight after salt stress
treatment, * and ** indicate differences that are statistically significant at the P <

0.05 and P < 0.01 levels, respectively.
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Fig. 3.17. GFP detection of mesophyll cells in cotyledons.
A: Schematic diagram of T-DNA region of the vector pB1121-EGFP. B: Seeds of
‘360—3" after cultivation in a petri dish. C: Fluorescent detection of cotyledon. The
white arrow indicates the part of green fluorescence. D: Green fluorescence of
mesophyll cells in two fields under a microscope, wherein the red part is
chlorophyll auto-fluorescence.
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Fig. 3.18. Optimization of experimental conditions for GFP detection.

The plant materials are ‘360—3’. Agrobacterium harbouring pBl121-EGFP was
used for infection. GFP fluorescence was detected 3 days post-injection. The red
dots indicate chlorophyll auto-fluorescence. Three stars, two stars and one star
stand for ‘difficult’, ‘slightly difficult’ and ‘easy’.

The fluorescent signals were detected through DAPI and GFP excitation light
under a microscope. Strong density of green fluorescence from free GFP was
detected in the nucleus, cytoplasm and cell membrane (Fig. 3.19). The CmPHD1-
EGFP fusion protein was detected in the nucleus of cotyledon epidermal cells, where
it showed green fluorescence.
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Fig. 3.19. Subcellular localization of the CmPHDZ1-EGFP fusion protein.

The plant material used was ‘360—3’. Agrobacterium harbouring pBI121-EGFP and
pB1121-CmPHD1-EGFP were used for infection, respectively. A: Schematic diagram of
the T-DNA region of the vector pBl121-CmPHD1-EGFP. B: Detection of GFP
fluorescence using a special excitation light source. C: CmPHD1-EGFP fusion proteins
were localized to the nucleus of epidermal cells. The DAPI fluorescent is an indicator of
the nucleus. The white arrows indicate green fluorescence of the CmPHD1-EGFP fusion

protein.

In this study, we improved the transformation efficiency by using sonication and
vacuum infiltration in pumpkin. The optimal treatment time and intensity were
confirmed. A salt-tolerant gene, StNHX1, was transiently over-expressed in roots and

cotyledons of pumpkin using this method. (Figs. 3.15, 3.16).
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We have developed an efficient transient transformation system for the study of
gene function and protein subcellular localization in pumpkin. The detailed
experimental procedure is summarized in Fig. 3.20.

A B

H Agrobacterium stock @ Romove seed coat H Agrobacterium stock @ Seeds

l 28°C in dark, 2 days l 28'C, 2 days 28°C in dark, 2 days

y
\j
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. >{  Single colony
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28°C,2-3h
———

Agrobacterium inoculum
Agrobacterium inoculum 0D600=0.5
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Seedings for gene function analysis
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Fig. 3.20. Procedure of transient transformation.

A: Procedure of transient transformation via agroinfiltration for gene function
analysis.

B: Procedure of transient transformation via agroinjection for protein subcellular
localization.
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This method has some advantages compared with the current transient
transformation methods:
a) The subcellular localization of a pumpkin protein is more convincing than
using model plants.
b) It is time-saving because the whole experiment only takes about 14 days.
c) It is cost-effective because it does not require expensive equipment, such as
devices for particle bombardment and a laser confocal microscope.
d) Itis easy to peel cotyledon epidermis to observe a single layer of living cells.
e) ltis easy to operate because cotyledon is thick and is easy to inject.
f) The chlorophyll content of epidermal cells is low, resulting in less interference
by chlorophyll auto-fluorescence
We expect this technique could be widely applicable to study gene function on
Cucurbita crops in the future, including for establishing mechanisms of response and
adaptation to salt stress.

3.5. Plant grafting and interspecies interactions in the system of measures to

ensure adaptation and increasing salt tolerance of plants

3.5.1. Eco-physiological aspects of the use of salt-resistant pumpkin rootstocks
during the cultivation of Cucurbitaceae

Photosynthesis

PN: The PN of the grafted-root line was higher than that of corresponding own-
root line during fruit development stage, and the difference between grafted-root line
and corresponding own-root line increased with prolongation of fruit development
time in both diploid watermelon and triploid watermelon (Fig. 3.21) [246]. These
results indicate that pumpkin rootstock could improve photosynthesis of diploid and
triploid watermelon.
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Fig. 3.21. Changes of PN in grafted-root watermelon lines and own-root

watermelon lines during fruit development stage

Chl fluorescence parameters

During fruit development stage, the Fv/Fm, ®PSII and ETR of the grafted-root
line were higher than those of corresponding own-root line regardless of diploid
watermelon or triploid watermelon (Fig. 3.22). The Fv/Fm, ®PSII and ETR showed
significant differences (P<0.05) between grafted-root line and own-root line during
fruit development stage in diploid watermelon (Fig. 3. 22ADE). Meanwhile, the
Fv/Fm, ®PSII and ETR showed significant differences (P<0.05) between grafted-root
line and own-root line during late stage (30DAP) of fruit development in triploid
watermelon (Fig. 3.22BCF).
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Fig. 3.22. Changes of chlorophyll fluorescence parameters in grafted-root
watermelon lines and own-root watermelon lines during fruit development stage

The activity of alkaline a-galactosidase
The activity of alkaline a-galactosidase in fruits decreased with the prolongation
of fruit development time for all watermelon lines. However, alkaline a-galactosidase
activity of own-root line decreased sharper than that of corresponding grafted-root
line in both diploid watermelon and triploid watermelon. For diploid watermelon, the
alkaline a-galactosidase activity in fruits of grafted-root line was significantly
(P<0.05) higher than that in fruits of own-root line during fruit development stage
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(Fig. 3.23A). For triploid watermelon, the activity of alkaline a-galactosidase was
higher in the grafted-root line than that in own-root line during fruit development
stage, and the difference of alkaline a-galactosidase activity between grafted-root line
and own-root line was significant (P<0.05) in late development stage (30 DAP) (Fig.
3.23B).
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Fig. 3.23. Alkaline a-galactosidase activity in fruits of grafted-root watermelon

lines and own-root watermelon lines during fruit development stage

Dry matter and mass accumulation of fruit

The changes in dry matter accumulation were similar to the changes in mass
accumulation during fruit development for all watermelon lines (Fig. 3.24). Single
fruit mass and dry matter content increased with prolongation of fruit development
time for all watermelon lines. For diploid watermelon, the single fruit mass and dry
matter content of grafted-root line were significantly (P<0.05) higher than those of

own-root line during fruit development (Fig. 3.24AD).
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Fig. 3.24. Fruit mass and dry matter accumulation in grafted-root watermelon

lines and own-root watermelon lines during fruit development stage

For triploid watermelon, the single fruit mass and dry matter content of grafted-
root line were higher than those of own-root line at various stages of fruit
development, and the difference was significantly (p<0.05) during late stage (30 DAP)
of fruit development (Fig. 3.24BC).

The activities of 1Al, SPS and SuSy

For diploid own-root line and corresponding grafted-root line, the Al activity in
flesh first increased sharply and then declined slightly, SuSy activity in flesh first
declined slightly and then increased sharply, and SPS activity in flesh increased all

the time during fruit development stage (Fig. 3.25ADE).
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Fig. 3.25. The activities of 1Al, SPS and SuSy in flesh of grafted-root

watermelon lines and own-root watermelon lines during fruit development stage

Meanwhile, the activities of IAl, SuSy and SPS in flesh increased with the
prolongation of fruit development time in triploid own-root line and corresponding
grafted-root line (Fig. 3.25BCF). Both diploid watermelon and triploid watermelon,
the activities of IAl, SPS and SuSy were significantly (P<0.05) lower in grafted-root
line than those in corresponding own-root line during fruit development stage.
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Sucrose and total sugar accumulation

The changes in total sugar accumulation were similar to the changes in sucrose
accumulation during fruit development for all watermelon lines (Figure 3.26ABCD).
The contents of sucrose and total sugar in flesh increased with prolongation of fruit
development time for all watermelon lines (Figure 3.26ABCD). The sucrose and total
sugar contents in flesh of grafted-root line were significantly (P<0.05) lower than
those in flesh of own-root line, regardless of diploid watermelon or triploid
watermelon.
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Fig. 3.26. Sucrose and total sugar accumulation in flesh of grafted-root
watermelon lines and own-root watermelon lines during fruit development stage

Mass and sucrose accumulation of crop fruit depend on the capacity of source
tissues (especially leaves) to produce photoassimilates, during the fruit development
process, as well as on the ability of sink tissues to unload this photoassimilates.
Photosynthesis is the physico-chemical process to transduce light energy into
chemical energy, and it provides the organic blocks for plant growth and development.
Theoretically, yield and sugar content of crop fruit can be increased by promoting
photosynthesis because photosynthesis is the major metabolic pathway that converts
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carbon dioxide (CO,) into organic compounds, such as fructose, glucose, sucrose, and
starch in the plant. Chl fluorescence provide a measure of the functional status of
photosynthetic and have been used as sensitive indicators of plant photosynthetic
performance. The increase in Fv/Fm, ETR and ®PSII indicates a progressive up-
regulation in the quantum vyield of photosynthesis, rates of carbon fixation and
photosynthetic efficiency. The PN, ETR, Fv/Fm and ®PSII were higher in rootstock-
grafted line than in corresponding own-root line during the fruit development stage in
both diploid watermelon and triploid watermelon. These results indicate that pumpkin
rootstock could improve photosynthetic capacity and efficiency of light energy
utilization, which could improve capacity of leaves to produce photoassimilates in
rootstock-grafted watermelon line. Raffinose oligosaccharides are the main
photoassimilates that are translocated in the phloem of Cucurbitaceae family
members. Alkaline a-galactosidase is an important enzyme for raffinose
oligosaccharides unloading and partitioning in cucumber and melon sink tissue.
Pumpkin rootstock improved alkaline a-galactosidase activity in both diploid
watermelon line and triploid watermelon line. More photoassimilates could be
allocated to grafted-root watermelon fruit than to corresponding own-root
watermelon fruit. Pumpkin rootstock could improve synthesis of photoassimilates
and their unloading into fruit in both diploid watermelon and triploid watermelon.
This may be the reason why pumpkin rootstock can increase fruit mass and dry
matter content in both diploid watermelon and triploid watermelon.

Sucrose, glucose and fructose are the main sugars in watermelon. Sucrose
increase rapidly during fruit developmental stage, while fructose and glucose contents
are almost constant during watermelon fruit development. Therefore, the difference
of sugar content among watermelon varieties is mainly determined by sucrose content.
The sugar accumulation of crop depend on the ability of sink tissues to convert
photoassimilates into sugar. The conversion capacity of photoassimilates to sucrose
has become an important factor for sugar accumulation of watermelon fruit. The most
well-studied enzymes that function in sucrose metabolism during fruit development
include three enzyme families, i.e., insoluble acid invertase (IAl), sucrose synthase

(SuSy) and sucrose phosphate synthase (SPS). 1Al is an extracellular enzyme that is
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bound to the cell wall. Both phloem unloading and sucrose translocation to the
developing sinks require IAl in sucrose-translocating plants. Sucrose synthase (SuSy)
Is a key enzyme that catalyses the synthesis of sucrose. A positive correlation
between SuSy activity and sucrose accumulation was also reported in melon fruit and
watermelon, suggesting that this enzyme plays an important role in determining sugar
accumulation in sweet cucurbit fruit. Sucrose phosphate synthase (SPS) is another
key enzyme that catalyses sucrose synthesis. SPS is localized in the cytosol of the
cells of many tissues, including sink organs such as seeds and fruit. SPS activity is
positively related to sucrose accumulation in melon and watermelon. In this
experiment, although pumpkin rootstock increased PN, ETR, Fv/Fm, ®PS and
alkaline a-galactosidase activity, it decreased activities of 1Al, SPS and SuSy. The
lower activities of IAl, SPS and SuSy would reduce conversion of photoassimilates to
sucrose in grafted-root watermelon line. Sucrose accumulation was down-regulated
in the grafted-root line versus the corresponding own-root line in both diploid
watermelon and triploid watermelon. As a result, sucrose and total sugar contents of
grafted-root line were lower than those of corresponding own-root line in both
diploid watermelon and triploid watermelon.

In conclusion, pumpkin rootstock increased PN, ETR, Fv/Fm and ®PSII during
fruit development stage in both diploid watermelon line and triploid watermelon line.
These advantages could improve photosynthetic capacity, utilization efficiency of
light energy, and photosynthate assimilation in both diploid watermelon line and
triploid watermelon line. The activity of alkaline a-galactosidase was much higher in
grafted-root watermelon line than in corresponding gown-root watermelon line
during fruit development, which accelerated photoassimilate unloading and
partitioning in grafted-root watermelon fruit. It was the reason why the dry matter
content and mass of grafted-root line were higher than those of corresponding own-
root line in both diploid watermelon fruit and triploid watermelon fruit. In the other
hand, pumpkin rootstock decreased the activities of 1Al, SPS and SuSy during fruit
development in both diploid watermelon flesh and triploid watermelon flesh. The
lower 1AI, SPS and SuSy activities were disadvantageous to converting
photoassimilate into sucrose in grafted-root watermelon lines, which made the
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sucrose and total sugar contents in flesh of grafted-root line were lower than those in
flesh of corresponding own-root line regardless of diploid watermelon or triploid
watermelon.

3.5.2. Eco-physiological aspects of use of mycorrhizal fungi

In this experiment, the commercial pumpkin rootstock cultivar ‘Baimill2’
(Cucurbita maxima), the commercial triploid watermelon cultivar ‘Zheng No.3 (3X)’
and the corresponding diploid watermelon line ‘Zheng No.3 (2X)’ [Citrullus lanatus
(Thunb.) Matsum. and Nakai.] were used. The average colonisation of Rhizophagus
intraradices (AMF) was 95.6% and the average spore density was 549 per 10 g of air-
dried soil. The spores, mycelium, colonised root fragments, and dried sand-soil were
mixed to use as AMF inoculums. The treatments were: (1) well-watered and non-
AMF (WW); (2) well-watered and inoculated with AMF (WW + AMF); (3) deficit
irrigation and non-AMF (Dl); (4) deficit irrigation and inoculated with AFM (DI +
AMF) [313].

Deficit irrigation was accompanied by an increase in soil solution concentrations
and, accordingly, the creation of conditions inherent to salt stress. Accordingly, the
presented research allows us to evaluate the role of interspecies interactions in the
adaptation of plants to salt stress.

Arbuscular mycorrhizal fungi are able to colonise and establish symbiotic
mutually beneficial associations with the roots of most agricultural crops and increase
the effective absorptive area of the roots [350-352]. In this study, the AMF improved
the RWC, PN and the activities of the alkaline a-galactosidase, IAl, SuSy and SPS
under both the WW and DI, which was accompanied by an increased concentration of
salts in the soil solution. As a result, AMF contributed to improving the yield and

sugar content of the watermelon fruit (Tables 3.9-3.11, Appendix D).



126

Table 3.9. Alkaline a-galactosidase activity [mmol/g (p-nitrophenol)-h] under
different treatments during the fruit!

Traits  Stages Treatment 2X 2X/P 3X 3X/P
S
Alkaline a- 10 DAP wWwW 2.43+0.09 2.62+0.11 2.64+0.09 2.86 +0.12
galactosidase WW + AMF 2.48+0.10 2714010 | 2.71+011 2.97+0.10
DI 1.59 +0.06 1.91+0.07 1.82+0.07 2.11+0.08
DI + AMF 1.82+0.08 252+0.09 | 2.13+0.09 2.79+0.13
ww 1.73 £ 0.062 1.82+0.06 | 1.93+0.06% 2.15+0.08
Alkaline 20 DAP WW + AMF 1.75+0.07% | 1.87+0.05%| 1.97+0.05° 2.23+0.09
a-galactosidase
DI 1.07 £ 0.04 1.28 +0.04 1.26 +0.04 1.54+0.05
DI + AMF 1.21+0.05 1.74+0.05 1.48 +0.07 2.11+0.07
Alkaline a- WwW 1.61 +0.07 1.72 £ 0.06 1.74+0.06 1.81+0.04
galactosidase 30 DAP WW + AMF 1.64 +0.05 1.77 +£0.05 1.78 £ 0.04 1.87+0.0
DI 0.98 +0.03 1.19+0.03 1.11 +£0.03 1.27 +£0.05
DI + AMF 1.08 +0.05 1.64 +0.06 1.32+0.03 1.76 +0.06

Note: *Here and in tables 3.10. and 3.11. the following conventions are used:
RWC - relative water content; DAP — days after pollination; WW — the well-
watered; DI — the deficit irrigation; WW + AMF — well-watered and inoculated
with arbuscular mycorrhizal fungi; DI + AMF — deficit irrigation and inoculated
with arbuscular mycorrhizal fungi; 2X — the diploid watermelon; 2X/P — the diploid
watermelon grafted onto the pumpkin; 3X — the triploid watermelon; 3X/P — the
triploid watermelon grafted onto the pumpkin

However, the AMF did not significantly alter these parameters in the WW
watermelon line, but significantly increased these parameters in the deficit irrigation
in the complex and water deficit conditions, watermelon line. It may be that a
sufficient amount of water relieves the difference between the mycorrhizal line and
non-mycorrhizal line. In this study, the AMF effect on the RWC, PN and enzyme
activities of the pumpkin-root line was relatively high compared to the

corresponding own-root line.
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Table 3.10. Fruit mass (kg) accumulation under different treatments during the fruit
development stage (mean + SE)

Stages Treatments 2X 2X/P 3X 3X/P

10 DAP WW 0.659+0.028 | 0.741+0.031 | 0.758+0.032 | 0.801 +0.030
WWEIA'V'F 0.672+0.031| 0.762+0.028 | 0.776+0.029 | 0.829 +0.036
DI + AMF 0.541+0.024 | 0.652+0.024 | 0.631+0.027 | 0.708 +0.028
0.574+0.023 | 0.712+0.032 | 0.687+0.023 | 0.786 +0.032

20 DAP Ww 2.808 +0.11 2.979 +0.11 3.021 +0.12 3.181+0.14

WWEIA'V'F 2.859 +0.1 3.061 +0.13 3.085 +0.13 3.287 +0.12

DI + AME 2.262+0.07 | 2.612+0.09 2.529 +0.08 2.809 +0.09

2411+008 | 2.878+0.12 2.778 +0.11 3.122 +0.12

30 DAP Ww 5.178+0.21 | 5.669 +0.22 5.731+0.21 6.168 + 0.27

WWBIA'V'F 5.281 + 0.22 5.841 + 0.25 5.859 + 0.19 6.371 +0.22

DI + AME 4.019+0.13 | 4.779+0.18 4.748 +0.20 5.261 +0.21

4278+0.16 | 5.412+0.21 5.188 +0.23 6.032 +0.26

Table 3.11. The sucrose phosphate synthase (SPS) activity [umol/g (glucose) h] under
different treatments during the fruit development stage (mean + SE)

Traits Stages Treatments 2X 2X/P 3X 3X/P
WW 521+£0.18 | 4.76+0.17 6.27 £ 0.25 5.51+£0.21
10 DAP WW + AME 529+£0.21 | 4.93+£0.22 6.42 +0.28 5.75+£0.24
DI 5.72+0.23 | 5.68+0.23 6.97 £0.31 6.85+£0.32
DI+AMF 6.12+0.26 | 6.51+0.27 7.88+£0.34 7.96 £0.35
ww 8.34+£0.27 | 7.61+0.32 9.42£0.42 8.64 £ 0.38
SPS 20 DAP WW + 8.48+0.36 | 7.84+0.28 9.64 £0.37 8.96 £0.32
AMF
DI 9.02+£0.35 | 8.75+0.41 10.61+£0.48 10.12 £ 0.46
DI+ AMF 9.69+£0.41 | 9.93+£0.36 11.56 + 0.52 11.81 £ 0.53
ww 12.31+0.42 | 11.39 + 0.47 14.61 £0.62 13.89£0.61
30 DAP WW + AME 12.48 +0.55 | 11.71 £ 0.52 14.88 £ 0.58 14.38 £ 0.58
DI 13.19+041 | 12.78+0.58 16.09£0.71 15.81 £ 0.67
DI+ AMF 14.28 +0.35 | 14.89 £ 0.35 18.12£0.42 18.72 £0.45

Although the AMF increased the RWC, PN and activities of the alkaline a-
galactosidase, 1Al, SuSy and SPS under both the DI and WW conditions, the effect

was more obvious under the DI condition, which, as already noted, was accompanied

by an increase in the concentration of salts in the soil solution.

AMF in the DI grafted plants increased the fruit yield to a level similar to the

WW values. The sucrose and total sugar contents were highest in the DI + AMF

treatment among all the treatments, and the sucrose and total sugar contents in the

grafted line were higher than those in the corresponding own-root line. The fruit yield

and total sugar content were highest in the pumpkin-root triploid line among all the
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watermelon lines under the DI + AMF treatment. Integrated application of AMF and
DI to pumpkin-root watermelon plants is a promising approach to enhance the fruit
sugar content with negligible yield penalties, especially in a pumpkin-root triploid
line.

So, the conducted studies proved that grafting and the use of arbuscular
mycorrhizal fungi are factors against the background of which statistically reliable (at
p<0,05) eco-physiological and biochemical changes occur in plants, which are mostly
positive, including in terms of quality of the products received, and which contribute
to increasing the resistance of plants to the influence of adverse environmental factors,
including and salting.

Therefore, the research, the results of which are presented in the section, made it
possible to form a comprehensive picture of the mechanisms of response and
adaptation of pumpkin plants to salt stress and also reveal eco-physiological aspects
of the formation of salt resistance, quantitative and qualitative characteristics of
plants when using grafting technology and symbiotic interactions between plants and
microorganisms. It is shown that the salt resistance of plants is determined by a
complex of transformations that are implemented at different levels of the
organization. The results prove not only the complexity of the problem of ensuring
plant salt resistance, but also its great theoretical and practical importance and the
possibility of its formation based on the use of both classical and modern
technologies. Among the latter, approaches are promising, based on the use of
interspecies symbiotic interactions are relationships.

The main research results presented in this section are covered in eight
publications:

1. Yang P.M., He S.T,, Jiang L.N., Chen X.J., Li Y.F. & J.G. Zhou (2020). The
effects of pumpkin rootstock on photosynthesis, fruit mass, and sucrose content of
different ploidy watermelon (Citrullus lanatus). Photosynthetica. 58 (5), 1150—
1159. DOI: 10.32615/ps.2020.068

2. Xuejin Chena, Songtao He, Lina Jiang, Xinzheng Li, Weili Guo, Bihua Chena,
Junguo Zhoua & Viktoriia Skliar (2021). An efficient transient transformation
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system for gene function studies in pumpkin (Cucurbita moschata D.). Scientia
Horticulturae, 1, 1-10. DOI:10.1016/j.scienta.2021.110028

. Yang, PM. & He, S.T. (2022). The effects of arbuscular mycorrhizal fungi and
deficit irrigation on the yield and sugar content of watermelons (Citrullus lanatus).
Hort. Sci. (Prague), 496 225-233. https://doi.org/10.17221/108/2021-HORTSCI

. He Songtao, Skliar V.G. & Zhou Junguo (2019). Effects of different

concentrations of salt on pumpkin seedlings. Marepianu HaykoBO-IpaKTHYHOT

KoH(epeH1ii BuKIagadiB, acmipanTiB Ta ctyneHtiB Cymcekoro HAY (M. Cymu,
17-20 xBiTHsa 2019 p.), 29.

. He Songtao, Zhou Junguo & Skliar V.G. (2019). The problem of soil salinization
and the role of genetic engineering in increasing the salt tolerance of plants.
Marepianu MiKXHapOaHOT HAYKOBO-TMIPAKTHYHOI KOH(epeHIlii, mpucBsiyeHoi 90-
piu4io 3 JHS HAPOPKEHHS JOKTOpa CUILCHKOTOCIONAPCHKUX HayK, mpodecopa
I'onuapora Mukomnu Jlem’ssHoBuua (M. Cymu, 24-25 tpasus 2019 p.), 13.

. He Songtao, Skliar V.G., Zhou Junguo & Xinxiang (2020). Effects of salt stress
on the resistance of vegetable cytoplasmic membrane. Marepianu MixkuapoaHoi
HAyKOBO-TIPAKTUYHOT KOH(epeHilii, npucBsyeHoi 91-piudio 3 AHS HAPOIKECHHS
JIOKTOpa  CUTbCBKOTOCIIONAPChKUX HayK, Tmpodecopa TonuapoBa Mukonu
Hem‘sHoBuya, (M. Cymu, 25-26 tpaBus 2020 p.), 44-45.

. He Songtao, Zhou Junguo, Skliar V. H. & Xinxiang (2021). Mechanism of plant
adaptation to osmotic stress. «l'oHuapiBchki ynTaHHI»: Matepianu Mi>kHApPOTHOT
HAYKOBO-TIPAKTUYHOT KOH(epeHIlii, mpucBsI4eHoi 92-piudio 3 AHS HAPOIKCHHS
JIOKTOpa  CUTbCHKOTOCIIONApChKUX HayK, Tmpodecopa TonuapoBa Mukonu
Hewm ssHoBrya (M. Cymu, 25 tpaBas 2021 p.), 108—100.

. Xe Cynrao (2023). BmuB comp0BOTO CTpeCy Ha pO3Mip Ta BITANITET POCITUH
rapOy3a. Marepiaian HayKOBO-TIPaKTUYHOT KOH(EPEHIIi1 BUKIIaadiB, acipaHTIB Ta

ctynentiB Cymcbpkoro HAY (m. Cymu, 20-25 kBithHsa 2023 p.), 57.
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130

CONCLUSIONS
According to the results of the study of the influence of salt stress on pumpkin
plants caused by different concentrations of NaCl (in the range of 0-120 mmol/L), as
well as the mechanisms of formation of salt resistance at different levels of the
organization, it was established:

1. The nature of the response of pumpkin morphological characters to salt stress
was established. It is shown that against the background of increasing salt
concentrations, there is a decrease in the size and vitality of plants and the
manifestation of a number of negative quality signs in them: yellowing of leaves,
their twisting, etc.

2. 1t is shown that plants respond to an increase in salt solution concentrations
with a statistically significant increase the salt damage index and salt damage rate.

3. It has been proven that salt stress affects indicators and signs related to the
course of photosynthesis and water exchange of pumpkin, leading to a decrease in the
values of: photosynthetic rate, stomatal size, stomatal conductance, transpiration rate,
as well as to changes in the content chlorophyll, mainly towards its increase. At the
same time, a decrease in the indicators determining the amount of water loss are
factors to increasing the resistance of plants to salt stress, and the indicators
determining the intensity of photosynthesis are factors to slowing down the synthesis
of carbohydrates and inhibiting plant growth.

4. An increase in the content of MDA and permeability of membrane structures of
cells as a result of their peroxidation was registered in pumpkins under salt stress.

5. It is shown that transformations related to the exchange of carbohydrates and
amino acids play an important role in the complex of processes of response and
adaptation to salt stress in pumpkin: as salt concentrations increase, the content of
proline and soluble sugars increases.

6. It was established that salt stress affects the absolute and relative indicators of
the accumulation of ions of mineral substances, as well as their distribution by plant
organs. According to these characteristics, Na*, K*, Ca?* and Mg?* ions demonstrated
a high degree of individuality, which is also a result and evidence of their specific
role both in the aspect of ensuring response and adaptation of pumpkin plants to salt
stress.
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7. 1t has been found out that in response and adaptation to salt stress in pumpkins
at all levels of the organization against the background of the general trends, varietal
features are clearly manifested. In particular, it was established that the Yanzhen
mainly accumulates Na* in the root system, while the Miben mainly accumulates in
the stem. This results in the formation of differences between varieties of the
accumulation of K*, Ca?* and Mg?*, as well as differences in the value of the K*/Na*
ratio. In general, according to a complex of physiological and morphometric
characteristics, Yanzhen shows a higher resistance to salt.

8. Identification and analysis of the expression of the WRKY gene family in
pumpkin under salt stress conditions was carried out. Screened 12 WRKY family
transcription factors in pumpkin in response to salt stress, and analysed their
phylogenetic relationships, spatio-temporal expression patterns, tissue-specific
expression characteristics, and transcriptional activities under salt stress in detail.

9. For to improve and expand research aimed at revealing the genetic aspects of
the formation of salt resistance, have developed an efficient transient transformation
system for the study of gene function and protein subcellular localization. Using this
method, the salt tolerance gene StNHX1 was transiently overexpressed in pumpkin
roots and cotyledons.

10. The interactions that occur between the scion and the salt-resistant pumpkin
rootstock when using the technology of grafting in the cultivation of gourds were
studied. The influence of salt-resistant rootstocks on the metabolism of rootstocks has
been clarified and proved, the feasibility of using grafting technology to increase the
resistance of plants to salt stress, increase the yield of crops and obtain high-quality
products has been shown.

11. It is shown that the use of arbuscular mycorrhizal fungi in the cultivation of
melon crops based on grafting technology leads to a change in plant metabolism,
affects the quality of the obtained products and contributes to increasing the
resistance of plants to adverse environmental factors, including, to a certain extent,
the increased salt content.
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APPENDIX A
PLANTS THAT HAVE UNDERGONE SALT STRESS
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APPENDIX B

Appendix B.1. An example of the results of morphometric analysis (indicators of stem diameter (unit:mm))

CkMiben12 CkMiben11 CkMiben10 CkMiben9 CkMiben8 CkMiben7 CkMiben6 CkMiben5 CkMiben4 CkMiben3 CkMiben2 CkMibenl
9.93 8.21 9.64 9.04 9.34 8.30 8.70 8.30 9.17 8.88 8.47 9.20
CkYanzhenl2 | CkYanzhenll | CkYanzhenl0 | CkYanzhen9 | CkYanzhen8 | CkYanzhen7 | CkYanzhen6 | CkYanzhen5 | CkYanzhen4 | CkYanzhen3 | CkYanzhen2 | CkYanzhenl
8.27 8.73 8.26 9.03 7.81 8.03 7.67 7.98 7.43 7.81 8.79 8.60

60Miben12 60Mibenl1l 60Miben10 60Miben9 60Miben8 60Miben7 60Miben6 60Miben5 60Miben4 60Miben3 60Miben2 60Mibenl
7.68 8.42 7.82 9.20 8.15 8.75 8.43 8.28 7.78 8.28 9.27 9.04
60Yanzhen12 | 60Yanzhenll | 60Yanzhenl0 | 60Yanzhen9 | 60Yanzhen8 | 60Yanzhen7 | 60Yanzhen6 | 60Yanzhen5 | 60Yanzhen4 | 60Yanzhen3 | 60Yanzhen2 | 60Yanzhenl
6.78 8.47 7.90 8.23 8.53 7.80 7.68 7.51 7.00 7.84 7.02 7.58
120Miben12 120Miben11 120Miben10 120Miben9 120Miben8 120Miben? 120Miben6 120Miben5 120Miben4 120Miben3 120Miben2 120Mibenl
6.95 8.33 7.75 7.9 10.5 8.06 8.02 7.30 8.37 8.47 7.90 8.36
120Yanzhen12 | 120Yanzhenll | 120Yanzhenl0 | 120Yanzhen9 | 120Yanzhen8 | 120Yanzhen7 | 120Yanzhen6 | 120Yanzhen5 | 120Yanzhen4 | 120Yanzhen3 | 120Yanzhen2 | 120Yanzhenl
7.81 7.21 7.21 6.21 7.62 7.62 9.85 8.23 7.24 7.86 7.77 6.97
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Appendix B.2. An example of the results of morphometric analysis (indicators stem long (unit:cm))

CkMiben12 CkMiben11 CkMiben10 CkMiben9 CkMiben8 CkMiben7 CkMiben6 CkMiben5 CkMiben4 CkMiben3 CkMiben2 CkMibenl
13 11 10 12 13 10.5 11.5 11 9 115 12 11
CkYanzhenl2 | CkYanzhenll | CkYanzhenl0 | CkYanzhen9 | CkYanzhen8 | CkYanzhen7 | CkYanzhen6 | CkYanzhen5 | CkYanzhen4 | CkYanzhen3 | CkYanzhen2 CkYanzhenl
14 14 145 16 13 14 145 155 12 135 12,5 135
60Miben12 60Mibenl1l 60Miben10 60Miben9 60Miben8 60Miben7 60Miben6 60Miben5 60Miben4 60Miben3 60Miben2 60Mibenl
9 12 9.5 10 13 11 11 13 11 12,5 9 10
60Yanzhen12 | 60Yanzhenll | 60Yanzhenl0 | 60Yanzhen9 | 60Yanzhen8 | 60Yanzhen7 | 60Yanzhen6 | 60Yanzhen5 | 60Yanzhen4 | 60Yanzhen3 | 60Yanzhen2 60Yanzhenl
10.5 14 14 15 13 13 12,5 7.5 12,5 12,5 10.5 10
120Miben12 120Mibenl1 120Miben10 120Miben9 120Miben8 120Miben7 120Miben6 120Miben5 120Miben4 120Miben3 120Miben2 120Mibenl
8.5 11 14 9 10.5 8 12 13 9.5 8.5 9.5 9.5
120Yanzhen12 | 120Yanzhenll | 120Yanzhenl0 | 120Yanzhen9 | 120Yanzhen8 | 120Yanzhen7 | 120Yanzhen6 | 120Yanzhen5 | 120Yanzhen4 | 120Yanzhen3 | 120Yanzhen2 120Yanzhenl
10 9.5 11.5 9 10 10 11 9 10.5 11 10.5 6
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ANALYSIS OF CONSERV ATIVE SEQUENCE OF WRKY TRANSCRIPTION FACTORS IN PUMPKIN

CmWRKYS58 1
CmWRKY13 1
CmWRKY 1

CmWRKY15 2
CmWRKY18 5
CmWRKY11 1
CmWRKY3 1
CmWRKY53 1
CmWRKY21 2
CmWRKY27

CMWRKY69 2
CmWRKY28 1
CmWRKY42 1
CmMWRKY48 2
CmWRKY75 1
CmWRKY58 2
CmWRKY9 1
CmWRKY65 1
CmMWRKY32 1
CmMWRKY18 2
CmMWRKY23 2
CmWRKY33 2
CmWRKY21 1
CmWRKY11 2
CmWRKY15 3
CmWRKY35 2
CmWRKY 69 1

CmWRKY35 1
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CmWRKY13 2
CmWRKY33 4
CmWRKY15 1
CmWRKY41 2
CmWRKY9 3
CmWRKY18 1
CmWRKY50 2
CmWRKY57

CmWRKY9_ 4
CmMWRKY15 5
CmWRKY48 4
CMWRKY65_ 2
CmMWRKY32 2
CmWRKY3 2
CmWRKY50 1
CmWRKY13 3
CmWRKY15 4
CmMWRKY42 3
CmWRKY 49

CmWRKY33 1
CMWRKY69 4
CmWRKY35 3
CmWRKY42 4
CmWRKY 55

CmWRKY9 2
CmWRKY41 4
CmWRKY22 4
CmWRKY70_2

CmWRKY2 2
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CmWRKY20 1
CmWRKY3 3

CmWRKY41 1
CmWRKY48 1
CmWRKY3 4

CmWRKY21 3
CmWRKY22 1
CmWRKY41 5
CmWRKY41 6
CmWRKY12 1
CMWRKY22 2
CmWRKY18 3
CmMWRKY48 3
CmMWRKY22 3
CmMWRKY41 3
CMWRKY12 2
CmWRKY2 1

CmMWRKY20 2
CmWRKY70 1
CmWRKY21 4
CMWRKY42 2
CmWRKY69 3
CmWRKY28 2
CmWRKY18 4
CmWRKY23 1
CmWRKY75 2
CmWRKY3 5

CmWRKY33 3

CmWRKY53 2
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APPENDIX D
Appendix D.1

The RWC (%), Px (mmol/m2.s) under different treatments during the fruit?

Traits Stages Treatments 2X 2X/P 3X 3X/P
RWC 10 DAP WW 92.68 + 3.7 93.59 +4.1 93.81 +35 95.49 + 35
WW + AME 93.22 +2.2 94.67 + 3.7 9472 + 2.1 96.84 + 2.3
DI 75.38 £ 2.8 84.72 + 2.9 81.29+ 238 87.21+ 3.2
DI + AMF 79.59 +35 90.87+34 | 86.41+36 94.28 +2.9
20 DAP WW 90.32 + 3.8 91.78+ 2.2 92.21+2.7 93.49 + 3.7
RWC WW + AMF 91.61 4.2 93.86 + 3.5 941222 95.78 + 35
DI 76.69 + 3.3 81.29 + 2.7 80.89 + 3.5 83.65 + 2.8
DI + AME 80.92+1.8 88.31+2.8 85.91+2.8 91.62+4.1
RwWC 30 DAP WW 83.38 + 2.8 90.61+3.6 91.18 +3.6 92,11+ 27
WW + AMF 84.05 + 3.4 9213+ 21 9231 £ 24 93.85 £ 4.2
DI 69.29 + 2.7 80.59 + 3.2 77.78 £ 3.3 82.26 + 3.6
DI + AME 73.21 + 3.2 86.87 + 2.8 82.91 +3.1 89.09 + 2.1
Pn 10 DAP WW 13.69 + 0.53 14.43 £ 0.68 15.39+0.72 16.31 +0.67
WW + AMF 13.91 £ 0.47 14.87 £ 0.71 15.82 £ 0.68 16.89 + 0.73
DI 896+036 | 11.53+049 | 10.39+0.49 13.28  0.41
DI + AMF 9.72£041 13.82£0.56 | 11.78+051 15.97 + 0.63
WwWw 12.61 + 0.52 13.51 + 0.53 14.19 + 0.57 15.71 + 0.57
20 DAP WW + AMF 1282+ 046 | 13.89+061 | 14.52+0.63 16.28 + 0.66
p DI 7.62£0.27 9.32+0.38 9.12 £ 0.35 10.96 + 0.51
N DI +AMF 8.69+0.32 12.87 + 057 | 11.28+0.47 15.32 + 0.68
WwWw 10.41 £ 0.48 12.01 £ 0.48 13.89 + 0.61 14.49 £ 0.58
WW + AMF 10.59 + 0.36 12.33 +0.52 14.21 £ 0.46 15.02 + 0.37
Pn 30 DAP DI 5.78 +0.21 8.58 + 0.27 8.13£0.32 10.47 £ 0.42
DI +AMF 6.38+0.19 11.52+0.41 | 9.59+0.37 14.21 + 0.61

Notes: RWC — relative water content; DAP — days after pollination; WW —
the well-watered; DI — the deficit irrigation; WW + AMF — well-watered
and inoculated with arbuscular mycorrhizal fungi; DI + AMF — deficit
irrigation and inoculated with arbuscular mycorrhizal fungi; 2X — the diploid
watermelon; 2X/P — the diploid watermelon grafted onto the pumpkin; 3X —
the triploid watermelon; 3X/P — the triploid watermelon grafted onto the
pumpkin
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Appendix D.2

The IAI and SuSy activity [umol/g (glucose) h] under different treatments during
the fruit development stage (mean + SE)!

Traits Stages 2X 2X/P 3X 3X/P
Treatments
Ww 22.31+0.93 | 20.19+0.85 | 25.68+0.86 | 22.79 +0.87
WW + AMF | 22.69+0.87 | 20.78+0.93 | 26.31+1.06 | 23.68 +0.95
10 DAP
DI 23.82+0.63 | 23.31+105 | 28.09+1.13 | 26.81+1.13
DI + AMF 25.38+1.07 | 26.52+1.13 | 30.81+1.25 | 31.12+1.21
Ww 34.38+124 |3161+123 |41.28+1.75 | 36.69+1.54
+ 92 +1. J5+ 1. bSl+1 31+1.
LAl 20 DAP ww 3492+135 | 3275+145 | 4251+1.36 | 38.31+£1.32
AMF
DI 36.59+1.52 | 36.09+1.76 | 44.39+197 | 43.52+1.87
DI + AMF 38.91+0.95 | 40.18+1.58 | 4858 +1.06 | 49.18 +2.13
Ww 27.81+1.17 | 2569+ 107 | 31.89+123 | 28.78+1.07
30 DAP WW + AMF | 28.26 £1.25 | 26.61 +0.97 | 32.68 +1.45 | 30.09 +0.98
DI 30.19+1.22 | 28.89+1.14 | 3511+152 | 33.92+1.52
DI + AMF 3228+ 153 | 33.12+153 |38.72+1.21 | 39.31+1.88
wWw 1571+ 054 | 14.79+£0.63 | 17.21+0.75 | 16.28 +0.62
10 DAP WW + AMF | 16.02+0.63 | 1521 +0.71 | 17.59 £0.67 | 16.91+0.71
DI 16.68 + 0.58 | 16.32+0.58 | 18.62+£0.87 | 18.22 +0.82
DI + AMF 1779+ 042 |1848+0.75 | 20.22+0.46 | 20.79+0.4
wWw 13.31+0.56 | 12.68+0.56 | 15.32+0.67 | 14.28 +0.57
Susy 20 DAP WW + | 13.48+0.61 | 13.11+0.47 | 15.68+0.58 | 14.86 + 0.64
AMF
DI 14.21£0.65 | 14.02+0.62 | 16.64+0.72 | 16.12+0.72
DI + AMF 1519+0.42 | 15.81+0.73 | 17.93+0.69 | 18.41+0.83
wWw 1741 +058 | 16.48+0.68 | 19.42+0.66 | 18.18+0.76
30 DAP WW + AMF | 17.62+0.82 | 17.02+0.73 | 19.78 £0.75 | 18.91+0.89
DI 18.49+0.75 | 18.21+0.84 | 20.81+£0.93 | 20.32 £ 0.67
DI + AMF 19.68 + 0.45 | 20.52+0.47 | 2259+0.52 | 23.21+0.56

Notes: IAl — insoluble acid invertase; SuSy — sucrose synthase; DAP — days
after pollina- tion; WW — the well-watered; DI — the deficit irrigation; WW +
AMF — well-watered and inoculated with arbuscular mycorrhizal fungi; DI +
AMF — deficit irrigation and inoculated with arbuscular mycorrhizal fungi;
2X — the diploid watermelon; 2X/P — the diploid watermelon grafted onto the
pumpkin; 3X — the triploid watermelon; 3X/P — the triploid watermelon

grafted onto the pumpkin
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Appendix D.3

Sucrose and total sugar content [mg/g (FW)] under different treatments
during the fruit development stage (mean * SE)*!

Traits Stages Treatment 2X 2X/P 3X 3X/P
S
ww 4.809 + 4.759 + 5.331+0.21 5.059 +£0.21
0.21 0.17

WW + AMF 4.871+0.19 4.851+0.16 5412+0.19 5.182+0.19
10 DAP DI 5.102+0.16 5.132+0.21 5.702+0.22 5552 +0.22
DI + AMF 5212+0.22 5416+0.19 5878+0.17 5921+0.17
ww 2259+0.87 21.31+096 2549+1.05 24.18+0.96
Sucrose 20 DAP WW + AMF 2286+0.69 21.79+0.68 2597+093 24.92+0.87
content DI 24.11+0.93 23.34+0.57 2751+065 26.67+1.06
DI + AMF 2439+058 24.68+106 28.12+1.12 28.47+1.21
Www 41.79+1.72 40.38%x135 4451+197 4281+1.95
30 DAP WW + AMF  4231+1.23 4131+162 4532+176 44.13+1.32
DI 4428 +1.08 43.81+203 4755+1.35 46.76+1.86
DI + AMF 4539+1.78 46.39+135 49.16+2.06  50.29+2.13
wWw 51.29 +1.83 486+196 56.41+223 53.28+1.98
10 DAP WW + AMF  51.85+1.76 50.02+207 57.53+£176 55.21+1.67
DI 5433 +£221 5222+184 60.19+2.08 57.86+2.13
DI + AMF 55.33+213 5552+232 61.47+245 6195+ 255
wWw 66.19 £2.25 6291+216 71.38+2.96 67.51+£2.63
Total sugar 20 DAP WW + AMF  67.11+157 6453+157 7287+178 69.67+234
content DI 70.09+284 67.86+2.86 76.12+2.67 74.09+3.12
DI + AMF 70.92+256 71.82+3.22 78.46+325  78.82+3.55
wWw 8048 £3.05 76.09+319 8528+3.64 81.12+3.26
30 DAP WW + AMF  81.42+287 78.03+178 86.92+205 83.56+2.86
DI 85.28 £3.12 82.12+3.82 91.09+279 89.21+217
DI +AMF 86.51+209 86.81+4.13 93.58+3.86 94.69+4.12

Notes: DAP — days after pollination; WW — the well-watered; DI — the deficit
irrigation; WW + AMF — well-watered and inoculated with arbuscular
mycorrhizal fungi; DI + AMF — deficit irrigation and inoculated with
arbuscular mycorrhizal fungi; 2X — the diploid watermelon; 2X/P — the
diploid watermelon grafted onto the pumpkin; 3X — the triploid watermelon;

3X/P — the triploid watermelon grafted onto the pumpkin
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Appendix E

3ATBEP/UKYIO

IIpo BOpOBa/XKeHHs Pe3y/IbTATIB HAYKOBHX A0C/TIIKeHb Y HABYAILHHI
npouec.

Bugasa Xe CyHrao y TOMy, IO MaTepiaid JucepTauiiiHoi poboTu
«KomIuiexcHuii ekonoriaauii, (i3ioJoriYHAi Ta TeHETUYHUHA aHali3 pearyBaHHs
npezcraBHuKiB poxy Cucurbita Ha cONbOBHI CTPECY, sIKi ONyOIiKOBaHi B CTATTAX:

Peng-Ming Yang & Song-Tao He (2022). The effects of arbuscular
mycorrhizal fungi and deficit irrigation on theyield and sugar content
of watermelons  (Citrullus lanatus), Horticultural Science (Prague), 1-9.
https://doi.org/10.17221/108/2021-HORTSCI;

Xe Cynrao (2022). ®i3ionoro-0ioxiMiuHi acreKTH pearyBaHHs POCIHMH Ha
3aconeHHs IpyHTy (orusigoBa). BicHuk CyMChKOro HalliOHAJIbHOTO arpapHoro
YHIBEPCHTETY. Cepis: ArpoHoMis i Giosorist, 50 (4), 62-68.
https://doi.org/10.32845/agrobio.2022.4.9;

Xe Cynrao (2023). llleruienns y cucteMi 3aXo0[iB i3 BUPOLIYyBaHHS POCIMH
pomunu  Cucurbitaceae. Bicuuk CyMCBKOTO  HALliOHAJIBHOIO  arpapHoro
yuiBepcuretry. Cepisi «ArpoHomis i Oiomoris», 1 (51). C.129-136. DOI
https://doi.org/10.32782/agrobio.2023.1.15;

He Songtao, Skliar V.G. & Zhou Junguo (2019). Effects of different
concentrations of salt on pumpkin seedlings. Marepianu HayKOBO-NPaKTUYHOI
KoH(epeHiii BukIanauiB, acmipanTiB Ta cryfeHTiB Cymcbkoro HAY (17-20
kBitHs 2019 p.), 29;

He Songtao, Zhou Junguo & Skliar V.G. (2019). The problem of soil

salinization and the role of genetic engineering in increasing the salt tolerance of
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plants. Matepiann MixkHapo/1HOT HaYKOBO-IIPaKTHYIHOI KOH(EPEHITIl, IPHCBIICHOT
90-piu4ro 3 ZHA HApOKCHHA JOKIOpPa CIIBCHKOIOCIIONAPCEKUX HayK, IIpodecopa
T'omuaposa Mukonu Jlem’suoBuda (24-25 tpaBua 2019 p.), 13;

BIJIIOYEHI IO HAaBYaJIbHUX IIporpaM (cmiadyciB) auciumuiin «Exosoriuna
(iziosoriss pocauHy, «Arpoekoioria», «bioloris» Ta BHKOPHCTOBYIOTBCA B
HaBYATBHOMY TIpOITIeci MIATOTOBKH 3100yBadiB BHINOI OCBITH crremiankHOCTI 101

«Exkonoriga».
Hoeioka suoana 01 nodanna 00 cneyiarizo6anoi 64eHot paou.

3aBigyBau Kadeapu

p-n i
€KOJIOTII Ta 60TaHIKH QW Bikropis CKJIAP
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