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Abstract. The article presents the results of research into the effect of removing phosphate from a
nutrient medium on the content of auxins and cytokinins in roots, root elongation and content of
reactive oxygen species in root tips of the barley ‘Steptoe’. In our experiments, the growth response
was detected as root elongation after a 4-day exposure to a phosphate-free medium. Activation of
linear root growth was preceded by changes in hormonal balance and in the level of reactive oxygen
species. Auxin content in the roots increased after 6 h of phosphate starvation and a two-fold increase
in the concentration of auxins in roots was detected by the end of the first day of the exposure to the
phosphate deficit conditions. Staining with diaminobenzidine revealed an increased level of reactive
oxygen species in the root tips of phosphate-starved plants after 6 h of exposure. However, after one
day (24 h), a reverse pattern was observed: the level of staining was higher in the plants supplied with
phosphates. Immunolocalisation of cytokinins in the root tips, where the zones of cell division and
extension determining root elongation are located, showed a decreased content of zeatin in the cells
under the effect of phosphorus deficit. The obtained data suggest that the detected rise in the amount
of reactive oxygen species was due to the increased concentration of auxins accumulated as a result
of the phosphate deficit effect on the barley plants. The increase in ROS and auxins contents could in
turn influence the level of cytokinins and, in the end, affect root elongation. Further experiments are

needed to test this hypothesis.
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Buusinue nepunura pocdopa Ha pocT KOpHei,
NMPOAYKUHMIO AKTUBHBIX (JOPM KHUCJIOPOAA

H COACPKAHNE TOPMOHOB B PACTCHUAX AIMECHHA

I.P. KynosipoBa, JI.b. Boicoukasi, A.B. ®eoxkTucroBa,

N.N. UBanos., I.1O. 3aiiues, I.P. AxusipoBa

Ypumckuii uncmumym o6uonocuu

Ypumckozo peoepanvrozo uccredosamenvcrkoeo yenmpa PAH
Poccuiickas ®@eoepayus, Ygha

AnHoTauusi. B pabore mpeacTaBieHbl pe3ysbTaThl U3yudeHHs BIMsHHS yaaleHus Qocdarop u3
MUTATEILHOTO PAacTBOPA Ha COJEPKAHNWE ayKCMHOB M LIUTOKMHWHOB B KOPHAX, YAJWHEHHE KOPHEH
U Ccojiep)KaHHe aKTHBHBIX ()OPM KHUCIOpO/Aa B KOHUMKAax KOpHEH pacteHuid siumeHs. PocrtoBas
peaxius, MpPOSBUBIIASCS B HAIIMX OKCIEPHUMEHTaX B YIJIMHEHWH KOPHEH pPAaCTCHHH SUMEHS
copta Steptoe, Obljia oTMedeHa mociie 4 CyTok Bo3jeiicTBus OecdocdarHol cpeabl. AKTHBALMH
JIMHEWHOW CKOPOCTH pPOCTa KOPHEH IpealIecTBOBAJIN H3MEHEHHs TOpPMOHAJBHOro OajaHca M
yPOBHS peakTUBHBIX (popm kuciopoza. C MoMOIIbI0 METOJa UMMYHO(PEPMEHTHOIO aHalln3a yepe3
6 ygacoB Bo3zueHcTBHs aepunuTa Gocdopa OBIIO OTMEUEHO JOCTOBEPHOE BO3pAacTaHUE, a K KOHILY
HEePBBIX CYTOK — JIByKPaTHOE yBEJIIMYCHNE KOHLIEHTpAIMK ayKCHHOB B KopHe. Ha done docdarnoro
roJI0/IaHMsl OKpAIIMBAHNE KOPHEH THaMHUHOOCH3UIMHOM IT03BOJIMIIO BBISIBUTH MOBBIIICHHBIH YPOBEHB
peakTUBHBIX (OPM KHCIIOpPOAA B KOHUMKax KOpHEH yepe3 6 4acoB; MO MCTEUEHHH IEPBBIX CYTOK
(24 v) mabmroganu oOpaTHYI KapTUHY — YPOBEHb OKPAIIMBAaHUS KOPHEH CHAOKEHHBIX (ochaTtamu
pacteHuit Obla BbIle. Pe3ynbraThl MMMYHOJIOKQIH3AIMKM IUTOKMHUHOB B KOHYMKAX KOPHEH, rjae u
HaXOSITCSI ONPEEIISIONINE POCT KOPHEH B JUIMHY 30HBI ICJICHUS ¥ PACTSKEHUS, TOKA3aJIM CHUKEHUE
COZIepKaHMS 3eaTHHA B KJIETKaX, HAXOSIIMXCS 1OA BiusHUeM neduuura pochopa. [loayuennsle
JJAaHHBIE TTO3BOJISIIOT IIPEAINOJIOKHUTH, YTO BBISIBICHHOE HAKOIJICHHE B KOPHSIX AaKTHBHBIX (hopMm
KHCJIOPOJIa MOXKET ObITh OOYCIIOBJICHO MOBBINICHHONW KOHIIEHTpPALMel ayKCHHOB, HAKOIHMBIIUXCS B
pesynbrare Bo3zaeicTBHs AepunuTa Gochopa Ha pacTeHHs ssaMeHs. [IoBbIIeHne ypoBHS ayKCHHOB
U pEaKTUBHBIX (DOPM KHCIOPOJA B CBOIO OYepe/lb MOIJIO MOBJIMATH HA YPOBEHb IUTOKMHUHOB U, B
KOHEYHOM CueTe, Ha yJJIMHeHue KopHei. TpeOyrorcsi nanbHEHIINE MCCIEAOBAHMS ISl TPOBEPKHU

OTOro MPEANOJIOKECHU .

KuaroueBble caoBa: Hordeum vulgare, nepunut docdopa, pocT KOpHE, ayKCHHBI, IUTOKUHUHBI,

aKTHUBHBIE (POPMBI KHCIIOPOJA.
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Introduction

Regulation of the rate of root growth and
development is an important mechanism of plant
adaptation to phosphate starvation. Allocation of
new biomass to root growth (Hermans et al., 20006;
Wang et al., 2015), changes in the rates of primary
roots elongation and the pattern of root branching
influence root ability to explore different layers
of soil and the nutrient uptake capacity of plants
(Lynch, 2011). Nevertheless, the mechanisms of
root growth response to phosphate starvation
are still not completely clear (Aibara and Miwa,
2014). A deficit in phosphates influences hormone
concentration in plants (Ribot et al., 2008; Rubio
et al., 2009) and reactive oxygen species (ROS)
production, while both hormones and ROS are
capable of affecting root growth and development
(Tyburski et al., 2010). However, little attention
has been given to possible interaction of these
factors under phosphate starvation conditions. In
the present paper we study the effect of removing
phosphate from the nutrient medium on auxins
and cytokinins contents in roots, root elongation
and ROS content in the root tips of barley plants
(up to the zone of root hairs).

Materials and methods

Barley plants (Hordeum vulgare L. ‘Steptoe”)
were grown on 0.1 strength Hoagland-Arnon (H-
A) nutrient medium (0.5 mM KNO;, 0.5 mM
Ca(N0;),, 0.1 mM KH,PO,, 0.1 mM MgSO,,
0.5 mM CaSO,) in which potassium phosphate
was substituted with sodium phosphate (modified
H-A). After stratification and germination, half
of the seedlings were transferred to a medium
without phosphates (P-). Plants were grown
at the 14-h photoperiod with the irradiance of
400 pmol m? s' PAR, temperature of 25/18°C

(day/night) and relative air humidity (RH) of 60—
70%. Preliminary experiments had showed that
substitution of potassium for sodium phosphate
did not inhibit the growth of plants.

Auxin content was determined by means
of enzyme immunoassay (Vysotskaya et al.,
2003) and ROS level in roots was detected
using diaminobenzidine (DAB) staining (the
protocol was adapted from Daudi et al., 2012)
after 6 and 24 hours of phosphate starvation. For
immunolocalisation of cytokinins, root tips were
fixed in a mixture of aldehydes and carbodiimide
(Kudoyarova et al., 2014) on the second day after
removing phosphates from the nutrient solution.
The intensity of staining on the photographs was
estimated in arbitrary units using the Imagel
program (the minimum and maximum values
were taken for 0% and 100%, respectively). Root
length was measured on the fourth day of the

experiment.

Results and discussion

Auxin content in the roots increased after
6 h of phosphate (P) starvation (97 £ 11 and
160 + 17 ng/g of root fresh weight on the medium
with and without P, respectively; mean+SE, n=9)
and after 24 h it was 2 times higher than in the
control (72+6 and 120+9 ng/g of root fresh weight
on the medium with and without P, respectively;
mean+SE, n=9). These results agree with the
literature data (Nacry et al., 2005). DAB staining
revealed an increased ROS level in the root tips of
the plants grown without phosphates during 6 h:
the intensity of staining increased approximately
3-fold (Fig. 1). After 24 h of exposure, a reverse
pattern was observed and the level of staining
was 3.5 times higher in plants supplied with
phosphates (Fig. 2).
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Fig. 1. (A) Level of ROS in root tips of barley plants (intensity of DAB staining) grown on modified Hoagland-
Arnon medium (P+) and 6 h after removing phosphates (P-) from the nutrient medium. Scale bar: 200 pm.
(B) Diagram presents the results of the semiquantitative assay of intensity of staining of root tips of ‘Steptoe’
obtained using the ImagelJ program (as described by Sharipova et al., 2016). The images of nine independent
sections per treatment were taken. The intensity of staining was expressed in arbitrary units, with maximum and
minimum staining intensity taken for 100% and 0%, respectively. Error bars are standard error, n=9
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Fig. 2. (A) Level of ROS in root tips of barley plants (intensity of DAB staining) grown on modified Hoagland-
Arnon medium (P+) and 1 d after removing phosphates (P-) from the nutrient medium. Scale bar: 200 pm.
(B) Diagram presents the results of the semiquantitative assay of intensity of staining of root tips of ‘Steptoe’
obtained using the Imagel program (as described by Sharipova et al., 2016). The images of nine independent
sections per treatment were taken. The intensity of staining was expressed in arbitrary units, with maximum and
minimum staining intensity taken for 100% and 0%, respectively. Error bars are standard error, n=9

Auxins are known, on the one hand, to
induce ROS production and, on the other hand,
to contribute to their inactivation brought
about by up-regulation of the genes coding
for antioxidant enzymes (Krishnamurthy

and Rathinasabapathi, 2013). Auxin-induced

ROS production may link the elevated auxin
concentration with the initial increase in the
ROS level in the roots of P-starved plants, while
the hormone-induced inactivation of ROS may
explain the subsequent decline in ROS detected
under P deficit.
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Fig. 3. (A) Immunohistochemical localisation of cytokinin zeatin in root tips of barley seedlings grown on
modified Hoagland-Arnon medium (P+) and placed for 2 days on the medium without phosphates (P-). Scale bar:
50 um. (B) Diagram presents the results of the semiqunatative assay of intensity of staining of root tips obtained
using the ImagelJ program (as described by Sharipova et al., 2016). The images of nine independent sections per
treatment were taken. The intensity of staining was expressed in arbitrary units, with maximum and minimum
staining intensity taken for 100% and 0%, respectively. Error bars are standard error, n=9

In the present experiments, phosphate
deficit stimulated a 16% elongation in roots on
the medium without P after 4 days of exposure
(29.5£1.1 and 34.3+1.3 cm on the medium with
and without P, respectively; meantSE, n=40).

ROS are known to influence cell extension
(Tyburski et al., 2010) suggesting their possible
involvement in the changes in root elongation
induced by P deficit. However, the data are
contradictory as both stimulatory and inhibitory
effects of ROS have been reported (Tsukagoshi
et al., 2010).

Immunolocalisation of cytokinins in root
tips showed a decline in zeatin content in the
cells influenced by P deficit (Fig. 3). Since
cytokinins are known to inhibit root growth at

the expense of cell division (Ivanov and Filin,

Acknowledgements / biarogapHoctu

2018), acceleration of root growth under P deficit
is likely to be due to a decrease in the level of
cytokinins in cells. The decline in the level of
cytokinins could result from either a transitory
increase in the ROS level exerting cytokinins
decay through their oxidation or accumulation of
auxins able to activate enzymatic destruction of

cytokinins (Hare and van Staden, 1994).

Conclusion

The obtained results suggest the following
succession of events: a phosphate deficit causes
changes in the ROS level brought about by
accumulation of auxins which finally results in
the changes in cytokinins level and elongation
of roots. Further research is needed to test this

hypothesis.
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