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Abstract
The developing of effective and high-tech preparations for microbiological plant protection
is a crucial problem of agricultural biotechnology. In this paper, we revealed differences in the crop
structure, grain introscopic characteristics and resistance of soft wheat plants to root rot when using
novel multifunctional bioactive preparations. Our objective was to investigate effects of developed
bioactive compositions based on microbial antagonists of plant pathogenic and chitosan complexes
on spring soft wheat (Triticum aestivum L.) variety Leningradskaya 6. Plant protection against root
rot, productivity and grain quality assessed by the methods of microfocus X-ray radiography and gasdischarge visualization were estimated in two-year field tests (Leningrad Province, 2016-2017). The
weather conditions during growing season of 2016 were more favorable for wheat plants compared to
2017 due to a slight temperature fluctuation and a significant amount of precipitation. The number
of spikelets per spike, flag and pre-flag leaf area, the weight of spike and vegetative parts were the
indicators for wheat productivity, germination energy, seedling length, dynamics of plant growth
phase and height, the number, length and weight of roots. According to significant positive influence
of the studied compositions on yield structure, the biopreparations rank as follows: in 2016 — Vitaplan, Zh (ООО AgroBioTekhnologiya, Russia) > Vitaplan, Zh + Chitosan II (test preparation containing 50 and 100 kDa chitosans with the addition of 0.1 % vanillin, FSBSI VIZR) > Gamair, SP
(ООО AgroBioTekhnologiya, Russia) > Chitosan I (test preparation containing 50 and 100 kDa
chitosans with the addition of 0.05 % salicylic acid, FSBSI VIZR) > Chitosan II; in 2017 — Vitaplan, Zh > Vitaplan, SP > Vitaplan, Zh + Chitosan II > Gamair, SP > Chitosan II. In 2016, a
combined use of Vitaplan, Zh and Chitosan II changed significantly not only the plant vegetative
part weight, but also the spike weight, while separate use of Chitosan II significantly increased the
vegetative biomass only. In 2017, the same combination of the biologicals made the flag leaf
86.84 % larger and the root weight 83.33 % higher compared to the control. In 2016, Chitosan I
led to reliable 19.0 % increase (t = 3,0; р < 0.05) in potential grain yield compared to the control,
however, there were no significant differences for Vitaplan, Zh, Chitosan II and their combination
Vitaplan, Zh + Chitosan II. On the contrary, in 2017 Vitaplan, Zh + Chitosan II caused the maximum reliable (t = 7.2; p < 0.05) increase in yield (by 82.6 %). Vitaplan, Zh and Vitaplan, Zh + Chi-
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tosan II possess maximum efficiency against Helminthosporium root rot. Due to Vitaplan, Zh + Chitosan II, in 2016 root rot disease frequency was 80 % lower compared to the control, and in 2017 no
symptoms were observed which may be due to less favorable weather conditions for root rot disease
in 2017 compared to 2016. According to our findings, the potential grain yield in wheat correlates
significantly and positively with grain X-radiographic projection area, integrated grain brightness and
total intensity of the gas-discharge fluorescence. Chitosan I, Chitosan II and Vitaplan, F + Chitosan
II have the greatest impact on grain structure and quality parameters assessed by X-ray and gasdischarge visualization. Perhaps the effectiveness of the studied drugs depended on weather conditions, but was generally positive in terms of the main assessed indicators. Thus, our data convincingly
indicate the effectiveness of multifunctional biologics which combine microbial antagonists of fungal
plant pathogens with chitosan, an activator of plant diseases resistance, to protect wheat against root
rot, to increase grain yield with better quality.
Keywords: Triticum aestivum L., spring soft wheat, biological preparations, chitosan composition, yield structure, root rot, grain quality, microsofus X-ray, gas discharge visualization

Spring wheat is the main food crop and an important item of Russian
export. Obtainment of high stable yield of quality spring wheat grain is only possible subject to a number of measures that include the use of general soilprotective technologies and methods of enhancement of soil fertility, correct
crop rotation with sufficient saturation of bare fallows optimal for the conditions
and objectives of variety cultivation as well as compliance with agrotechnical
requirements meeting biological peculiarities of the crop variety. Currently, however, the potential productivity of crops is frequently achieved only by a third,
which supports the necessity to improve cultivation technologies [1, 2[.
Obviously, optimization of conditions for growing and development of
plants throughout all ontogenesis stages is one of the most important objectives
in crop production. Its achievement is to the large extent connected with development of production technologies and application of environmentally-friendly
multifunctional preparative forms capable of effectively reducing the spread and
development of dangerous diseases and improving the disease resistance of plants
as well as stimulating their growth and development.
Creation of effectiveness and high-technology preparative forms for microbiological protection of plants is the key issue of agricultural biotechnology.
Such forms include such biological preparations registered in Russia as Vitaplan,
Alirin-B and Gamair which are manufactured in the form of wettable powders,
suspension concentrates, tablet and liquid forms (joint development of OOO AgroBioTekhnologiya, Moscow, and All-Russian Institute of Plant Protection) [3,
4]. Biological preparations have demonstrated high effectiveness in control of
diseases of principal agricultural crops, promoted the increase in yield and quality of plant products. In addition, in some instances it was found that introduced
strains of antagonist microbes considerably affect the variety composition of a
complex of soil-inhabiting plant pathogenic fungi and suppressive properites of
soils in agrocoenosis [5].
Over the past years, new-generation preparations have been developed,
e.g. the disease-resistance inductors based on chitosan, the results of application
of which are widely discussed [6-8]. Chitosan is a natural polymer with β-Dglucosamine and N-acetyl-β-D-glucosamine units [9] obtained through deacetylation of chitin of crustaceans, insects, and fungi [10-13]. Positive effects of chitosan on plant growth and development were confirmed [14]. Treatment of
wheat leaves with chitosan resulted in increase in concentration of phenolic acids, particularly ferulic acid. Chitosan stimulates generation of precursors of lignin (p-coumaric, ferulic, sinapic acids), and synthesis of phenolic acids possessing antimicrobial properties, i.e. benzoic, p-coumaric, caffeic, protocatechuic, chlorogenic, ferulic and gallus acids [15, 16]. Wheat plants treated with
chitosan and exposed to drought stress, as compared to control set, demonstrated
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considerable increase in growth, germination rate, grain moist content, length and
activity of roots, as well as changes in physiological indicators (i.e. activity of superoxide dismutase, peroxidase, catalase, malondialdehyde and chlorophyll contents) [17]. Treatment with chitosan, through increasing the chlorophyll content in
wheat leaves, caused a 13.6% yield increase as compared to control group [17].
In the recent years, the research is carried out in Russia to create the
compositions based on immobilization of antagonist microbes Bacillus subtilis
M-22 and Trichoderma viride T-36 in chitin-chitosan carriers for effective protection of vegetable crops from Fusarium infection and nematodes [18, 19].
High protective effect (up to 70%) of such complex biopreparations is caused by
combination of properties of antagonist microbe with the ability of chitosan to
enhance, in conjunction with biologically active substances, the mechanisms of
natural resistance of plants to pathogens. It also demonstrates the synergic effect
of composition components.
Seeds of required quality are the condition the high wheat yield [20]. In
this regard, there is a number of standard tests regulated by ISTA (International
Seed Testing Association) and of promising seed quality control tests based on
imaging technologies. The method of microfocus X-ray radiography is for many
years used both in Russia [21-22] and abroad (23-26). It is used to detect various
structural seed defects (stress cracks, enzyme-mycotic attrition, internal germination, latent pest colonization, Sunn pest contamination, physical damage and
defectiveness of grain kernel, blind-seed disease). Computer microtomography
allows researchers to obtain a 3D image of the internal caryopsis structure [27]
and visualize some structural defects [28].
Over the past 10 years, the data was obtained regarding the possibility to
use the method of terahertz imaging to determine the seed variety purity [29],
seed quality [30] and ultra-early forecasting of laboratory germination rate of
seeds [31]. Seed imaging in terahertz range enables detection of changes occurring during germination just 6 hours after seed soaking [31).
The presented work for the first time demonstrates the effectiveness of
multifunctional preparations based on microorganism strains, the antagonists of
infection agents, and activators of plant disease resistance, the chitosan compounds, for increasing the yield and protection of spring soft wheat from diseases. The results define the differences in the wheat yield structure and resistance
to root rot upon application of multifunctional preparations and identify their
impact on introscopic characteristics of the grain.
The purpose of our study is to justify the feasibility of use of multifunctional preparations based on antagonists of infection agents and chitosan compounds for spring soft wheat protection from root rot and increase of grain yield,
as well as to evaluate the quality of grain through microfocus X-ray radiography
and gas-discharge imaging.
Techniques. The experiments were run on spring soft wheat plants (Triticum aestivum L.) variety Leningradskaya 6 (k-6490; provided by the department
of genetic wheat resources of Vavilov All-Russian Institute of Plant Genetic Resources, VIR) in 2016-2017 (VIR experimental field). The seeding was performed on May 7 on a 1.0 m2 plot through row cropping with 15-cm row spacing and spacing in the row of 1-2 cm (400 seeds/m2). Depth of seeding 5-6 cm.
In 2016 experiment pattern provided for the following scenarios: no
treatment (control); Gamair, SP (ООО AgroBioTekhnologiya, Russia) as a
standard; Vitaplan, Zh (ООО AgroBioTekhnologiya, Russia); chitosan complex
Chitosan I (experimental sample, All-Russian Institute of Plant Protection,
FSBSI VIZR); Vitaplan + Chitosan II complex. Gamair, SP is a fungicide based
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on Bacillus subtilis М-22 strain (wetting powder, viable cell titer defined in
CFU/g). Powder (5 g) was dissolved in 10 l of water and used to treat 1 t of seeds
by semidry method. Vitaplan, Zh is a culture liquid of B. subtilis VKM В-2604D
and B. subtilis VKM В-2605D strains (1:1 ratio, live cells and B. subtilis spores
titer of 1010 CFU/ml). The seeds (50 g) were soaked in 100 ml of culture liquid
for 1 hour. Chitosan I complex contains 100 kDa and 50 kDa chitosans (1:1 in
weight parts), a mix of succinic and glutamic acid (organic acids) at the ratio
of chitosan:organic acids 1:1 and 0.05 % salicylic acid. Chitosan II complex
includes 100 kDa and 50 kDa chitosans (1:1), a mix of succinic and glutamic
acid (organic acids) of chitosan:organic acids 1:1 and 0.1% of vanillin. 50 kDa
and 100 kDa chitosans were obtained by us through oxidative breakdown of
150 kDa chitosan (85% deacetylation) with sodium nitrite in acidic conditions
(Bioprogress, Russia). The seeds were treated with the both complexes by semidry method, 80 g per 10 l of water per 1 t of seeds. When treating with Vitaplan, Zh + Chitosan II complex, Chitosan II was added to culture liquid of
Vitaplan Zh biopreparation until the Chitosan II concentration reached 0.1%
(50 g of seeds were soaked in 100 ml of culture liquid for 1 hour). Vegetating
plant in 2016 were treated on June 24, July 9 and 19. The standard, Gamair,
SP, was used as 10 g of preparation per 300 l of water. Vitaplan, Zh was dissolved in water to one-tenth, liquid consumption was 100 ml/m2. When spraying the plants with aqueous solutions of Chitosan I and Chitosan II preparations, the concentration (0.1%) was measured by the main component (chitosan; liquid consumption was 100 ml/m2). In a scenario that included Chitosan II complex, indoleacetic acid (0.0015%) was added as the main plant
growth hormone instead of vanillin. When using Vitaplan, Zh + Chitosan II
complex, culture liquid with the titer of 1010 CFU/ml was water-dissolved to
one-tenth; liquid consumption was 100 ml/m2.
In 2017 experiment included five scenarios: no treatment (control);
Vitaplan, SP as a standard, 10 g of preparation per 300 l of water; Vitaplan,
Zh; Chitosan II chitosan complex; Vitaplan, Zh + Chitosan II complex.
Wheat seeds prior to seeding were treated and vegetative plants were sprayed
according to the pattern applied in 2016.
During wheat tillering, the number, length and weight of roots (primary radicle root, radicle and coleoptile roots) were measured. The number and
length of nodal roots were also defined. In each scenario, each 20 plants were
evaluated twice. Wheat ontogenesis phases were registered by Eucarpia (EC)
scale (Zadoks scale).
In studying the yield structure, the data of productive and overall tilling
capacity, plant height, ear length, number of spikelets per ear, ear weight were
evaluated. Weigh of vegetating parts of plants, area of flag and pre-flag leaves
were measured in accordance with methodological guidelines [32].
Potential wheat yield Yр (t/ha) was measured by productive tilling capacity
and number of plants per 1 m2: Yp = METPPD  10000, where ME is the grain
weight per ear of a single plant, t; TP is a productive tilling capacity of a sample
(the number of stems with ears per a single plant); PD is plant density (the number
of plants per 1 m2).
The plant affection by root rot was defined in field conditions during wheat
tillering phase (on July 15, 2016) by the generally accepted scale: 0 – epicotyl unaffected, 1 – isolated stains on epicotyl, 2 – major lesions, 3 – severe lesions, the
plant died. In each experiment scenario, each 20 plants were evaluated twice.
Development of root rot was estimated by average weighted extent of
plant affection Re [33]:
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∑(а )

,
where a is the number of plants with similar symptoms, b is the corresponding
score, A is a number of plants studied (healthy and diseased), K is the maximum scale score.
In 2016, a laboratory experiment was also held to define the grain germination energy (%) upon treatment with the aforesaid biological preparations
and chitosan compounds (control group remained untreated) (commenced on
May 30). In each experiment version, Petri dishes were used to analyze 100
grains (June 1), the length of seedlings was measured 1 day after transferring to
moist chamber (June 2) and on the next day (June 3).
Microfocus X-ray radiography and gas-discharge visualization (GDV)
methods were applied to evaluate introscopic characteristics of the grain. X-ray
radiography of wheat grains was performed with a serial mobile X-ray unit
PRDU-02 (ZAO ELTEKH-Med, Russia), ½3,0 zoom coefficient. Analysis of
digital X -ray images of wheat grains was carried out with Agrus-Bio software
(OOO ArgusSoft, Russia). On an X-ray projection of caryopsis, the area (cm2),
perimeter (cm), length (cm), width (cm), circularity (relative units), elongation
(relative units), irregularity (relative units), average brightness (brightness units),
standard brightness deviation (brightness units), optical density (relative units)
and integrated optical density (relative units) were measured. Gas-discharge visualization (electrophotography with registration and quantitation of characteristics of corona effect emerging upon seeds exposure to high-energy electromagnetic field) was carried out on a serial GRV-Kamera apparatus equipped with
analytical software GRV-Nauchnaya Laboratoriya (OOO Biotekhprogress, Russia). The following parameters of digital gas-discharge images of grain were analyzed: luminescence area (pixels), total luminescence intensity (relative units),
form factor (relative units), average isoline radius (pixels), normalized standard
deviation of isoline radius (pixels), isoline length (pixels), isoline-measured entropy (relative units), isoline-measured fractality (relative units).
Statistical analysis was carried out with SPSS 21.0, Statistica 6.0, MS Excel 2016 software [34]. In calculations, the methods of parametric statistics (based
on mean M and standard error of mean ±SEM, 95 % confidence intervals and
Student’s t-test) and multivariate statistics (cluster and factor analysis) were used.
Results. Weather conditions in 2016 in Leningrad Province were characterized by higher average monthly temperature (the standard was exceeded by
3.4 С in May, and the excess was within 1С in June through August; the precipitation in May was 64 % of the standard, however, during the summer months it
exceeded the standard considerably (137% in June, 191% in July, 227% in August). In May-July 2017, reduction in average monthly temperature was within
2.5 С vs. the standard; precipitation in May reached only 29%, which is considerably below the standard; in summer, that indicator increased and reached 115%
of the standard in June, 115% in July and 175% in August. Thus, vegetation period of 2016 was characterized by more favorable weather conditions for plant
growth, given insignificant temperature fluctuations and considerable amount of
precipitation.
Table summarizes the effects of biological preparations and chitosan
complexes on spring soft wheat productivity indicators and potential yield. In
2016 (under increased average monthly temperatures and considerable excess of
precipitation during summer month) in a scenario where the seeds were treated
with Gamair, SP, the germination energy was 25% higher than in control group,
and reached the maximum value of 96.5%. Significant (p < 0.05) increase in the
length of the sprout occurred in the scenarios with Gamair, SP and Vitaplan,
Zh, by 73.7% and 69.5%, respectively.
Re =
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Leningradskaya 6 variety spring soft wheat (Triticum aestivum L.) productivity upon application of multifunctional preparations based on antagonist
microorganisms and chitosan compounds (M±SEM, St. Petersburg—Pushkin, a test field, 2016)
Experiment scenario
Eg, %
Ls., mm
P, score
h, cm
Nr., pcs. Lr., mm
Mr, h
Nnr, pcs. Lnr, mm Nse, pcs. Sfl., cm2 Spfl, cm2
Me, g
Mvp, g
Control (вода)
71.4
9.6±2.0
62.5±1.6
81.3±3.8 4.4±0.6
61.0±5.4
0.3±0.1
6.5±0.7
56.4±4.1 12.8±0.6 7.1±0.4
7.6±0.5
0.4±0.1
2.0±0.2
Gamair, SP
96.5
16.6±1.9* 64.5±0.6
86.6±3.0 6.4±0.4* 73.6±4.7
0.3±0.05
5.9±0.7
41.2±4.7* 13.5±0.6 7.9±0.6
9.2±0.4*
0.5±0.1
2.4±0.2
Vitaplan, Zh
86.8
16.2±1.9* 67.8±1.1*
90.1±2.5* 6.5±0.5* 76.8±4.8* 0.3±0.04
7.0±0.5
54.6±3.9 14.2±0.5 6.4±0.6
8.4±0.8
0.5±0.03 2.3±0.1
Vitaplan, Zh + Chitozan II
74.4
19.6±2.0
69.4±0.8*
98.6±2.8 5.9±0.5* 62.1±3.8
0.4±0.02
7.4±0.7
48.0±4.8 13.9±0.6 8.1±0.4*
7.6±0.5
0.6±0.03* 2.5±0.2*
Chitosan I
82.4
9.1±1.6
67.9±0.9*
87.9±2.6 6.2±0.5* 69.1±3.4
0.3±0.05
6.9±0.7
53.3±3.9 14.3±0.5 7.5±0.7
8.0±0.5
0.6±0.1
2.5±0.3
Chitosan II
79.8
8.9±1.2
60.7±2.2
83.6±3.6 4.6±0.5
70.4±5.0
0.4±0.1
7.7±0.7
66.1±5.1 12.2±0.8 7.9±0.7
6.6±1.1
0.6±0.1
2.7±0.3
N o t е. Eg. — grain germination energy, Ls. — sprout length, P — plant phase, h — plant height, Nr. — number of roots, Lr. — root length, Mr. — root weight, Nnr — number of nodal roots, Lnr — nodal
root length, Nse — number of spikelets per ear, Sfl — flag leaf area, Spfl — pre-flag leaf area, Me — ear weight, Mvp — vegetation part weight.
* Differences with control group are statistically significant at p < 0.05.
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Fig. 1. Leningradskaya 6 variety spring soft wheat (Triticum aestivum L.) productivity indicators upon
application of multifunctional preparations based on antagonist microorganisms and chitosan compounds: A —Eucarpia (EC)-scale ontogenesis phase, B — ear weight, C — vegetation part weight, D —
complex of indicators (a — number of positive changes, b — number of significant positive changes); 1 — control (water), 2 — Gamair, SP, 3 — Vitaplan, Zh, 4 — Vitaplan, Zh + Chitosan II, 5 —
Chitosan I, 6 — Chitosan II (St. Petersburg—Pushkin, a test field, 2016).

The samples treated with Vitaplan, Zh preparation together with Chitosan II complex showed the highest growth rate by Eucarpia (EC) scale ontogenesis phases during the earing stage, significant increase of score by 11%, t = 7.8,
p < 0.05 as compared to the control group. Maximum intensive plant development was ensured through treatment with Vitaplan, Zh and Chitosan I preparations (Fig. 1, A). Significant (p < 0.05) increase in plant height, by 10.8%, during
the earing stage was observed for the scenario where the seeds were treated with
Vitaplan, SP.
In all experiment scenarios that provided for the use of preparations, the
number of roots from epicotyl (primary radicle root, radicle and coleoptile roots)
has increased vs. the control group. The number of roots significantly increased
upon application of Gamair, SP (by 44.7%, t = 2.7, p < 0.05), Vitaplan, Zh
(by 46.3%, t = 2.6, p < 0.05), Vitaplan, Zh together with Chitosan II (by
32.3%, t = 2.7, p < 0.05), and Chitosan I (by 32.3%, t = 2.3, p < 0.05). Chitosan II chitin complex did not actually affect this indicator (see Table).
Virtually in all experiment scenarios (Vitaplan, Zh, Vitaplan, Zh + Chitosan II, Chitosan I), there was a significant (p < 0.05) increase in the number of
wheat roots as compared to the control group. The preparations did not produce
any significant effect on the number and length of nodal roots, number of spikelets
per ear, area of flag and pre-flag leaves. At the same time, Vitaplan, Zh preparation when combined with Chitosan II complex has a considerable positive effect
on wheat ear weight (a 65.2% increase vs. the control group, t = 7.2, p < 0.05)
(see Fig., B), and also on the weight of green parts of the plant (by 28.4%,
t = 2.9, p < 0.05) (see Fig., C). When Chitosan I was used, significant growth of
only the weight of green parts occurred (by 39.8%, p < 0.05).
Figure 1 (D) shows the normalized stacked column chart reflecting
variation in number of positive and statistically significant positive changes for
14 indicators of wheat productivity due to use of biopreparations and chitosan
complexes as compared to the control. At first, the indicators with positive
change in value of certain productivity indicators as compared to control val1030

ues (as per scenarios) were selected. Then they were ranked using Student's ttest at p = 0.05, which gives a decrease in biological efficiency as follows:
Vitaplan, Zh > Vitaplan, Zh + Chitosan II > Gamair, SP > Chitosan I > Chitosan II.
Cluster analysis (k-means method) [34] diveded all biological preparations and chitosan compounds into two groups of effectiveness based on changes
of the average values of the set of indicators vs. control. The first group comprised Gamair, SP, Vitaplan, Zh, and Chitosan I, and Vitaplan, Zh + Chitosan
II and Chitosan II formed the second group. Preparations of the second group,
as compared to the first group, showed a more express effect on the root weight
(by 12.7%, t = 5.8; p < 0.05), number of nodal roots (by 14.7%, t = 6.7; p < 0.05),
length of nodal roots (by 13.0%, t = 2.6; p < 0.05), flag leaf area (by 10.4%,
t = 4.4; p < 0.05), ear weight (by 27.1%, t = 7.4; p < 0.05), green part weight
(by 11.7%, t = 4.7; p < 0.05). Use of Vitaplan, Zh + Chitosan II and Chitosan
II resulted in insignificant drop in plant development (by 2.8% as per ontogenesis phase), significantly smaller number of roots and their length (by 25.7%, %;
t = 5.7; p < 0.05 and by 11.3 %; t = 4.4; p < 0.05, respectively).
Principal factor analysis [34] using Varimax normalized axis rotation
procedure (factor impacts in the procedure are normalized by dividing by square
root of relevant dispersion) allowed evaluation of the interrelations between relative changes in wheat productivity indicators caused by biological preparations
and chitosan compounds (Fig. 2, A). The highest effect on productivity was
characteristic of Vitaplan, Zh + Chitosan II complex, while Chitosan II caused
the slightest effect.
Chitosan I complex promoted a 19.0% increase in potential wheat yield
(t = 2.8, p < 0.05) vs. the control (see Fig. 2, B). We have found no considerable differences in potential yield between scenarios for Vitaplan, Zh, Vitaplan,
Zh + Chitosan II complex and Chitosan II. Upon Gamair, SP application, the
potential wheat yield was 25.0% lower (t = 3.5, p < 0.05) compared to control.
А

B

Fig. 2. Factor analysis (A) and potential yield (B) of Leningradskaya 6 variety spring soft wheat (Triticum aestivum L.) upon application of multifunctional preparations based on antagonist microorganisms and chitosan compounds: 1 — Gamair, SP, 2 — Vitaplan, Zh + Chitosan II, 3 — Chitosan II,
4 — Vitaplan, Zh, 5 — control (water), 6 — Chitosan I (St. Petersburg—Pushkin, a test field, 2016).

In 2017, at reduced average monthly temperature vs. the standard, insignificant precipitation (29% of May standard) and excess of precipitation during
the summer month, maximum significant increase in yield (82.6 %, p < 0.05)
occurred in Vitaplan, Zh + Chitosan II scenario (Fig. 3). As compared to 2016,
in control group this indicator was significantly higher, by 77.1%. In Vitaplan,
Zh and Vitaplan, Zh + Chitosan II scenarios, the yield has increased considerably, by 2.3 t/ha and 4.3 t/ha, respectively. Insignificant differences over years
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were observed for Chitosan II complex.
In 2017, all preparations other than Vitaplan, Zh significantly and
positively speeded up the plant development over phases (Vitaplan, Zh
+ Chitosan II by 25.04%, Chitosan
II by 33.59%, Vitaplan, SP by
25.58%) and increased their height
(Vitaplan, Zh + Chitosan II by
32.57%, Chitosan II by 45.22%,
Vitaplan, SP by 49.44%) as compared to control (average increase by
Fig. 3. Leningradskaya 6 variety spring soft wheat
10.0% and 16.2%, respectively).
(Triticum aestivum L.) potential yield upon application of multifunctional preparations based on antag- Vitaplan, Zh + Chitosan II complex
onist microorganisms and chitosan compounds: 1 — increased the number of spikelets in
Vitaplan, SP, 2 — Chitosan II, 3 — control (wa- an ear (by 7.66% vs. control), proter), 4 — Vitaplan, Zh, 5 — Vitaplan, Zh + Chiductive and overall tilling capacity
tosan II (St. Petersburg—Pushkin, a test field, 2017).
(by 116.00% and 22.19%, respectiely). In this scenario, the plants also distinguished by larger flag leaf area
(by 86.84%) and root weight (by 83.33%).
Figure 4 shows the number of positive (negative) and significantly positive (negative) changes in indicator values of wheat productivity caused by
preparations as compared to the control group. By their biologic effectiveness,
the preparations could be ranked as follows: Vitaplan, Zh > Vitaplan, SP > Vitaplan, Zh + Chitosan II > Chitosan II. Vitaplan, Zh + Chitosan II complex also
caused the growth of the maximum number of wheat productivity indicators as
compared to control group (90%, with 35% significant changes).
Damage to plants caused by root rot was evaluated
during the stem elongation
phase. As the studies showed,
the principal infection agent
was Bipolaris sorokiniana (Sacc.)
Shoem. Vitaplan, Zh and Vitaplan, Zh + Chitosan II complex
demonstrated maximum effecFig. 4. Number of positive changes (1), positive significant tiveness against Helminthospochanges (2), negative changes (3) and negative significant
changes (4) in values of productivity indicators compared to rium root rot. In 2016 Vitaplan,
control in Leningradskaya 6 variety spring soft wheat (Triti- Zh + Chitosan II scenario
cum aestivum L.) upon application of multifunctional prepa- provided the reduction in root
rations based on antagonist microorganisms and chitosan
rot occurrence by 80% as comcompounds: a — Vitaplan, Zh, b — Vitaplan, Zh + Chitosan II , c — Chitosan II , d — Vitaplan, SP (St. Peters- pared to the control group, and
in 2017 no disease symptoms
burg—Pushkin, a test field, 2017).
were found (Fig. 5).
Spearman’s non-parametric correlation analysis of introscopic data obtained by radiography and gas-discharge visualization methods for the harvested grains has shown that potential yield of wheat Y g positively and significantly
(p < 0.05) correlates with the radiograph projection area S p. (r = 0.9), integrated brightness of grains Ig. int. (r = 0.8) and total intensity of gas-discharge fluorescence Igdf. total. (r = 0.8). Dependencies among these indicators may be described by regression equations: Y g = 29.36  5.04Sp.2 + 0.23Sp.3 (r2 = 0.8);
Yg = 10.46 + 0.000038I g. int.2  0.000000000029I gdf. total.3 (r2 = 0.83) and
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Yg = 17.68 + 37.82 Igdf. total.2 + 18.09Igdf. total.3 (r2 = 0.89). Values of 1000grain weight of M1000 positively correlate with integrated grain brightness Ig. int.:
M1000 = 1.99 + 0.000042Ig. int. (r2 = 0.9).

Fig. 5. Development of Helminthosporium root rot in Leningradskaya 6 vaiety spring soft wheat (Triticum aestivum L.) in 2016 (A) and 2017 (B) upon application of multifunctional preparations as compared to control: 1 — Chitosan II, 2 — Chitosan I, 3 — Vitaplan, Zh + Chitosan II, 4 — Vitaplan,
Zh, 5 — Gamair, SP, 6 — Vitaplan, SP (St. Petersburg—Pushkin, a test field).

According to microfocus X-ray radiography, in case of Chitosan I compound application wheat grains had better morphometric and densitometric parameters as compared to control group, i.e. considerably larger radiograph projection area (by 9.26%, t = 2.5), length (by 3.90%, t = 2.5) and width (by
5.84%, t = 2.3), increased perimeter (by 4.00%, t = 2.4) and average size (by
4.50%, t = 2.7), higher average fluorescence brightness (by 5.76%, t = 3.5) and
significantly lower optical density (by 3.8%, t = 3.5). That is, treatment of wheat
plants with Chisotan I compound resulted not only in increase of grain size but
improved their endosperm density. Larger average brightness of radiographs was
found in grains after use of Vitaplan, Zh + Chitosan II (by 6.00%, t = 4.3), Chitosan I compound (by 5.76%, t = 3.5) and Chitosan II (by 9.93%, t = 5.4) as
compared to the control. The largest maximum brightness was observed in grains
obtained in scenario with Chitosan I (6.4% increase, t = 2.5) and Chitosan II
(10.2% increase, t =3.6). Lower average radiograph brightness (by 7.6%, t = 2.7)
vs. the control was discovered in grains obtained through use of Gamair, SP
preparation. In the Chitosan II scenario, the grains had lower circle factor values
(by 3.70%, t = 3.0), circularity (by 7.22%, t = 2.9) and larger elongation (by
4.90%, t = 2.2) vs. the control.
When Chitosan II was used, gas-discharge characteristics of wheat grains
differed drastically from control group in form factor characterizing the irregularity of gas-discharge image and related to grain weight (23.1% higher, t = 2.4).
Due to use of Chitosan I compound, the grains had larger isoline fractality values and lager gas-discharge isoline length as compared to control group (by
2.8%. t = 3.8 and by 20.9%, t = 2.2, respectively). These parameters are presumably also connected with size characteristics of grains. In Vitoplan, Zh + Chitosan
II and Chitosan II scenarios, the total intensity of gas-discharge image of the
grain was considerably less as compared to control (by 19.3%, t = 4.1 and by
15.9%, t = 3.1, respectively). Reduction in intensity of gas-discharge fluorescence
is typical for the grains that have better growth indicators during germination.
Microfocus X-ray radiography and gas-discharge visualization demonstrated that, compared to control group, introscopic characteristics of grain were
to the largest extent changed in Chitosan I, Vitaplan, Zh + Chitosan I and Chitosan II scenarios. Treatment of wheat with only Vitaplan, Zh biological preparation rendered no effect on introscopic characteristics of grains. With the use of
Gamair, SP biological preparation (standard), introscopic characteristics of
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grains changed insignificantly.
As mentioned above, due to transition to biological farming, the researchers lately pay special attention to development of alternative plant protection methods. There are several antagonistic microorganisms effective against the
wide range of infecting agents, e.g. Pseudomonas fluorescens PCL1751 and P.
putida PCL1760 [35], Bacillus spp. [5, 36, 37], as well as Trichoderma species [5,
38]. In general, they are expedient to be used in practice as a sound alternative
to synthetic chemical fungicides. However, the effectiveness of biological preparations based on antagonistic microbes is often insufficient.
Another way to control diseases may be the enhancement of natural resistance of plants to pathogen. Compounds that launch own protective mechanisms in plants are called resistance inductors. Among them, special role is
played by chitosan and its derivatives. Biological activity of chitosan is connected
with its ability to induce protective plant immunity responses [39, 40]. Presence
of chitosan in cell walls of some microorganisms, particularly plant pathogenic
fungi, determines the most important property of this polymer, the pathogenassociated molecular pattern (PAMPs) that is recognized by plant pattern recognition receptors (PRR). This results in activation of a set of nonspecific plant
protective responses (pattern-triggered immunity, PTI), including synthesis of
phytoalexins, lignification of cell walls, deposition of callose, synthesis of PR proteins, generation of reactive oxygen species (ROS) and nitrogen (NO), etc. [41].
To enhance potential effect of microbe antagonists, many scientists research joint application of biological agent and resistance inductor. Rajkumar et
al. [42] have demonstrated that chitin may stimulate the effectiveness of Pseudomonas fluorescens (SE21 and RD41 strains) in controlling pepper bare patch.
Adding chitin improves the plant protection by stimulating the production of
affined metabolites that promote antagonistic activity and/or stimulate plant protective properties. Co-treatment of vegetating pepper, cucumber, tomato plants
with Saccharomyces cerevisiae conjointly and chitosan has reduced the development of mildew twice or more [43]. Niranjan et al. [44] reported the results of
testing compositions containing two Bacillus strains and chitosan as a carrier,
and established their capability of growth promoting and enhancing resistance
of millet to mildew. The most effective method was based on combining the
introduction of chitosan to soil along with treatment of seeds with antagonist
microbe strains [45]. Thus, resistance inductors in combination with bioactive
substances are very promising for future use of antagonistic microorganisms in
controlling plant diseases, especially in greenhouses [46]. Of interest are the
compositions of antagonist microbes, e.g. of Bacillus genus, with chitosan and
its derivatives.
The main issue in assessing the effectiveness of plant treatment for the
quality of seed and bread grain is quantitative objectification of stimulating activity. One of solutions may be the development and application of modern
imaging facilities and information facilities for express diagnostics of latent
grain heterogeneity. Germination parameters are closely related to morphometric indicators of seeds that can be defined through radiographic study, particularly, in lab tests larger seeds germinate earlier and better than smaller ones
[47]. It was stated [48] that optical characteristics of radiographs are important
for ensuring seed quality. Relative optical density parameter allows us to make
conclusions regarding the density of internal seed tissues and hence their physiological quality [49].
It should be noted that the effectiveness of multifunctional preparation
Vitaplan, Zh + Chitosan II in respect of potential wheat yield was determined
to the largest extent by its effect on productive tilling capacity, which may be
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connected with the more developed root system (more roots and longer roots)
and marked reduction in affection by Helminthosporium root rot when this
preparation was applied, as compared to other scenarios we tested. In addition,
the use of Vitaplan, Zh + Chitosan II complex demonstrated a more rapid
plant passing through ontogenesis phases.
Thus, the research undertaken has convincingly demonstrated the prospects of multifunctional preparations combining useful traits of antagonistic
microorganisms and chitosan, a plant disease-resistance activator, for protection of wheat from root rot, yield gain and improvement of grain quality. According to significant positive changes in productivity, the biopreparations rank
as follows: in 2016 — Vitaplan, Zh > Vitaplan, Zh + Chitosan II > Gamair,
SP > Chitosan I > Chitosan II; in 2017 — Vitaplan, Zh > Vitaplan, SP > Vitaplan, Zh + Chitosan II > Chitosan II. In 2016, a combination of Vitaplan, Zh
and Chitosan II in the weather conditions more favorable for plant growth
(higher temperature and precipitation), ensured a significant changes not only
in the plant green part weight, but also in the spike weight, while separate use
of Chitosan II significantly increased the green biomass only. In 2017 (at lower
average monthly temperature and considerable amount of precipitation), in this
scenario the plants distinguished by their flag leaf area and root weight (86.84 %
and 83.33 % increase against control group). In 2016, Chitosan I led to reliable 19.0 % increase (t = 3.0; р < 0.05) in potential grain yield compared to the
control, however, there were no significant differences for Vitaplan, Zh, Vitaplan, Zh + Chitosan II complex and Chitosan II. On the contrary, in 2017
Vitaplan, Zh + Chitosan II caused the maximum reliable (t = 7.2; p < 0.05)
increase in yield, by 82.6 %. Vitaplan, Zh and Vitaplan, Zh + Chitosan II
complex possess maximum efficiency against Helminthosporium root rot. In
Vitaplan, Zh + Chitosan II scenario, in 2016 root rot occurance was 80 %
lower compared to the control, and in 2017 no symptoms were observed,
which may be due to less favorable weather conditions for root rot disease in
2017 compared to 2016 (particularly, lower average monthly temperatures and
considerable amount of precipitation over the summer period). Potential grain
yield in wheat correlates significantly and positively with grain X-radiographic
projection area, integrated grain brightness and total intensity of the gasdischarge fluorescence. Chitosan I, Chitosan II and Vitaplan, F + Chitosan II
have the greatest impact on grain structure and functional characteristics.
REFERENCES
1.
2.
3.

4.

5.
6.

7.
8.

Lichko N.M., Kolomiets S.N. Zernovoe khozyaistvo, 2007, 7: 12-14 (in Russ.).
Petrov N.Yu., Bilous V.V., Kalmykova E.V. Izvestiya Nizhnevolzhskogo agrouniversitetskogo kompleksa, 2010, 2(18): 55-58 (in Russ.).
Novikova I.I. Biologicheskoe obosnovanie sozdaniya i primeneniya polifunktsional'nykh biopreparatov na osnove mikrobov-antagonistov dlya fitosanitarnoi optimizatsii agroekosistem. Avtoreferat
doktorskoi dissertatsii [Biological aspects of creation and use of multifunctional biological products based on antagonist microbes for phytosanitary optimization of agroecosystems. PhD Thesis]. St. Petersburg, 2005 (in Russ.).
Novikova I.I. Materialy 3-go Vserossiiskogo s"ezda po zashchite rastenii «Fitosanitarnaya optimizatsiya agroekosistem» [Proc. 3rd All-Russian Congress on plant protection «Phytosanitary optimization of agroecosystems»]. St. Petersburg, 2013: 372-378 (in Russ.).
Novikova I.I., Litvinenko A.I. Vestnik zashchity rastenii, 2011, 2: 5-12 (in Russ.).
Deepmala K., Hemantaranjan A., Bharti S., Nishant Bhanu A. A future perspective in crop
protection: chitosan and its oligosaccharides. Adv. Plants Agric. Res., 2014, 1(1): 23-30 (doi:
10.15406/apar.2014.01.00006).
Malerba M., Cerana R. Recent applications of chitin- and chitosan-based polymers in plants.
Polymers, 2019, 11(5): 839 (doi: 10.3390/polym11050839).
Vasconcelos M.W. Chitosan and chitooligosaccharide utilization in phytoremediation and biofortification programs: current knowledge and future perspectives. Frontiers in Plant Science,

1035

9.
10.
11.
12.
13.

14.

15.

16.

17.

18.

19.
20.
21.
22.
23.

24.

25.

26.

27.

28.

29.
30.
31.
32.

2014, 5: 616 (doi: 10.3389/fpls.2014.00616).
Tyuterev S.L. Prirodnye i sinteticheskie induktory ustoichivosti rastenii k boleznyam [Natural and
synthetic inducers of plant resistance to diseases]. St. Petersburg, 2014 (in Russ.).
Tyuterev S.L. Vestnik zashchity rastenii, 2015, 1(83): 3-13 (in Russ.).
Starikova D.V. Politematicheskii setevoi elektronnyi nauchnyi zhurnal Kubanskogo gosudarstvennogo agrarnogo universiteta, 2014, 98: 1-13 (in Russ.).
Zimoglyadova T.V., Zhadan V.V., Nakaznoi S.V. Zashchita i karantin rastenii, 2009, 11: 25-26
(in Russ.).
Boonsongrit Y., Mitrevej A., Mueller B.W. Chitosan drug binding by ionic interaction. European Journal of Pharmaceutics and Biopharmaceutics, 2006, 62(3): 267-274 (doi:
10.1016/j.ejpb.2005.09.002).
Wanichpongpan P., Suriyachan K., Chandrkrachang S. Effects of chitosan on the growth of
gerbera flower plant (Gerbera jamesonii). In: Chitin and chitosan in life science. Proceedings of the
eighth International chitin and chitosan conference and fourth Asia Pacific chitin and chitosan symposium. T. Uragami, K. Kurita, T. Fukamizo (eds.). Japan, Yamaguchi, 2001: 198-201.
Bhaskara R.M.V., Arul J., Angers P., Couture L. Chitosan treatment of wheat seeds induces
resistance to Fusarium graminearum and improves seed quality. Journal of Agricultural and Food
Chemistry, 1999, 47(3): 1208-1216 (doi: 10.1021/jf981225k).
Orzali L., Forni C., Riccioni L. Effect of chitosan seed treatment as elicitor of resistance to
Fusarium graminearum in wheat. Seed Science and Technology, 2014, 42(2): 132-149(18) (doi:
10.15258/sst.2014.42.2.03).
Zeng D., Luo X. Physiological effects of chitosan coating on wheat growth and activities of
protective enzyme with drought tolerance. Open Journal of Soil Science, 2012, 2(3): 282-288
(doi: 10.4236/ojss.2012.23034).
Pavlyushin V.A., Tyuterev S.L., Popova E.V., Novikova I.I., Boikova I.V., Bykova G.A. Materialy mezhdunaroinoi konferentsii «Sovremennye perspektivy v issledovanii khitina» [Proc. Int. Conf.
«Chitin — current prospects and investigations»]. Murmansk, 2012: 398-404 (in Russ.).
Pavlyushin V.A., Tyuterev S.L., Popova E.V., Novikova I.I., Bykova G.A., Domnina N.S. Biotekhnologiya, 2010, 4: 69-80 (in Russ.).
Meleshkina E.P. Agrarnyi vestnik Yugo-Vostoka, 2009, 3: 4-7 (in Russ.).
Arkhipov M.V., Potrakhov N.N. Mikrofokusnaya rentgenografiya rastenii [Microfocus radiography of plants]. St. Petersburg, 2008 (in Russ.).
Musaev F.B., Kurbakova O.V., Kurbakov E.L., Arkhipov M.V., Velikanov L.P., Potrakhov N.N. Gavrish, 2011, 1: 44-46 (in Russ.).
van der Burg W.J., Jalink H., van Zwol R.A., Aartse J.W., Bino R.J. Non-destructive seed evaluation with impact measurements and X-ray analysis. Acta Horticulturae, 1995, 362: 149-157
(doi: 10.17660/ActaHortic.1994.362.18).
de Carvalho M.L.M., van Aelst A.C., van Eck J.W., Hoekstra F.A. Pre-harvest stress cracks in
maize (Zea mays L.) kernels as characterized by visual, X-ray and low temperature scanning
electron microscopical analysis: effect on kernel quality. Seed Science Research, 1999, 9: 227236 (doi: 10.1017/S0960258599000239).
Gomes-Junior F.G., Yagushi J.T., Belini U.L., Cicero S.M., Tomazello-Filho M. X-ray densitometry to assess internal seed morphology and quality. Seed Science and Technology, 2012,
40(1): 102-107 (doi: 10.15258/sst.2012.40.1.11).
Silva V.N., Cicero S.M., Bennett M. Associations between X-ray visualised internal tomato seed
morphology and germination. Seed Science and Technology, 2013, 41(2): 225-234 (doi:
10.15258/sst.2013.41.2.05).
Del Nobile M.A., Laverse J., Lampignano V., Cafarelli B., Spada A. Applications of tomography in food inspection. In: Industrial Tomography: Systems and applications. Woodhead Publishing, 2015: 693-712 (doi: 10.1016/B978-1-78242-118-4.00025-3).
Arkhipov M.V., Priyatkin N.S., Gusakova L.P., Kulkov A.M. Visualization of internal structural
defects of wheat seeds using microCT. MicroCT User Meeting. Abstract Book. Bruge, Belgium,
2015: 177-179.
Lu M., Zhang Y., Sun J., Chen S., Li N., Zhao G., Shen J. Identification of maize seeds by
terahertz scanning imaging. Chinese Optics Letters, 2005, 3(51): 239-241.
Ge H., Jiang Y., Xu Z., Lian F., Zhang Y., Xia S. Identification of wheat quality using THz
spectrum. Optics Express, 2014, 22(10): 12533-12544 (doi: 10.1364/OE.22.012533).
Jiang Y., Ge H., Lian F., Zhang Y., Xia S. Early detection of germinated wheat grains using
terahertz image and chemometrics. Scientific Reports, 2016, 6: 21299 (doi: 10.1038/srep21299).
Merezhko A.F., Udachin R.A., Zuev V.E., Filotenko A.A., Serbin A.A., Lyapunova O.A., Kosov V.Yu., Kurkiev U.K., Okhotnikova T.V., Navruzbekov N.A., Boguslavskii R.L., Abdullaeva
A.K., Chikida N.N., Mitrofanova O.P., Potokina S.A. Popolnenie, sokhranenie v zhivom vide i
izuchenie mirovoi kollektsii pshenitsy, egilopsa i triticale [Replenishment, living form preservation
and study of the world collection of wheat, aegilops and triticale plants]. St. Petersburg, 1999: 3235 (in Russ.).

1036

33. Popov Yu.V. Zashchita i karantin rastenii, 2011, 8: 45-47 (in Russ.).
34. Nasledov A.D. IBM SPSS Statistics 20 i AMOS: professional'nyi statisticheskii analiz dannykh
[IBM SPSS Statistics 20 and AMOS: Professional statistical data analysis]. St. Petersburg, 2013
(in Russ.).
35. Kamilova F., Validov S., Lugtenberg B. Biological control of tomato foot and root rot caused
by Fusarium oxysporum f. sp. radicis-lycopersici by Pseudomonas bacteria. Acta Horticulturae,
2009, 808: 317-320 (doi: 10.17660/ActaHortic.2009.808.50).
36. Sharifi Tehrani A., Ramezani M. Biological control of Fusarium oxysporum, the causal agent of
onion wilt by antagonistic bacteria. Commun. Agric. Appl. Biol. Sci., 2003, 68(4 Pt B): 543-547.
37. Schisler D.A., Slininger P.J., Behle R.W., Jackson M.A. Formulation of Bacillus spp. for
biological control of plant diseases. Phytopathology, 2004, 94(11): 1267-1271 (doi:
10.1094/PHYTO.2004.94.11.1267).
38. Abdel-Kader M.M., El-Mougy N.S., Aly M.D.E., Lashin S.M., Abdel-Kareem F. Greenhouse
biological approach for controlling foliar diseases of some vegetables. Advances in Life Sciences,
2012, 2(4): 98-103 (doi: 10.5923/j.als.20120204.03).
39. Badawy M.E.J., Rabea E.I. A biopolymer chitosan and its derivatives as promising antimicrobial
agents against plant pathogenes and their applications in crop protection. International Journal
of Carbohydrate Chemistry, 2011: Article ID 460381 (doi: 10.1155/2011/460381).
40. El Hadrami A., Adam L.R., El Hadrami I., Daayf F. Chitosan in plant protection. Marine
Drugs, 2010, 8(4): 968-987 (doi: 10.3390/md8040968).
41. Iriti M., Faoro F. Chitosan as a MAMP, searching for a PRR. Plant Signaling & Behavior,
2009, 4(1): 66-68 (doi: 10.4161/psb.4.1.7408).
42. Rajkumar M., Lee K.J., Freitas H. Effects of chitin and salicylic acid on biological control
activity of Pseudomonas spp. against damping off of pepper. South African Journal of Botany,
2008, 74(2): 268-273 (doi: 10.1016/j.sajb.2007.11.014).
43. Abdel-Kader M.M., El-Mougy N.S., Aly M.D.E., Lashin S.M. Integration of biological and fungicidal alternatives for controlling foliar diseases of vegetables under greenhouse conditions. International Journal of Agriculture and Forestry, 2012, 2(2): 38-48 (doi: 10.5923/j.ijaf.20120202.07).
44. Niranjan R.S., Deepak S.A., Basavaraju P., Shetty H.S., Reddy M.S., Kloepper J.W. Comparative performance of formulations of plant growth promoting rhizobacteria in growth promotion
and suppression of downy mildew in pearl millet. Crop Protection, 2003, 22(4): 579-588 (doi:
10.1016/S0261-2194(02)00222-3).
45. Algam S.A.E., Xie G., Li B., Yu S., Su T., Larsen J. Effects of Paenibacillus strains and chitosan on plant growth promotion and control of Ralstonia wilt in tomato. Journal of Plant Pathology, 2010, 92(3), 593-600.
46. Abdel-Kader M.M., El-Mougy N.S., Lashin S.M. Biological and chemical resistance inducers
approaches for controlling foliar diseases of some vegetables under protected cultivation system.
J. Plant Pathol. Microb., 2013, 4: 200 (doi: 10.4172/2157-7471.1000200).
47. Cicek E., Tilki F. Seed size effects on germination, survival and seedling growth of Castanea
sativa Mill. Journal of Biological Sciences, 2007, 7(2): 438-441 (doi: 10.3923/jbs.2007.438.441).
48. Huang M., Wang Q.G., Zhu Q.B., Qin J.W., Huang G. Review of seed quality and safety tests
using optical sensing technologies. Seed Science and Technology, 2015, 43(3): 337-366 (doi:
10.15258/sst.2015.43.3.16).
49. Abud H.F., Cicero S.M., Gomes Junior F.G. Radiographic images and relationship of the internal morphology and physiological potential of broccoli seeds. Acta Scientiarum. Agronomy,
2018, 40(1): e34950 (doi: 10.4025/actasciagron.v40i1.34950).

1037

