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Abstract. Proso millet (Panicum miliaceum L.) is a drought-resistant C, crop that demonstrates
exceptional adaptability to arid and semi-arid climates. This article investigated the relationship between
photosynthetic activity and yield performance in a global collection of 152 proso millet accessions from 21
countries, cultivated under field conditions for two consecutive years (2024-2025). The effective quantum
yield of Photosystem II (Y (II)) was measured using a MINI-PAM-II fluorometer at three developmental stages
(tillering, panicle emergence, and maturity) to evaluate how it affects yield. The results showed that in 2024,
higher Y (II) values during panicle emergence and maturity correlated significantly with grain yield, while in
2025, yield was instead associated with photosynthetic activity during tillering. These year-to-year alterations
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possibly reflect varying meteorological conditions that impacted which developmental phase became critical
for biomass accumulation. The analysis confirmed that while photosynthetic activity consistently influences
yield, the phase-specific impact depends on environmental stress dynamics. This research highlights the value
of Y(II) as a physiological trait for assessing stress adaptation and yield potential in proso millet and supports
its role as a promising crop for climate-resilient agriculture in water-limited regions.

Keywords: proso millet, Panicum miliaceum, photosynthesis, Y(II), MINI-PAM, vyield, drought
tolerance
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Annorauus. Koximri taper (Panicum miliaceum L.) — KyprakibUibikka Te3imMai C, NaKbuUibl, O
KYpFaK »KoHe >KapThUlail KYpFaK Janajbl KIMMaTKa epekie Oeimaeymrinik kepceteni. Makanana 21 ennen
anpiHFaH 152 KOMIMIi Taphl YATUIEPiHIH KahaHIBIK KOJUIEKIUACHIHIA (OTOCHHTETUKAIBIK OCICEHIUTIK TeH
OHIMJILTIK apachIHAaFbl OaillaHbIC 3€PTTENIl, ONap €Ki Kbul KatapbiHaH (2024-2025) mananblk Kargaiiia
ecipui. IT (Y(II)) hoToxyiieHiH THIM/II KBAaHTTHIK LIBIFBIMBI O©HIMAUTIKKE Kajlail ocep eTeTiHiH Oaranay
YIIiH ecin-AaMyAblH YII Ke3eHiH e (TyNnTeHy, amaKkTany xoHe micin-xeriry) MINI-PAM-II ¢mroopomerpi
keMeriMeH emnmenai. Hotmwxkenep 2024 >kbUlbl MIAIIaKTaHy >KOHE Micim-xkeTuny ke3inmeri xorapbl Y (II)
MOH/IEpi JOH OHIMIUTITIMEH alTapiIbIKTal KOppensausIaHFanbiH, ajl 2025 *KblUTbl OHIMIUTIK TYNITEHY Ke31HeT1
(hOTOCHHTETHKAIBIK OCJICEHIUTIKIICH OalIaHbICThl OOJFaHBIH KOPCETTI. METCOpONIOTHIBIK JKbUIIapFa
OaiiaHbICThI OMOMAaCCaHbIH KUHAKTATYbI BEreTallUsIIbIK Ke3eHIepre Tayel Il 3repiCiH TEOPUSIIBIK TYPFbIIaH
aHBIKTalIbl. DOTOCHHTETUKAIBIK OCJICEHAUIIK OHIMIUIIKKE YHEMl ocep €TKEHIMEH /e, CTaTUCTUKAJBIK
Tajjay BEreTaTUBTI KEe3eHIH KOpIIaraH OpTaMeH OailIaHBICTBI €KEHIH pacTaibl. byl (OTOCHHTETHKAIBIK
OemICeHIUTIKTIH Taphl NaKbUIBIHIAFI CTPEcCKe OelimMaeny i )KoHe OHIMIUTIK dJeyeTiH Oaranay yIiH



(U3NOTOTHSITBIK OCJIT1 pETiH/IE KapacThIpyFa 00J1a bl )KOHE bUIFAIIIBUIBIKTHIH IIEKTEYJTi allMaKTap/ia KIIMMaTKa
TO31M/I1 aybUT MIAPYaITbUIBIFBI YIIIH 00JIalIaFkl 30p AAKbUT PETIHCT] POTIH aKbIH/TaMIbI.
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Annorauust. Ilpoco (Panicum miliaceum L.) — 5To 3acyxoycToi4mBas Kynsrypa tuna C,, 1€MOH-
CTPUPYIOILAsl HCKIIIOUUTENIBHYIO IPUCIOCOOIAEMOCTD K 3aCyIUIMBOMY U MOJIy3acyllIMBOMY KiIuMarty. B nan-
HOM cTaThe uccienyercs BiausHUE (POTOCHHTETUUYECKON aKTMBHOCTU Ha YPO)KaWHOCTh MHUPOBOW KOJUIEKIIHH
npoca, Bkitovaromei 152 obpasua u3 21 cTpaHbl, HCIIBITAHHBIE B MOJEBBIX YCIOBHUSIX B TEUEHHUE JBYX JIET
(2024-2025). DddextuBHbIi KBaHTOBBIH BbIxox otocuctemsl I (Y(II)) usmepsiicss ¢ moMomsio Guryopu-
MeTpa MINI-PAM-II Ha Tpex craausx pa3BUTHs (KYLIECHHE, BHIMETBIBAHUE M CO3PEBAHUE) I OLIEHKH €ro
BJIMSTHUSL HA yPOXKaHOCTb. Pe3ynbraTsl mokaszanu, uto B 2024 roay Bo BpeMs (a3 BHIMETBIBAaHHS U CO3PEBAHUS
obutn Oonee Bbicokue 3HadeHus Y (1), 3HaYUTETHHO KOPPETUPOBABILUE C YPOXKAHHOCTBIO MPOCa, TOTA KaK
B 2025 rony yposkaitHOCTh OoJblle Oblia CBsi3aHa ¢ (POTOCMHTETHUECKOW aKTUBHOCTBIO BO BpeMs (a3bl Ky-
LICHMsI. DTU U3MEHEHUS B Pa3HBIX IOaX TEOPETUYECKU IIPOUCXOIAT U3-3a Pa3HBIX METEOPOJIIOTHYECKUN yC-
JIOBUH, KOTOpBIE BIUSIOT Ha TO, Kakas (a3a pa3BUTHA CTaja Haubosiee 3HAYUMMOMN /17151 HAaKOIUIEHUsT OrMomac-
cbl. CTaTUCTUYECKUI aHaIU3 MOATBEPAMI, YTO, XOTS (POTOCUHTETHYECKAs aKTUBHOCTh IIOCTOSIHHO BIIMSIET Ha
YPOXKANWHOCTh, BIMSHUE BETE€TAaTUBHOM (Da3bl CBSA3aHO C BIMSHUEM OKPYKAIOIICH Cpeibl. DTO MOJYCPKUBACT
BakHOCTH Y (II) Kak ¢u3znonorundeckoro npru3HaKa s OIEHKH aIallTalliy K CTPECCY U MOTSHIHAIa YpoxKan
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HOCTH ITPOCa M MOATBEPIKIACT, YTO MPOCO SABIISAETCSA NEPCIIEKTUBHOM KYJIBTYPOH Ul CTAOMIBHOTO CEIILCKOTO
XO3SICTBA B PETMOHAX C OTPAaHNYCHHBIMU BOIHBIMH PECYpPCaMHU.

Kurouesble ciioBa: mpoco, Panicum miliaceum, ¢porocuntes, Y (I1), MINI-PAM, ypokaiftHOCTb, 3acy-
XOyCTOMYHUBOCTb.
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(2026). Photosynthetic activity impact on proso millet (panicum miliaceum 1.) yield based on two-year field
measurements // [3nenictep, Hotmxkenep — MccnenoBanus, pedynbratel. Vol. 28. Is. 1. Number 109. Pp. 66—
73. [Ha pycc.]. https://doi.org/10.37884/1-2026/07.
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technology for the development of systems for long-term storage, restoration, monitoring and rational use of
agrobiodiversity, as the basic basis for improving breeding programs of RK».

Introduction.

Proso millet (Panicum miliaceum L.) is a cereal crop that was domesticated more than 7,000 years ago
in Asia [Hunt et al., 2008: 5; Zhao, 2011: 295]. Today, it is still an important crop culture thanks to its short
growth cycle, high water-use efficiency, and resilience to drought [Habiyaremye et al., 2017: 361-371]. These
physiological advantages make it a promising candidate for climate-resilient agriculture.

Photosynthesis is one of the main factors of crop growth and yield formation, as it provides necessary
assimilates for biomass and grain filling [Long et al., 2006: 315]. Photosynthesis can be measured in different
ways: CO, uptake, light intensity analyse, and chlorophyll fluorescence tracking. One of such indicators is the
effective quantum yield of Photosystem II (Y (II)), which shows how much of the absorbed energy is used for
photochemistry and can serve as an early marker of potential productivity [Rascher et al., 2000: 1397].

In proso millet, the efficiency of photosynthetic activity, particularly during developmental stages such
as tillering, panicle emergence, and grain filling, plays a crucial role in determining yield potential. In some
research on millets, increases in Y(II) and the photochemical quenching coefficient were accompanied by
grain yields reaching 6.5 t ha™! and improvements in nitrogen-use efficiency [Sharma et al., 2017: 361]. These
findings confirm that monitoring Y (II) can be a reliable tool for forecasting proso millet yield.

One of the keys to drought resilience is the C, photosynthetic pathway. C, plants have a carbon-
accumulating mechanism that suppresses photorespiration and enhances photosynthetic efficiency under
intensive light and temperature conditions [Cheaib et al., 2025]. Proso millet exemplifies these advantages:
it can efficiently fix carbon even under drought, heat, and limited carbon dioxide [Habiyaremye et al., 2017:
1961]. Consequently, it exhibits high water-use efficiency, producing grain yield with far less water than most
cereals. For example, proso millet can produce a yield with only about 300 mm of annual rainfall, while corn
or rice would fail under such a moisture deficit [ Ventura et al., 2022: 609].

Proso millet drought adaptability makes it a valuable crop for cultivation in marginal lands. It is often
cultivated on soils with minimal or no irrigation. Also, proso millet shallow water use means that it leaves
deeper soil water reserves intact, which benefits subsequent crops in rotation. Proso millet tolerates a wide
range of soil conditions; thus, proso millet can be cultivated on poor, sandy or saline soils where few other
grains can prosper.

Recent initiatives such as «The International Year of Millets» by the FAO are re-evaluating proso
millet as an alternative to water-intensive crops, with the goal of enhancing agroecosystem resilience and
reducing irrigation demand [FAO, 2024]. Overall, the physiology and C, metabolism of proso millet is the
basis for high productivity in unfavourable conditions of marginal environments.

In the Republic of Kazakhstan, multiple researchers conduct studies on proso millet: they explore
the diversity and the useful agronomic features of the crop [Kobernitskiy et al., 2023: 253; Dyussibayeva
et al., 2024]. However, few articles analyse the possible link between proso millet potential yield and its
photosynthetic activity. In this work, this relationship is studied based on two years of observation data.

Materials and methods.

Photosynthetic activity of the proso millet (Panicum miliaceum L.) collection, which includes 152
sample varieties from 21 different countries (Table 1), was measured for 2 consecutive years (2024 and 2025).



Table 1. Proso millet collection content by origin

Part of the world Country of origin Number of samples
Central Asia Kazakhstan 40
Kyrgyzstan 1
Tajikistan 2
South Asia Afghanistan 6
India 8
Iran 1
Pakistan 2
West Asia Turkiye 15
East Asia China 8
West Europe Belarus 1
Belgium 1
Germany 2
France 1
East Europe Hungary 1
Russia 51
Ukraine 9
North America Canada
South America Argentina 2
Total 152

The main soil pre-cultivation treatment was carried out in the spring before sowing. The collection was
sown on the experimental plot field of Barayev Research and Production Centre for Grain Farming in the end
of May for 2 years in a row: on the 31st of May in 2024, and on the 28th of May in 2025.

Agrotechnical operations were carried out according to the technology recommended for the region.
The selection material was sown mechanically using an SSFK-7 seeder at a rate of 300 seeds per square meter
in two repetitions. Sowing order was the following: the distance between sowings was 10 cm, the depth did
not exceed than 5 cm, there were 18 sowings per row. The standard variety (Saratovskoye 6) was planted at the
beginning of the first row and at the end of the last row. For some varieties, manual sowing was chosen with
a frequency of 50 seeds per square meter due to the small number of seeds of the corresponding variety in the
collection. Photosynthetic activity was measured during the phases of tillering, panicle emergence, maturity.
Measurements of Y (II) were taken with MINI-PAM-II portable fluorometer, leaves of 10 random plants were

measured for each sample variety (Figure 1).
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Obtained data was analysed with statistical tools such as Excel and RStudio.
Results and discussion.
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Fig. 2. Box plot of photosynthetic activity of three phases of proso millet in 2024
(1 - tillering, 2 - panicle emergence, 3 - maturity)

The obtained results were drastically different from year to year. In 2024, measured Y (II) was distributed
in a more uniform way: we can clearly see the differences in Y(II) among the phases, with the photosynthetic
activity increasing with the next phase (Figure 2).

In 2024, for the phase of tillering, photosynthetic activity varied from 0,5 to 0,83, and the median was
0,62. For the phase of panicle emergence, the data varied from 0,48 to 0,86 with the median at 0,72. For the
phase of maturity, the data variation was narrow (from 0,86 to 0,94), the median was 0,9.

In 2025, Y(II) data was quite different. There was much more variation among and inside the phases.
Also, in 2025 the panicle emergence phase was more photosynthetically active than the maturity phase (Figure
3). In 2025, for the phase of tillering, photosynthetic activity varied from 0,42 to 0,83, and the median was
0,60. The data varied from 0,72 to 0,9 with the median at 0,85 for the phase of panicle emergence. Concerning
the maturity phase, Y(II) varied from 0,63 to 0,89 and the median was 0,83. So, comparing the years 2024
and 2025, the phases of tillering are quite comparable with little variation between the years, but the other
ones showed less stability. Analyse of variance was used to study the obtained results and correlate proso
millet yield and photosynthetic activity. In 2024, there was a correlation found between yield and the factor of
photosynthetic activity at the phases of panicle emergence and maturity (Table 2).
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Fig. 3. Box plot of photosynthetic activity of three phases of proso millet in 2025
(1 - tillering, 2 - panicle emergence, 3 - maturity)



Table 2 — Analyse of variance between yield and photosynthetic activity during the phases of tillering,
panicle emergence, maturity in 2024

Phases Df Sum Sq Mean Sq F-value Pr(>F)
Tillering 1 1583 1583 0,068 0,795
Panicle emergence 1 160040 160040 7,151 0,00832%*
Maturity 1 108453 108453 4,773 0,0305*

In 2025, there was no such correlation discovered. However, yield was correlated to the factor of

photosynthetic activity at the tillering phase (Table 3).

Table 3 — Analyse of variance between yield and photosynthetic activity during the phases of tillering,

panicle emergence, maturity in 2025

Phases Df Sum Sq Mean Sq F-value Pr(>F)
Tillering 1 100216 100216 5,159 0,0245*
Panicle emergence 1 52 52 0,003 0,959
Maturity 1 335 335 0,017 0,897
Analyse of variance also was used to highlight the dependance of yield on the factors of sample variety
and year (Table 4).
Table 4 — Analyse of variance between yield and sample variety and year
Analyse of variance Df Sum Sq Mean Sq F-value Pr(>F)
Sample variety 152 3072423 20213 239,7 0,00416**
Year 1 114431 114431 5,297 0,022%*

So, in 2024, the phases of panicle emergence and maturity impacted the final yield, but in 2025,
it was the tillering phase which became the key factor. The differences we have observed may be due to
the fact that different stages of development were decisive in different years. The next research supports
that idea: in a study on the adaptation of proso millet to the Mediterranean climate, SPAD values
(indirectly reflecting chlorophyll content and photosynthetic potential) remained high until flowering
and then declined sharply until full maturity (9). The authors noted that meteorological conditions varied
greatly from year to year (2019 was characterised by a cold spring followed by heat waves; 2020 was
very dry in spring; 2021 was a combination of drought and heat) and that these differences could have
affected the speed of the early phases and could have changed which stage became limiting for the yield.

We suppose that in the year 2024, favourable conditions allowed for rapid tillering, and stress
manifested itself closer to the emergence of the stem and grain filling, so it was photosynthetic activity during
the panicle emergence and ripening phases that determined the size of the harvest. However, in the year of
2025, when lack of heat delayed early growth, activity in the tillering phase proved to be the most important:
intensive photosynthesis at this stage allowed sufficient leaf area and the number of productive shoots to
form, and the subsequent phases only consolidated the potential achieved. In such years, the later stages could
take place under more favourable conditions, so their contribution to yield differences was less noticeable.

Conclusion.

When interpreting the results, the weather conditions and stress factors of each year should be taken
into account. Photosynthetic activity is always important, but its impact on the final yield shifts to the phase
that, under specific conditions, becomes a bottleneck in biomass formation.
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