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Abstract. Proso millet (Panicum miliaceum L.) is a drought-resistant C4 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, yield, drought 
tolerance
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	Аннотация. Кәдімгі тары (Panicum miliaceum L.) – құрғақшылыққа төзімді C4 дақылы, ол 
құрғақ және жартылай құрғақ далалы климатқа ерекше бейімдеушілік көрсетеді. Мақалада 21 елден 
алынған 152 кәдімгі тары үлгілерінің жаһандық коллекциясында фотосинтетикалық белсенділік пен 
өнімділік арасындағы байланыс зерттелді, олар екі жыл қатарынан (2024-2025) далалық жағдайда 
өсірілді.	 II (Y(II)) фотожүйенің тиімді кванттық шығымы өнімділікке қалай әсер ететінін бағалау 
үшін өсіп-дамудың үш кезеңінде (түптену, шашақтану және пісіп-жетілу) MINI-PAM-II флюорометрі 
көмегімен өлшенді. Нәтижелер 2024 жылы шашақтану және пісіп-жетілу кезіндегі жоғары Y(II) 
мәндері дән өнімділігімен айтарлықтай корреляцияланғанын, ал 2025 жылы өнімділік түптену кезіндегі 
фотосинтетикалық белсенділікпен байланысты болғанын көрсетті. Метеорологиялық жылдарға 
байланысты биомассаның жинақталуы вегетациялық кезеңдерге тәуелді өзгерісін теориялық тұрғыдан 
анықтайды. Фотосинтетикалық белсенділік өнімділікке үнемі әсер еткенімен де, статистикалық 
талдау вегетативті кезенің қоршаған ортамен байланысты екенін растады. Бұл фотосинтетикалық 
белдсенділіктің тары дақылындағы стресске бейімделуді және өнімділік әлеуетін бағалау үшін 
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физиологиялық белгі ретінде қарастыруға болады және ылғалдылықтың шектеулі аймақтарда климатқа 
төзімді ауыл шаруашылығы үшін болашағы зор дақыл ретіндегі рөлін айқындайды.

	Түйін сөздер: кәдімгі тары, Panicum miliaceum, фотосинтез, Y(II), MINI-PAM, өнімділік, 
құрғақшылыққа төзімділік
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	Аннотация.	 Просо (Panicum miliaceum L.) – это засухоустойчивая культура типа C4, демон-
стрирующая исключительную приспособляемость к засушливому и полузасушливому климату. В дан-
ной статье исследуется влияние фотосинтетической активности на урожайность мировой коллекции 
проса, включающей 152 образца из 21 страны, испытанные в полевых условиях в течение двух лет 
(2024–2025). Эффективный квантовый выход фотосистемы II (Y(II)) измерялся с помощью флуори-
метра MINI-PAM-II на трех стадиях развития (кущение, выметывание и созревание) для оценки его 
влияния на урожайность. Результаты показали, что в 2024 году во время фаз выметывания и созревания 
были более высокие значения Y(II), значительно коррелировавшие с урожайностью проса, тогда как 
в 2025 году урожайность больше была связана с фотосинтетической активностью во время фазы ку-
щения. Эти изменения в разных годах теоретически происходят из-за разных метеорологический ус-
ловий, которые влияют на то, какая фаза развития стала наиболее значимой для накопления биомас-
сы. Статистический анализ подтвердил, что, хотя фотосинтетическая активность постоянно влияет на 
урожайность, влияние вегетативной фазы связано с влиянием окружающей среды. Это подчеркивает 
важность Y(II) как физиологического признака для оценки адаптации к стрессу и потенциала урожай
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ности проса и подтверждает, что просо является перспективной культурой для стабильного сельского 
хозяйства в регионах с ограниченными водными ресурсами.

	Ключевые слова: просо, Panicum miliaceum, фотосинтез, Y(II), MINI-PAM, урожайность, засу-
хоустойчивость.
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	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: CO2 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⁻¹ 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 C4 photosynthetic pathway. C4 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 C4 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). 
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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 1
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).

Fig. 1. Process of Y(II) measurement with MINI-PAM-II in the field
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Obtained data was analysed with statistical tools such as Excel and RStudio. 
	Results and discussion.

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). 

Fig. 3. Box plot of photosynthetic activity of three phases of proso millet in 2025 
(1 - tillering, 2 - panicle emergence, 3 - maturity)
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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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