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Abstract: To explore the effect of the photoperiod on the accumulation and distribution of dry matter
in potato, a pot experiment was carried out in 2021 and 2022 with two varieties (Atlantic and Hezuo
88). The varieties were used as the main plot, and light treatments (short-day and long-day) were
used as the subplot. The results showed that extended hours of light delayed tuber formation in
Hezuo 88, however, the effect was not obvious for the Atlantic. Comprehensive analyses were carried
out using the potato developmental process, dynamic equation fitting of the tuber and whole-plant
dry matter accumulation, and the dry matter accumulation and distribution rate of each organ of the
two varieties under two photoperiods. The two photoperiods had different effects on the parameters
of rapid tuber and whole-plant dry matter accumulation: the starting point of the period of the rapid
dry matter accumulation (t;), the duration period of the rapid dry matter accumulation (At), and
the average growth rate of the period of the rapid dry matter accumulation (Vmean). According
to comprehensive analysis, tuber dry matter accumulation in Atlantic was the highest under the
short-day condition, while Hezuo 88 showed the lowest tuber dry matter accumulation under the
long-day condition and was the latest to enter the rapid tuber dry matter accumulation period. The
whole-plant dry matter accumulation in Atlantic was the highest under the long-day condition and
lowest in Hezuo 88; meanwhile, Hezuo 88 was the latest to enter the rapid whole-plant dry matter
accumulation period. In terms of the dry matter accumulation and dry matter partitioning ratio
of various organs, Hezuo 88 had the lowest mean tuber dry matter accumulation and partitioning
ratio under the long-day condition but the highest mean stem, leaf, root, underground stem, and
stolon dry matter partitioning ratio. On the contrary, Atlantic had the highest mean tuber dry matter
accumulation and portioning ratio under the short-day condition but the lowest mean stem, leaf, root,
underground stem, and stolon dry matter partitioning ratio. It was concluded that different varieties
of potato respond differently to the photoperiod. In the case of Hezuo 88, prolonging the photoperiod
affected the dynamics and distribution of dry matter accumulation; increased the stem, leaf, root, and
underground stem dry matter partitioning ratio; and decreased the tuber dry matter partitioning
ratio, which resulted in a decrease in tuber dry matter accumulation and consequently delayed the
emergence of the equilibrium period between the aboveground and underground dry matter.
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1. Introduction

Globally, potato is the fourth-most important food crop in the world after wheat,
maize, and rice [1]. It is widely cultivated all over the world because of its adaptability [2],
nutritional richness [3], high yield [4], versatility [5], and short growth period. At the same
time, potato is an important crop to ensure world food security and plays a significant role
in agricultural production [6,7].

The photoperiod is the alternation in the light and dark periods in the circadian
cycle [8]. The response of plants to periodic changes in the relative lengths of day and night,
such as dormancy, flowering, and tuber formation in plants, is known as the photoperiodic
phenomenon [9]. The photoperiod plays a significant role in various stages of plant growth
and development, including the morphogenesis of plants [10], flower induction [11], tuber
formation [12], and photosynthetic characteristics [13]. Most studies on the effect of the
photoperiod on potato growth have focused on the relationship between tuber formation
and hormones [14,15], carbohydrate metabolism [16], nitrogen metabolism, and enzymes
under different photoperiods [17].

The accumulation and distribution of dry matter in potato are inextricably linked to
its high and stable yields and are the basis for rational nutrient management in production
practice. Studies on the factors that affect the accumulation and distribution of dry matter
in potato have mainly focused on cultivation methods [18] and fertilization application [19].
However, they lack the observation and analysis of the influence of the photoperiod in
dry matter distribution in the growth process of potato. Aiming at solving this problem,
this paper explores the effect of the photoperiod on the accumulation and distribution of
dry matter in potato by studying the developmental process, dynamic equation fitting of
the tuber and whole-plant dry matter accumulation, and dry matter accumulation and
distribution in two varieties of potato under two photoperiods. What is more, it elucidates
the effect of the photoperiod on tuber formation and development from the perspective of
dry matter accumulation and distribution and provides a theoretical basis for the reasonable
screening of seed potatoes for potato production in areas with different light conditions.

2. Materials and Methods
2.1. Materials

The test varieties were Atlantic (Inner Mongolian, China), which is photoperiod
insensitive in tuberization, and Hezuo 88 (Huize, Yunnan, China), which is sensitive. The
seed potatoes were miniature potatoes, which were supplied by Inner Mongolia Zhongjia
Agricultural Biological Co Ltd. (Siziwang Banner, Inner Mongolia Autonomous Region,
China). and the Yunnan Agricultural University, respectively.

2.2. Experiment Design

This experiment was performed from May to October 2021 and 2022 in a rain-proof
shelter of the Potato Cultivation and Physiology Research Laboratory of the Inner Mongolia
Agricultural University (117.7° N, 40.8° E). The region has a mid-temperate continental
monsoon climate. Maximum and minimum temperatures were 32.2 and 33.6 and 6.0 and
4.3, and the average temperature was 19.5 and 19.8, respectively, during the test period in
2021 and 2022 (1 May to 1 October) (data from the Inner Mongolia Meteorological Bureau
Hohhot Baita Weather Test Station).

The experiment was a pot trial with a split-plot design method. The main plot
comprised two varieties, Atlantic and Hezuo 88, denoted by codes D and H, respectively.
The subplot comprised two regimes of light duration: long day (natural sunrise and sunset)
and short day (8 h (8:00-16:00) light duration per day), denoted by L and S, respectively.
The main plot was a random arrangement and the subplot was randomly arranged within
the main plot. A total of four treatments, 20 pots per treatment, were replicated three times.
The total number of pots was 240. A special PVC pot (see Figure 1) was filled with 10 L
substrate, which was a 5:1 mixture of vermiculite and perlite, and 3 seeds of potatoes were
sown in each pot. The relative moisture content of the substrate was maintained at 70-80%
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during the experiment. The relative moisture content of the substrate was measured by
weighing the mixture [20] and was maintained with timely replenishment with tap water.
After seedling emergence, a modified MS nutrient solution was poured into each pot every
2 days at 1 L/per pot. The inner tank of the special PVC pot was lightly lifted to observe the
development of the stolon and tuber every day. Shade treatment was initiated with a cuboid
frame covered with black cloth when the seedlings” heights were about 5 cm. The shading
dates in 2021 and 2022 were 8 June and 12 June, respectively, and the treatment duration
was 1 month. The sowing dates in 2021 and 2022 were 16 May and 17 May, respectively.

Figure 1. Trial sets of special PVC pot.

2.3. Sampling

Samples were collected at each of the four stages [21,22] of potato tuber development
(Table 1) and, subsequently, every 10 days after tuber formation, for a total of 10 times
during the growth period. Six samples were taken from each treatment, and a total of
18 samples were collected for 3 repetitions. After sampling, the samples were washed with
tap water and dried; then, the organs were separated into stems, leaves, roots, underground
stems, stolons, and tubers; and 100 g of samples were retained for the determination of
dry matter weight. The samples were kept in an oven at 105 °C for 0.5 h and then dried
at 70 °C to achieve a constant dry weight. The dry weight per plant was determined to
calculate the dry matter transfer and the transfer rate of each organ of the potato.

Table 1. The process of potato tuber development.

Tuber Diameter D (cm) Stage of Tuber Development Stag]§ Code for Tuber
evelopment
0 <D < 0.3 (stolon diameter) Stolon-bending stage S1
03<D«<1 The onset of the tuber formation stage S2
1<D<3 Tuber formation stage S3
3<D<6 Tuber swelling stage S4

2.4. Calculation of Indicators

The calculation of measurement indicators is as follows:

dry weight of an organ
Total dry weight per plant

Proportion of dry weight of each organ(%) = ( ) %100 (1)
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The plant growth and development process conforms to a slightly elongated “S” curve.
Potato dry matter accumulation over time also conforms to the “S”-type growth curve, and
its logistic growth cumulative function is as follows [23,24]:

K

T 1tae b @)

y
where y is the dry matter accumulation per plant (g), k is the theoretical maximum of dry
matter accumulation per plant (g), and t is the number of days after emergence.

Taking the first-order derivative of the growth accumulation function gives the equa-
tion for the rate of dry matter accumulation:

dy  Kabe ™

— )
dt (14 ae—bt)2
The second-order derivative of the growth cumulative function is
d? Kabe Pt (abe ™ —b
&y _ ( ) @

dr’ (1+aebt)’

The second-order derivative is the inflection point of the growth accumulation function,
which is equivalent to the first-order derivative of the dry matter accumulation rate function,
and the time node ty = In a/b can be obtained using the second-order derivative. When
to = Ina/b, the plant grows and develops the fastest, which is the peak period of its growth.

The third-order derivative of the growth cumulative function is

&y Kab3e*bt(l — dabe Pt 4 a2e~2P)
e (1+ ae*bf)4

(5)

The third-order derivative is equivalent to the second-order derivative of the equation
for the rate of dry matter accumulation. The third-order derivative allows us to find

_ Ina—1.317

1= b (6)
Ina+1.317
b= —— @)

where t; and t; are the two inflection points on the velocity function, i.e., the starting and
ending times of the rapid dry matter accumulation period. The average accumulation rate
Vmean is calculated as the amount of dry matter accumulated at two points during the
period of rapid dry matter accumulation.

Vmean = w (8)

where At is the duration of the rapid dry matter accumulation period.

2.5. Data Processing

The data collation software used was Microsoft Excel 2019, the plotting software
used was Sigma Plot 14.0, and the curve-fitting software used was Origin 2018. Two-way
ANOVA was performed to test the significance of the observed differences using SPSS
Statistics 25; Duncan’s method was used for multiple comparisons of averages.
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3. Results
3.1. Effect of Photoperiod on the Dry Weight Equilibrium Period of Potato

Figures 2 and 3 show the dynamic process of dry matter accumulation in the above-
ground and underground parts of the two varieties of potato during the whole life cycle
under two photoperiods in 2021 and 2022, respectively. The intersection of aboveground
and underground dry weight is the equilibrium period of dry matter accumulation. The
equilibrium points for DL and DS treatments were 32 and 29 days after emergence, respec-
tively, and for HS treatment, the equilibrium point was at 46 days after emergence in 2021.
The dry weight of the underground part for HL was consistently lower than that of the
aboveground part throughout the growth period, due to the delay in tuber formation. The
changes in 2022 were similar to those in 2021, with the equilibrium points for DL and DS
being at 36 and 35 days after emergence, respectively, and for HS being at 47 days after
emergence. HL similarly did not have a dry weight equilibrium point, as the dry weight
of the underground portion was consistently lower than that of the aboveground portion
during the whole growth period. After the equilibrium point, the dry matter accumulation
in the underground part was greater than that in the aboveground part, forming a “scissors
difference” in dry matter accumulation, and the gap mainly reflected the amount of dry
matter in the tubers [25].
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Figure 2. Changes in aboveground and underground dry weight accumulation in potato after
different treatments in 2021. DL represents Atlantic with a long-day treatment, DS represents Atlantic
with a short-day treatment, HL represents Hezuo 88 with a long-day treatment, and HS represents
Hezuo 88 with a short-day treatment.
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Figure 3. Changes in aboveground and underground dry weight accumulation in potato after
different treatments in 2022.

From Figures 2 and 3, it can be seen that the amount of dry matter in tubers was of the
order of DS > DL > HS > HL in both years. The tuber formation period of Hezuo 88 was
prolonged under the long-day condition, and the amount of growth was also obviously
lowered. Under the same photoperiodic condition, Hezuo 88 was sensitive to the relative
duration of light.

3.2. Influence of Photoperiod on the Dynamics of Dry Matter Accumulation in Potato
3.2.1. Effect of Photoperiod on the Dynamics of Tuber Dry Matter Accumulation in Potato

Figure 4 shows the dynamics of potato tuber dry matter accumulation under two pho-
toperiodic conditions. The results of the 2-year experiment were similar, showing a gentle
“slow—fast-slow” trend in the dynamics of potato tuber dry matter accumulation during the
whole life cycle. That is, there was a slow increase in tuber dry matter accumulation from
tuber formation to 35 days after emergence, a rapid increase from 35 days after emergence
to 80 days after emergence, and a slow increase from 80 days after emergence to 90 days
after emergence.
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Figure 4. Dynamics of tuber dry matter accumulation in potato after different treatments.
A logistic equation was used to fit the curve for tuber dry matter accumulation in
potato, and the resulting equations and their parameters are detailed in Table 2. Table 2
shows that the p-value of all equations was <0.0001, which reached a highly significant
level, and the equation fit was statistically significant.
Table 2. Logistic equations and parameters for the dynamics of tuber dry matter accumulation in
potato after different treatments.
Year Treatment Equation t t At to Vmean R? p-Value
DL y =45.65/(1 + 56.65 x e~0-056t) 48 95 47 77 0.77 0.98 <0.0001
001 DS y =46.49/(1 + 37.63 x e~ 0053t) 44 94 50 69 0.74 0.97  <0.0001
HL y =7.60/(1 +80.92 x e~ 0-054t) 56 105 49 80 0.12 097  <0.0001
HS y =22.31/(1+53.09 x e 0:052t) 51 102 51 77 0.34 097  <0.0001
DL y=51.77/(1 + 162.87 x e~007%) 48 82 34 65 1.22 097  <0.0001
2002 DS y =53.15/(1 + 109.53 x e~0074t) 46 82 36 64 1.17 096  <0.0001
HL y=7.10/(1 + 353.89 x e~0082t) 55 88 33 72 0.17 099  <0.0001
HS y =21.15/(1 +94.92 x e~ 0-063t) 52 94 42 73 0.4 097  <0.0001

Note: y is the dry weight of tubers (g-plant—1); t is the number of days after seedling emergence in potato (d); t;
and t, are the start and end points of the period of rapid accumulation of tuber dry matter, respectively; At is the
duration of the period of rapid accumulation of tuber dry matter; t; is the time of the appearance of the maximum
rate of accumulation of tuber dry matter during the reproductive period; and Viean is the average rate of growth
of tubers during the period of rapid accumulation of dry matter.

In the same variety, the start points of rapid dry matter accumulation (t;) in tubers
were delayed under long-day conditions. DL t; was 4 and 2 days later than DS t;, and
HL t; was 5 and 2 days later than HS t; in 2021 and 2022, respectively. Under the same
photoperiodic conditions, Atlantic entered the period of rapid dry matter accumulation of
tubers earlier than Hezuo 88: DS t; was 7 and 6 days earlier than HS t;, and DL t; was 8 and
7 days earlier than HL t; in 2021 and 2022, respectively (Table 2). For the rapid tuber dry
matter accumulation duration (At), the short-day treatment was longer than the long-day
treatment for the same variety, i.e., DS At was longer than DL At by 3 and 2 days, and HS
At was longer than HL At by 3 and 10 days in 2021 and 2022, respectively. Under the same
photoperiodic conditions, only HL At was shorter than DL At by 2 days in 2022, and Hezuo
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88 lasted longer than Atlantic in all other treatments (Table 2). Vinean is a key indicator of
the rapid accumulation of dry matter in tubers, which reflects the ability to accumulate
dry matter in the tubers. Atlantic showed DL Vpean > DS Vipean in both years, and DL
Vmean Was 3.89% and 4.09% higher than DS Vean in 2021 and 2022, respectively. However,
Hezuo 88 showed HS Viean > HL Vinean and HS Vinean was 64.71% and 57.5% higher than
HL Vmean in 2021 and 2022, respectively. Under the same photoperiodic conditions, both
varieties showed DS Viean > HS Vimean and DL Viean > HL Vinean, and DS Vijean Was
51.95% and 67.21% higher than HS Vean in 2021 and 2022, respectively, while DL Viyean
was 6-7 times higher than HL Viyean (Table 2).

3.2.2. Effect of Photoperiod on the Dynamics of Whole-Plant Dry Matter Accumulation
in Potato

Figure 5 reflects the dynamic process of whole-plant dry matter accumulation in the
two varieties of potato in the short-day and long-day treatments. As can be seen in the
figure, tuber dry matter accumulation in potato showed an “S” curve change. That is, it
increased slowly from 19 to 30 days after seedling emergence, quickly from 30 to 75 days
after seedling emergence, and again slowly from 75 to 90 days after seedling emergence.

80

2021 2022
1 —e— DH

60 —
50
40
30 -
20

10 4

Whole-plant dry matter accumulation (g.plant™)

15 30 45 60 75 90 15 30 45 60 75 90

Days after emergence (d)
Figure 5. Dynamics of whole-plant dry matter accumulation in potato after different treatments.

The logistic equation was used to fit the curve for whole-plant dry matter accumulation,
and the resulting curve equations and their parameters are shown in Table 3. From Table 3,
it can be concluded that the p-values of all the logistic equations were <0.0001, which was
statistically significant at a highly significant level.

In the same variety, there was a tendency to advance the period of rapid whole-plant
dry matter accumulation under long-day conditions, and Hezuo 88 advanced by obviously
more days than Atlantic: HL t; was 18 and 15 days earlier than in HS, and DL t; was
1 day later and 1 day earlier than in DS in 2021 and 2022, respectively. Under short-day
conditions, Atlantic entered the period of rapid whole-plant dry matter accumulation
earlier than Hezuo 88: DS t; began 2 and 10 days earlier than HS t; in 2021 and 2022,
respectively. Under long-day conditions, Atlantic entered the period of rapid whole-plant
dry matter accumulation later than Hezuo 88, with DL t; beginning 17 and 4 days later than
HL t; in 2021 and 2022, respectively (Table 3). For At, the short-day treatment was longer
than the long-day treatment for the same variety, with DS At being 3 and 2 days longer than
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DL At and HS At being 16 and 17 days longer than HL At in 2021 and 2022, respectively.
Under the same photoperiodic conditions, At for Hezuo 88 was longer than that for Atlantic
in both years (Table 3). For Viean, Atlantic showed DL Vinean > DS Vinean in both years,
while Hezuo 88 showed HL Vean > HS Vinean in 2011 and HL Vipean < HS Vimean in 2022,
but the differences were small. For the same photoperiod, Atlantic outperformed Hezuo
88, i.e., DS Vinean > HS Vinean and DL Viyean > HL Viyean (Table 3).

Table 3. Logistic equations and their parameters for the dynamics of whole-plant dry matter accumu-
lation in potato after different treatments.

Year Treatment Equation t ty At to Vmean R? p-Value
DL y =59.21/(1 +23.24 x e~ 0:050t) 37 89 52 63 0.89 0.99 <0.0001
2001 DS y =57.06/(1 +20.41 x e 0-047t) 36 93 57 65 0.80 098  <0.0001
HL y=19.36/(1 +19.21 x e~ 0-082t) 20 52 32 36 0.47 097  <0.0001
HS y =42.23/(1 +20.78 x e~ 0-043t) 38 97 59 67 0.57 097  <0.0001
DL y =68.84/(1 + 74.83 x e~0075) 40 75 35 58 1.54 098  <0.0001
2002 DS y =63.66/(1 +67.75 x e 0-072t) 41 77 36 59 1.36 097  <0.0001
HL y =35.80/(1 + 45.81 x e~0.06%) 36 74 38 55 0.74 091  <0.0001
HS y =50.41/(1 +41.96 x e~ 0-048t) 51 106 55 78 0.72 098  <0.0001

3.3. Effect of Photoperiod on Dry Matter Accumulation in Various Organs of Potato

As can be seen in Figures 6 and 7, the accumulation of stem dry matter in both varieties
showed a gradual increase with the advancement of the growth process. The maximum
accumulation appeared 84-89 days after seedling emergence. The influence of variety
and photoperiod on mean stem dry matter accumulation was significant in 2021 and 2022.
The effect of the interaction between variety and photoperiod on mean stem dry matter
accumulation was significant in 2022 but was not significant in 2021 (Table 4). As shown
in Table 5, stem dry matter accumulation under short-day conditions was lower than that
under long-day conditions, in which the average stem dry matter accumulation during
the whole life span of DS was 34.25% and 37.84% lower than that in DL in 2021 and 2022,
respectively, and the average stem dry matter accumulation during the whole life span of
HS was 18.13% and 48.08% lower than that in HL, with the differences reaching a significant
level. Under the same photoperiodic conditions, the mean stem dry matter accumulation
in Hezuo 88 during the whole reproductive period was greater than that in Atlantic in both
years, and the differences were significant at all levels. Under short-day conditions, the
mean stem dry matter accumulation in Hezuo 88 was 112.09% and 60.14% higher than that
in Atlantic in 2021 and 2022, respectively, and under long-day conditions, it was 70.34%
and 91.74% higher in 2021 and 2022, respectively. The combined analysis showed that the
mean stem dry matter accumulation in potato is the highest in HL and lowest in DS.

Figures 6 and 7 show that the changes in leaf dry matter accumulation followed a
similar pattern to that of the stem, i.e., there was a tendency for leaf dry matter accumulation
to increase with the advancement of the plant development process. The maximum
accumulation appeared 84-89 days after seedling emergence. The mean leaf dry matter
accumulation was mainly affected by the photoperiod in both years (Table 4). As shown in
Table 5, under short-day conditions, both varieties showed a decrease in leaf dry weight
accumulation in both years, except for Hezuo 88 in 2021. However, the magnitude of
the reduction was different: the average leaf dry matter accumulation in DS during the
whole growth period was 31.03% and 28.46% lower than that in DL in 2021 and 2022,
respectively. The average leaf dry matter accumulation in HS during the whole growth
period in 2021 increased by 8.98% compared to that in HL, with a nonsignificant difference,
and decreased by 43.75% in 2022, with the difference being at a significant level. Under
long-day conditions, the average leaf dry matter accumulation during the whole growth
period of Atlantic was 43.20% and 10.56% higher than that of Hezuo 88 in 2021 and 2022,
respectively, with the difference being at a significant level. Under short-day conditions,
Atlantic showed a 10.11% lower average leaf dry matter accumulation than that in Hezuo
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88 in 2021, the difference being at a significant level. Atlantic showed 40.61% higher mean
leaf dry matter accumulation than that in Hezuo 88 in 2022, with the difference being
significant. A comprehensive analysis showed that the mean leaf dry matter accumulation
in potato is the highest in DL.
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Figure 6. Dry matter accumulation of each organ of potato during the whole growth period after
different treatments in 2021.
Table 4. Variance analysis of the effects of variety, photoperiod, and their interactions on mean values
of dry matter accumulation of each organ of potato during the whole growth period under different
treatments in both years.
Year Variance Stems (g) Leaves (g) Roots (g) Uss (g) Stolons (g)  Tubers (g)
Varieties (V) * NS NS NS * *
Repetitions (R) NS NS NS NS NS NS
2021 V xR NS NS NS NS NS NS
Photoperiods (P) * * * * * *
PxV NS * NS NS * NS
Varieties (V) * NS NS * NS *
Repetitions (R) NS NS NS NS NS NS
2022 V xR NS NS NS NS NS NS
Photoperiods (P) * * * * * *
PxV * NS NS * * NS

Note: For ANOVA, it is a separate year of comparison,” NS” represents no significant difference, and “*” means a
significant difference at 0.05 level.
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Figure 7. Dry matter accumulation of each organ of potato during the whole growth period after
different treatments in 2022.

Table 5. Multiple comparisons of the mean dry matter accumulation in each organ of potato during
the whole growth period under different treatments in both years.

Years Treatments Stems (g) Leaves (g) Roots (g) USs (g) Stolons (g) Tubers (g)
DL 327+006c 464+017a 102+003b 047+00la 021+001c 1546+ 042b
DS 2154005d 32+011c 074+002¢ 034+002b 009+001d 17.324+039a

2021 HL 557+ 006a 324+015bc 1314+007a 044+002a 052+002a 24025d
HS 456+005b 356+016b 076+004c 029-+0.02b 0314+003b 647 +027c
DL 436+028b 513+017a 1.12+004b 045+001b 026+002b 2036+ 04a
DS 2714009¢c 367+011c 056+002c 024-+001c 009+00lc  21.38+06a

2022 HL 836+014a 464+016b 134+003a 054+00la 037+003a  239-+023c
HS 434+016b 261+009d 066+002c 024+001c 007+00lc  687+017b

Note: US represents the underground stem; different letters indicate multiple comparisons of an indicator between
treatments in individual years while having the same letter indicates a non-significant difference. Multiple
comparisons of means were performed at the 0.05 level.

Root dry matter accumulation showed an increasing trend and then a decreasing trend
with the advancement of growth (Figures 6 and 7). The maximum accumulation appeared
66-73 days after emergence, followed by a zigzag decline, but the decline was smaller
and less fluctuating. The mean root dry matter accumulation was mainly affected by the
photoperiod in both years (Table 4). As shown in Table 5, under short-day conditions,
the root dry matter accumulation in the two varieties was lower than that in long-day
conditions in both years, but the magnitude of the decrease was different. The average
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root dry matter accumulation during the growth period in DS reduced by 27.45% and
50.00% compared with that in DL in 2021 and 2022, respectively, and all of them reached a
significant level. The average root dry matter accumulation during the growth period in HS
reduced by 41.98% and 50.74% compared with that in HL in 2021 and 2022, respectively, and
these differences also reached a significant level. Under the same long-day photoperiodic
conditions, the average root dry matter accumulation in Atlantic was lower than that in
Hezuo 88 by 28.43% and 19.64% in 2021 and 2022, respectively, and the differences were
significant. However, the average root dry matter accumulation in Atlantic was lower than
that in Hezuo 88 by 2.63% and 15.15% under short-day conditions, and the differences did
not reach a significant level. In different combinations of photoperiods and varieties, the
mean values of root dry weight accumulation were the largest for HL and the smallest
for DS.

The trend in underground stem dry matter accumulation was similar to that of
roots, with the maximum accumulation occurring 66-73 days after seedling emergence
(Figures 6 and 7). The mean underground stem dry matter accumulation was mainly af-
fected by the photoperiod in 2021, while it was affected by the photoperiod, variety, and
interactive effect in 2022 (Table 4). In the same variety, the average dry weight of under-
ground stems was greater under long-day conditions than under short-day conditions in
both years. Underground stem dry matter in DS decreased by 36.17% and 46.67% compared
with DL in 2021 and 2022, respectively, and that in HS decreased by 34.09% and 55.56%
compared with HL in 2021 and 2022, respectively, and the differences were all significant
(Table 5). In both years, Atlantic was equal to Hezuo 88 in terms of the average dry matter
accumulation of underground stems under short-day conditions. However, under long-day
conditions, Atlantic had 6.38% higher average dry matter accumulation of underground
stems than Hezuo 88 in 2021, but the difference was not significant, while Atlantic had a
16.67% lower average dry matter accumulation of underground stems than Hezuo 88 in
2022, and the difference reached a significant level (Table 5). A comprehensive analysis of
the effects of photoperiod and variety on the mean underground stem dry matter accumu-
lation showed that the two years had different performances, with the highest performance
being in 2021 and HL showing the highest performance in 2022.

The dry matter accumulation of stolons showed a tendency of increasing and then de-
creasing, with the maximum accumulation appearing 66~73 days after seedling emergence
(Figures 6 and 7). The results of the two-year experiment were similar, showing significant
effects of variety and photoperiod on the mean stolon dry matter accumulation, and an in-
teractive effect (Table 4). In both years, the mean values of stolon dry weight accumulation
in the two varieties were lower under short-day conditions than under long-day conditions,
but the magnitude of the decrease was different (Table 5). In 2021 and 2022, stolon dry
matter accumulation in DS decreased by 57.14% and 63.85%, respectively, compared with
DL, while that in HS decreased by 40.38% and 81.08%, respectively, compared with HL,
and the differences were all at a significant level (Table 5). Under the same photoperiodic
conditions, Hezuo 88 showed greater stolon dry matter accumulation than Atlantic, except
for HS in 2022, whose mean stolon dry matter accumulation was less than that of DS
during the whole life cycle. Under long-day conditions, the average stolon dry matter
accumulation during the whole growth period in Hezuo was 147.62% and 42.30% higher
than that in Atlantic in 2021 and 2022, respectively, and the difference reached a significant
level. However, under short-day conditions, Atlantic had a 70.96% lower average stolon
dry matter accumulation than Hezuo 88 in 2021, and the difference reached a significant
level (Table 5), while Atlantic had a 28.57% higher average stolon dry matter accumulation
than Hezuo 88 in 2022, and the difference was not significant. The combined analysis
showed that the mean dry matter accumulation of stolons is the highest in HL.

As can be seen in Figures 6 and 7, tuber dry matter accumulation showed an increasing
trend as fertility progressed. The mean tuber matter accumulation was mainly affected
by the variety and photoperiod in both years (Table 4). As shown in Table 5, the tuber
dry matter accumulation in both varieties was higher under long-day conditions than
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under short-day conditions in both years, but the tuber dry matter accumulation in the two
varieties increased by different magnitudes. The DS mean tuber dry matter accumulation
increased by 12.33% and 4.93% compared to that in DL in 2021 and 2022, respectively,
and the difference in 2021 was significant, while the difference in 2022 was not significant.
HS mean tuber dry matter accumulation increased by 223.5% and 187.44% compared to
that in HL in 2021 and 2022, respectively, and the difference was at the significance level.
Under the same photoperiodic conditions, the average tuber dry matter accumulation in
Atlantic was greater than that in Hezuo 88 in both years during the whole growth period.
Under long-day conditions, the average tuber dry matter accumulation in Atlantic was
higher than that in Hezuo 88 by 670.06% and 749.37% in 2021 and 2022, respectively, with
the differences reaching significant levels. Under short-day conditions, the average tuber
dry matter accumulation in Atlantic was higher than that in Hezuo 88 by 167.38% and
210.04% in 2021 and 2022, respectively, with the differences reaching significant levels. A
comprehensive analysis of the effects of photoperiod and variety showed that the highest
mean tuber dry matter accumulation is in DL and the lowest is in HL.

3.4. Changes in the Distribution Ratio of Dry Matter Accumulation in Various Organs of Potato
under Different Photoperiods

Figures 8 and 9 show that with the advancement of the growth process of potato, the
change trend in the stem dry matter partitioning ratio of the two potato varieties under
short-day and long-day conditions was different. The ratio in Atlantic presented the same
trend of change, reaching the highest value 25~27 days after seedling emergence, and the
proportion of stem dry matter partitioning decreased with tuber formation in both years.
On the contrary, Hezuo 88 showed different trends under different light treatments. Under
short-day conditions, the stem dry matter partitioning ratio showed a zigzag decreasing
trend, and it was the highest at 19 days after seedling emergence, at 37.64~39.53% in 2021
and 2022. Under long-day conditions, it showed a trend of increasing and then decreasing
and reached a high maximum 46~55 days after seedling emergence, at 47.59~53.19%, and
then it only declined slightly thereafter in 2021 and 2022. Shortening the light time, the
stem dry matter partitioning ratio of both varieties decreased in both years. Among them,
the partitioning ratio of Atlantic decreased less, whereas the partitioning ratio of Hezuo
88 decreased more. Under the same photoperiodic conditions, the proportion of stem
dry matter distribution in Hezuo 88 was greater than that in Atlantic in both years. A
comprehensive analysis of the effects of variety and photoperiod on mean stem dry matter
partitioning showed that the mean stem dry matter partitioning ratio was of the order of
HL > HS > DL > DS and the difference was significant in 2021 and 2022 (Table 6). The
results of the two-year experiment were similar, showing significant effects of variety and
photoperiod on mean stem dry matter partitioning ratio and interactive effect (Table 7).

Table 6. Multiple comparisons of mean values of dry matter distribution ratio in different organs of
potato during the whole growth period under different treatments in both years.

Year Treatment Stems (%) Leaves (%) Roots (%) USs (%) Stolons (%) Tubers (%)
DL 1842+ 036¢c 2418 + 045c 7+031b 34+007b 161 +£007c 5043 +095b
DS 1534+023d 2051 +027d  4774+022d  271+006d  1.01+008d  61.81+08la

2021 HL  4208+091a  279+046a  1139+016a  397+£003a  5324+00la  1062+159d
HS 3118+ 083b 2718 +047a 6+011c 205+ 006c  3.64+007b 3269+ 0.96c
DL 216+055¢  2457+02d  711+0.16b 334+013b 14+007b 4457 +127b
DS 1935+ 064d  2245+029¢  54+0.17c 291+006b  082+003c  5453+078a

2022 HL 4699 £075a 2925+016a  948+032a  437+021a 21+005a 8.69 + 0.66 d
HS 3271+039b 2564+019b  644+016b  3.01+008b  079+009c 349+ 034c

Note: US represents the underground stem; different letters indicate multiple comparisons of an indicator between
treatments in individual years while having the same letter indicates a non-significant difference. Multiple
comparisons of means were performed at the 0.05 level.
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Figure 8. Distribution ratio of dry matter accumulation in different organs of potato after different
treatments in 2021.
Table 7. Variance analysis of the effects of variety, photoperiod, and their interactions on mean values
of distribution ratio of dry matter accumulation of potato in different organs during the whole growth
period in both years.
Year Variance Stems (%)  Leaves (%) Roots (%) USs (%) Stolons (%)  Tubers (%)
Varieties (V) * * * * * *
Repetitions (R) NS NS NS * NS NS
2021 V xR NS NS NS NS NS NS
Photoperiods (P) * * * * * *
P X V * * * * * *
Varieties (V) * * * NS * *
Repetitions (R) NS NS NS NS NS NS
2022 V xR NS NS NS NS NS NS
Photoperiods (P) * * * * * *
P X V * * * * * *

Note: For ANOVA, it is a separate year of comparison, “NS” represents no significant difference, and “*” means a
significant difference at 0.05 level.
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Figure 9. Distribution ratio of dry matter accumulation in different organs of potato after different
treatments in 2022.

The trend in leaf dry matter partitioning was similar to that of the stem, with the
highest values at 19 days after emergence in 2021, at 45.18% and 35.74% in Atlantic and
Hezuo 88, respectively, under long-day conditions and 43.69% and 39.28%, under short-
day conditions, and showed a decreasing trend with the advancement of the growth
process. However, the changes in the leaf dry matter partitioning ratio in 2022 were slightly
different from those in 2021, showing that all treatments first showed an increase and
then a fluctuating decrease. The leaf dry matter partitioning ratios of DL, DS, and HS
were at maximum at 23 days after emergence, at 40.23, 35.48, and 37.95%, respectively,
and that of HL was at maximum at 27 days after emergence, at 42.24%. In addition,
the leaf dry matter partitioning ratio of the two varieties was greater under long-day
conditions than under short-day conditions in both years; under the same photoperiodic
conditions, the partitioning ratio of Hezuo 88 was higher than that of Atlantic in both years
(Figures 8 and 9). The mean partitioning ratio of leaf dry matter was of the order of HL
> HS > DL > DS in 2021 and 2022 according to a comprehensive analysis of the effects of
variety and photoperiodic factors, and the difference was significant except for HS in 2021
(Table 6). The influence of variety, photoperiod, and interactive effect on mean leaf dry
matter partitioning ratio was significant in 2021 and 2022 (Table 7).

The root dry matter partitioning ratio was similar to that of the underground stem and
stolon dry matter partitioning ratio, showing a decreasing trend with the advancement of
the growth process, with the highest value at 19 days after seedling emergence in both years.
The 2-year averages of the highest value were 9.19-17.05%, 5.75-7.78%, and 2.65-5.69%
and decreased to the lowest values at the end of the growth stage, at values of 1.35~6.75%,
0.81~2.65%, and 0.18~1.98%, respectively. After the light duration was shortened, both
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varieties showed a decrease in the dry matter partitioning ratio of roots, underground
stems, and stolons in both years. Under the same photoperiodic conditions, the distribution
ratio of roots, underground stems, and stolons of Hezuo 88 was higher than that of Atlantic
in both years (Figures 8 and 9). A comprehensive analysis of the effects of variety and
photoperiodic factors showed that the mean dry matter partitioning ratio of roots and
underground stems was of the order of HL > DL > HS > DS in both years. The difference
was significant in 2021; however, it was not significant in 2022 (Table 6). The mean dry
matter partitioning ratio of stolons was of the order of HL > HS > DL > DS, the difference
was significant in 2021 but not significant in 2022. The influence of variety and photoperiod
on the mean root and stolon day matter partitioning ratio was significant in 2021 and 2022.
The effect of interaction between variety and photoperiod on the mean root, underground
stem, and stolon dry matter partitioning ratio was significant in 2021 and 2022 (Table 7).

The dry matter partitioning ratio of potato tubers tended to increase gradually during
the growth period and reached the maximum value at the end of the growth period, with
2-year averages of the maximum values at 72.65% for DL, 77.25% for DS, 21.85% for HL,
and 49.1% for HS. The dry matter partitioning ratio of Atlantic tubers was always higher
than that of Hezuo 88 tubers, and the differences were not significant among different
photoperiod treatments, while the differences in Hezuo 88 were significant (Table 5). A
comprehensive analysis of the effects of variety and photoperiod showed that the mag-
nitude of mean tuber dry matter partitioning was of the order of DS > DL > HS > HL
and the difference was significant (Figure 6). The results of the two-year experiment were
similar, showing significant effects of variety and photoperiod on the mean tuber dry matter
partitioning ratio and interactive effect (Table 7).

4. Discussion

In the process of potato growth and development, there is a period of equilibrium
between dry and fresh weights [26,27]. The point of equilibrium between aboveground
and underground dry matter is called the dry weight equilibrium period, and this point
means the end of the tuber formation stage and the beginning of the expansion stage [26].
After the equilibrium period, potato growth is dominated by aboveground growth over
aboveground and underground growth and photosynthetic products are mainly used
for tuber enlargement [28]. Potato tuber formation is sensitive to the photoperiod, and
a long photoperiod delays tuber formation [29]. Tuber formation is significant earlier
under short-day conditions [30]. Similar conclusions were reached in this experiment,
which showed that the time of tuber formation was delayed in Hezuo 88 under a long
photoperiod compared to short-day treatment in both years and the equilibrium point
between aboveground and underground dry matter accumulation was not reached. In
contrast, the time of equilibrium point between aboveground and underground dry matter
accumulation was about similar in the Atlantic in both years. The main reason for this is
that a long photoperiod inhibits the formation of tubers in Hezuo 88, which affects the
construction of “sink” organs (mainly tubers) and then affects the distribution and transfer
of dry matter.

The dry matter accumulation dynamics of potato tubers during the whole life span
conformed to the “slow—fast-slow” trend. This is similar to the results of Kunyu Liu
et al. [27,31,32]. The process of potato dry matter accumulation varies depending on the
conditions of varieties, fertilizers, water, and other management measures [33-35]. This
study showed that under the same photoperiodic conditions, Atlantic enters a period of
rapid tuber dry matter accumulation earlier than Hezuo 88, which is consistent with earlier
tuber formation. The same cultivar after short-day treatment enters a period of rapid tuber
dry matter accumulation earlier than after long-day treatment, which is similar to the
results of Wolf et al. [36,37]; under the same photoperiodic conditions, a longer At of Hezuo
88 is associated with a slower rate of tuber formation. In the same variety, At is longer
after short-day treatment than after long-day treatment. Under the same photoperiodic
conditions, the Vean of Hezuo 88 is lower than the Atlantic’s. Between the same varieties,
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the Vmean of Hezuo 88 is greater after a short-day than after long-day treatment, while it
is smaller for Atlantic. The product of the duration of rapid tuber dry matter accumulation
(At) and the average rate of tuber dry matter accumulation during the rapid accumulation
period is the amount of dry matter accumulated. A combined analysis of t;, At, and Vimean
showed that DS has the highest dry matter accumulation during the period of rapid tuber
dry matter accumulation and enters the rapid period the earliest, while HL has the lowest
dry matter accumulation and is the latest to enter the rapid accumulation period.

The dynamic accumulation of whole-plant dry matter also conformed to the “slow-
fast-slow” trend [32], and this experiment showed that long-day treatment leads to a period
of rapid accumulation of whole-plant dry matter earlier than short-day treatment for the
same variety. The phenomenon is related to the transfer of the equilibrium period between
aboveground and underground dry matter accumulation, which either shifts later or does
not occur. Under the same photoperiodic conditions, Hezuo 88 enters the whole-plant
dry matter accumulation period earlier than Atlantic. This phenomenon is related to the
fact that fewer potatoes are produced and the proportion of the whole-plant dry weight
accounted for by the stems and leaves is larger. Under the same photoperiodic conditions,
At of Hezuo 88 is longer, and in the same cultivar, At of the short-day treatment is longer
than that of the long-day treatment. Under the same photoperiodic conditions, the Vimean
of Hezuo 88 is lower than that of Atlantic. The results are consistent with the findings
of Kooman et al. [38,39]. The product of the duration of rapid whole-plant dry matter
accumulation (At) and the average rate of whole-plant dry matter accumulation during the
rapid accumulation period is the amount of dry matter accumulated. A combined analysis
of t;, At, and Vean showed that DL has the highest dry matter accumulation during the
whole-plant rapid dry matter accumulation period and enters the rapid period the earliest,
while HL has the lowest dry matter accumulation and is the latest to enter the rapid period.

Unlike other cereal crops, the tuber is the main economic organ of the potato. The
accumulation of dry matter in tubers is mainly determined by two aspects: first, the number
of photosynthetic products and, second, the transfer rate of photosynthetic products to
tubers. In this experiment, the trends were the same in 2021 and 2022, both showing a
decrease in the mean dry matter accumulation of potato stems, leaves, roots, underground
stems, and stolons and an increase in the mean dry matter accumulation of tubers under
short-day conditions compared to long-day conditions. Under the same photoperiodic
conditions, Hezuo 88 has greater stem, root, and stolon dry matter accumulation than
Atlantic and less leaf, underground stem, and tuber dry matter accumulation than Atlantic.

A comprehensive analysis of the effects of variety and photoperiod on the dry matter
partitioning ratio of different organs showed that the mean dry matter partitioning ratio of
stems and leaves is of the order of HL > HS > DL > DS, the mean dry matter partitioning
ratio of roots and underground stems is of the order of HL > DL > HS > DS, the mean
distribution ratio of dry matter in stolons is of the order of HL > HS > DL > DS, and the
mean distribution ratio of dry matter in tubers is of the order of DS > DL > HS > HL,
which is similar to the results of Van Dam et al. [40]; that is, the proportion of dry matter
partitioned to tubers decreases under long-day conditions.

5. Conclusions

Through a comprehensive analysis of the growth process, tuber and whole-plant dry
matter accumulation dynamic simulation equations, and the dry matter accumulation and
distribution rate of each organ of two varieties under two photoperiods in potato, it can
be demonstrated that prolonged hours of light inhibit tuber formation in Hezuo 88 while
the effect on Atlantic is not obvious. Two photoperiods have different impacts on the
starting point of the rapid accumulation period of tuber dry matter accumulation (t;), the
rapid accumulation period of dry matter (At), and the average growth rate of the rapid dry
matter accumulation period (Vimean). A comprehensive analysis showed that the dry matter
accumulation of the tubers of Atlantic is the highest and enters the rapid accumulation
period at the earliest under short-day conditions, while that of Hezuo 88 is the lowest under
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long-day conditions and enters the rapid accumulation period latest. The whole-plant dry
matter accumulation is the highest in Atlantic and the lowest in Hezuo 88 under long-day
conditions; the latter enters the rapid accumulation period latest. In terms of the dry matter
accumulation and dry matter partitioning ratio of various organs, Hezuo 88 has the lowest
mean tuber dry matter accumulation and the lowest mean tuber dry matter partitioning
ratio but has the highest mean stem, leaf, root, underground stem, and stolon dry matter
partitioning ratio under long-day conditions. On the contrary, Atlantic had the highest
mean tuber dry matter accumulation and portioning ratio under the short-day condition
but the lowest mean stem, leaf, root, underground stem, and stolon dry matter partitioning
ratio. It can be concluded that different varieties respond differently to the photoperiod. In
the case of Hezuo 88, prolonging the photoperiod affects the dynamics and distribution
of dry matter accumulation; increases the ratio of stem, leaf, root, and underground stem
dry matter partitioning; lowers the ratio of tuber dry matter partitioning; and reduces the
accumulation of tuber dry matter, which delays the emergence of the equilibrium period
between aboveground and underground dry matter.
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