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Abstract: Literature suggests that gibberellic acid (GA) controls growth in potatoes grown at temperatures above
25 °C. However, potato responses to high-temperature episodes are more consistent with known effects of auxins.
It was hypothesized that auxin inhibition is responsible for potato response to a high-temperature episode. This
study investigated the influence of an auxin, Indole-3-acetid acid (IAA) and an auxin inhibitor, 2,3,5-
trilodobenzoic acid (TIBA) (Expt. 1) and four concentrations of IAA (0, 5, 15, 45 uM) (Expt. 2) on potato plants
exposed to nine days of 30 °C in greenhouse experiments. Plants were grown at the control (22 °C) before and
after the end of a high-temperature episode. Plant growth regulators (PGRs) (i.e., IAA and TIBA) and the high
temperature were applied simultaneously, shortly after tuber initiation. TIBA had a similar impact on plant and
tuber growth at 22 °C as did the 30 °C treatment on plants without plant growth regulators (No-PGRs). IAA did
not change the growth of plants and tubers under the 30 °C treatment. However, both PGRs increased
photosynthesis (leaf 7 emerged before high-temperature application) and chlorophyll concentration index (CCI)
(same leaf 7 and leaf 3 that emerged at 30 °C). In conclusion, TIBA impaired plant and tuber growth similarly to
the 30 °C episode but IAA did not overcome the impact of the 30 °C episode. These findings suggest that auxin
related processes play a role in how potato plants respond to high temperature episodes.
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Abbreviations: pM_micromolar; ANOVA_Analysis of variance; CCI_Chlorophyl concentration index; D/N_Day/Night; DAP_Days after
planting; DDI_Double distilled water; Expt._Experiment; GA_Gibberellic acid; GLM_General linear model; IAA_Indole-3-acetid acid; LSD_Least
significance difference; No-PGRs_No plant growth regulators; PGRs_Plant growth regulators; Proc REG_Procedure Regression; SAS_Statistical
Analysis Software; TIBA_2,3,5-triiodobenzoic acid.

Introduction

Literature indicates that gibberellins control plant and tuber et al, 2011). At high temperatures, however, potato plants are
growth in potato plants grown at temperatures above 25 °C. usually showed to have less number of tubers per plant than the
Specifically, it is showed that gibberellic acid (GA) inhibits tuber control (Menzel, 1980; Midmore and Prange, 1992).

initiation thus reduce the number of tubers produced per plant The second question relates to shoot elongation in potato plants
(Lovell and Booth, 1967; Menzel, 1983) and stimulates shoot growth exposed to high temperatures. Potato plants exposed to a high-
and stem elongation hence increase shoot dry matter and plant temperature episode show shorter shoots only at the end of a high-
height (Lovell and Booth, 1967; Fernie and Willmitzer, 2001; temperature period. When grown back at cooler conditions after
Caligkan et al., 2021). It also reduces starch synthase activity at the the end of a high-temperature episode, all treatments have same
tuber level leading to repartitioning of the carbon that is otherwise height or high-temperature treatments are taller than the control
meant for the tubers, into the shoots and stolons (Lovell and Booth, plants (Obiero et al, 2019). In the literature, there is strong
1967; Booth and Lovell, 1972; Mares et al., 1981; Caliskan et al., evidence that links GA to elongated shoots in potato plants (Kumar
2021). and Wareing, 1972, 1974; Hartmann et al., 2011) and the same shoot
The evidence linking GA to growth responses of potato plants at elongation is also observed in potato plants grown at high
high temperatures is, however, inconsistent. Firstly, there are two temperatures (Lovell and Booth, 1967; Menzel, 1980; Carrera et al.,
contrasting findings on the influence of GA on the production of 2000; Rykaczewska, 2015).

tubers in potato plants. While some studies show more but small- Lastly, the stimulation of shoot growth in potato plants exposed to
sized tubers in potato plants treated with GA (Struik et al., 1989; high temperatures also requires further clarification. Our previous
Simko, 1994; Herman et al., 2016), others show less number of study showed reduced growth on the main shoots in plants that
tubers with GA (Lovell and Booth, 1967; Menzel, 1980; Hartmann had been exposed to a high-temperature episode; both at the end
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of the high-temperature period and at the final sampling. But the
lateral shoots grew more after the end of the high-temperature
period (Obiero et al., 2019). Such an influence of high temperature
on branching in potato plants at high temperatures has been
demonstrated before (Fleisher et al., 2006). Yet even Fleisher et al.
(2006) did not observe this in cooler conditions after the end of the
high-temperature period but only in potato plants that were under
consistent influence of high temperatures. Further, such a shift in
the shoot architecture of potato plants has never been
demonstrated in any GA related studies (Lovell and Booth, 1967;
Booth and Lovell, 1972; Sharma et al., 1998) nor in high
temperatures studies where the reduction in tuber growth is linked
to stimulated shoot growth (Menzel, 1980, 1983, 1985; Timlin et al.,
2006).

Reduced growth and shorter main shoots at the end of high-
temperature period combined with resumption of shoot elongation
and rapid lateral shoot growth at cooler conditions following the
end of the high-temperature (Obiero et al., 2019, 2022) are more
like a response to an auxin effect. Auxins are known to control
apical dominance (Cline, 1994; Kieber and Schaller, 2014) and
disruption of their production and/or stimulation of cytokinin
normally decrease the apical dominance and promote lateral bud
development (Thimann, 1937, 1939; Herman et al., 2016). An auxin
influence has been implicated in plant and tuber growth of potato
plants (Harmey et al., 1966; Ponnampalam and Mondy, 1986;
Farhan et al., 2010). However, little is known on the possible
involvement of an auxin mechanism in potato plants exposed to
high temperatures. There is also little understanding of how auxins
might influence whole plant performance of potato in terms of leaf
production, growth, and carbon partitioning especially to the tuber.
Further, studies involving GA always attribute the response of
potato plants directly to gibberellins. However, there are cases
where the responses could be auxin-linked. For instance, Booth and
Lovell (1972) attributed both the decrease in starch and the
increase in sugars in the tubers of the potato cv. Majestic plants to
GA but the shoot apices of the plants were removed which means
an auxin metabolism was altered.

It was hypothesized that auxin inhibition is responsible for potato
response to a high-temperature episode. This study investigated
the influence of two plant growth regulators (PGRs) (an auxin;
Indole-3-acetic acid (IAA) and an auxin inhibitor 2,3,5-
triiodobenzoic acid (TIBA)) on plant and tuber growth of potato
exposed to a 9-day episode of 30 °C. Then, evaluated the influence
of four concentrations of IAA on potato plants exposed to the same
9-day episode of 30 °C. TIBA is known to inhibit auxin mechanism
in plants including potato (Tsai and Arteca, 1984; Roumeliotis et al.,
2012; Balla et al., 2016).

Results

Whole plant dry matter and partitioning

In Expt. 1, the high temperature significantly reduced the whole
plant (p = 0.002), the below-ground (p = 0.0001) and the tuber (p =
0.0001) dry matter but not the whole plant leaf and the shoot dry
matter at the end of the experiment (Fig 1). The PGRs treatments
also significantly influenced the whole plant (p = 0.0001), the
below-ground (p = 0.002) and the tuber (p = 0.006) dry matter but
also the whole plant leaf (p = 0.0001) and the shoot dry matter (p =
0.0001). However, the interactions of temperature and PGRs
treatments had no significant influence on the whole plant, whole
plant leaf, shoot, below-ground, and tuber dry matter per plant.
The 30°C treatment had 17% less whole plant, 30% less below-
ground and 32% less tuber dry matter than the control plants.
TIBA-treated plants had 33% less whole plant, 37% less whole plant
leaf, 40% less shoot, 28% less below-ground and 19% less tuber dry
matter per plant than the No-PGRs plants. Those of the IAA-
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Fig 1. Whole plant, whole plant leaf, shoot, below ground and tuber
dry matter per plant as affected by IAA and TIBA (Expt. 1) and IAA
concentration (Expt. 2) in potato plants exposed to a 9-day episode
of 30°C applied shortly after tuber initiation. Data at the end of
Expt. 1 and 2. PGRS = Plant growth regulators. No-PGRs = No plant
growth regulators. The vertical bars are LSD 5% level of probability.
* = significant means. Only significant regressions are shown.

treated plants were not significantly different from the No-PGRs
treatments. The whole plant, whole plant leaf, shoot, below-
ground, and tuber dry matter per plant in plants exposed to the 9-
day episode of 30 °C was the same with or without IAA application.
The whole plant and below ground dry matter in TIBA-treated
plants in the control (22 °C) was also not different from those of
the No-PGRs plants in the 30°C treatment. But the tuber dry
matter in the TIBA-treated plants in the control (22 °C) was
reduced in a similar manner as those of the No-PGRs in the 30 °C
treatment.

In Expt. 2, the temperature marginally reduced the whole plant (p
= 0.06) and the whole plant leaf (p = 0.09) dry matter per plant but
significantly affected the below-ground (p = 0.03) and the tuber (p
= 0.02) dry matter per plant at the end of the experiment. The IAA
concentrations only caused a marginal (p = 0.09) increase on the
shoot dry matter per plant but had no significant effects on the
whole plant, the whole plant leaf, the below-ground and the tuber
dry matter per plant. The interaction of temperature and IAA
concentration had no significant impact on the whole plant, the
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Fig 2. (a) The total number of tubers per plant and (b) Percent size distribution of tubers per plant as influenced by IAA and TIBA (Expt. 1) and
IAA concentration (Expt. 2) in potato plants exposed to a 9-day episode of 30°C applied shortly after tuber initiation. Tubers were categorized
based on the diameter (D) < 2.5 or = 2.5 cm at the widest part. Data at the end of Expt. 1 and 2. PGRS = Plant growth regulators. No-PGRs = No
plant growth regulators. The vertical bars are LSD at 5% level of probability. * = significant means. Only significant regressions are shown.

whole plant leaf, the below-ground, or the tuber dry matter but it
significantly (p = 0.006) reduced the shoot dry matter per plant. The
30 °C treatment had 8% less whole plant, 12% less below-ground
and 13% less tuber dry matter per plant than the control plants.
When the untreated plants (treatments with 0 ppm IAA
concentrations) were compared, the 30 °C treatment had 25% less
tuber dry matter per plant than the control plants.

Total number and size distribution of tubers per plant

In Expt. 1, both the temperature and the PGRs significantly
influenced the total number of tubers per plant and their size
distribution but not the interaction between them at the end of the
experiment (Fig 2). Plants in the 30 °C treatment had 23% more
tubers per plant and 38% fewer tubers with a diameter greater than
2.5 than in the control. The IAA-treated plants had 33% more tubers
than the No-PGRs plants but the number of tubers per plant in the
TIBA treatment was not significantly different from the No-PGRs
plants. Plants treated with either IAA or TIBA had the same total
number of tubers per plant as those in the 30 °C treatment. There
were 45% fewer tubers with a diameter of greater than 2.5 cm in
the IAA and TIBA-treated plants than in the No-PGRs plants.
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However, the number of tubers with a diameter greater or less than
2.5 cm in either IAA or TIBA-treated plants in the control were not
different from those in the 30 °C treatment.

In Expt. 2, there was no significant effect of the temperature, the
IAA concentration or the interaction between temperature and the
IAA concentration on the total number of tubers per plant or on
the distribution of tubers per plant.

Leaf emergence and shoot elongation

In Expt. 1, the leaf emergence (Fig 3(a)) and the shoot elongation
(Fig 3(b)) above the seventh leaf tagged before the high
temperature treatment was applied was significantly influenced by
temperature only at the end of the high temperature period.
However, temperature influenced the elongation of the whole
shoot (Fig 3(c)) at both the end of the high temperature period and
at the final sampling. The influence of PGRs on the leaf emergence,
the elongation of the shoot above the seventh leaf tagged before
the high temperature treatment was applied and the elongation of
the whole shoot was only significant at the final sampling. The
interaction between temperature and PGRs only influenced the
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Fig 3. (a) Emergence of leaves above the seventh leaf, (b) Shoot length above the seventh leaf and (c)Whole shoot length per plant as influenced
by the IAA and TIBA (Expt. 1) and IAA concentration (Expt. 2) in potato plants exposed to a 9-day episode of 30°C applied shortly after tuber
initiation. Data on emergence of leaves and shoot length above the seventh leaf are at end of the high temperature period and at the final
sampling of Expt. 1. Those on the whole shoot length are at the end of Expt. 1 and 2. PGRS = Plant growth regulators. No-PGRs = No plant
growth regulators. The vertical bars are LSD at 5% level of probability. * = significant means. Only significant regressions are shown.

elongation of shoot above the seventh leaf tagged before the high
temperature was applied.

At the end of the high-temperature period, plants in the 30 °C
treatment had 7% more leaves and 10% shorter shoot length above
the seventh leaf than the control plants. At the final sampling,
plants in the 30 °C treatment had 17% shorter shoot length above
the seventh leaf than the control plants. The number of emerged
leaves in the IAA and No-PGRs plants were not significantly
different but TIBA-treated plants had 15% fewer emerged leaves
than either the IAA-treated or the No-PGRs plants. The TIBA-
treated plants had 17% shorter whole shoot length than the No-
PGRs plants. The whole shoot length was the same with or without
the IAA application in plants in the 30 °C treatment. However, the
whole shoot length of the TIBA-treated plants at 22 °C was not
different from the No-PGRs treatment at 30 °C. Plants treated with
either IAA or TIBA in the 30 °C treatment had shorter shoot lengths
above the seventh leaf than plants in the control at the end of the
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high-temperature period. Further, the IAA-treated plants had
shorter lengths than the TIBA-treated plants in 30 °C treatment.
In Expt. 2, neither temperature (p = 0.1), IAA concentration (p = 0.2)
nor the interaction between temperature and IAA concentration (p
= 0.53) had any significant effect on elongation of the whole shoot
length in the potato plants.

Shoot dry matter partitioning

In Expt. 1, the main shoot dry matter per plant at the end of the
experiment was influenced only by the PGRs (p = 0.0001) while the
dry matter partitioned to the lateral shoot compared to the main
shoot only by the temperature (p = 0.0001) (Fig 4). Plants treated
with TIBA had 38% less main shoot dry matter than the No-PGRs
or the IAA-treated plants. The lateral shoots had 76% more dry
matter compared to the main shoots of plants in the 30 °C
treatment than in the control.

In Expt. 2, the main shoot dry matter at the end of the experiment
was influenced only by the interaction between temperature and
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the IAA concentration (p = 0.004). The main shoot dry matter per
plant did not change with an increased concentration of IAA in the
30 °C treatments. However, the main shoot dry matter per plant in
the control was less with increased concentration of IAA. Plants
treated with 45 uM of 1AA in 30 °C had 26% more dry matter on
main the shoots than in the control.

Biomass partitioning ratios

In Expt. 1, the high temperature significantly increased the
proportion of the dry matter partitioned to the shoot by 23% but
decreased the proportion partitioned to the tubers by 17% at the
end of the experiment (Fig 5). TIBA-treated plants partitioned 12%
more dry matter to the shoot but 8% less dry matter to the tubers
compared to the No-PGRs plants. The IAA-treated plants
partitioned the same amount of dry matter to the shoot and tuber
as the No-PGRs plants. However, there was no significant
interaction effect between the temperature and the PGRs on dry
matter partitioned either to the shoot or the tubers.

In Expt. 2, there was no significant influence of the temperature,
the IAA concentration or the interaction between the temperature
and the IAA concentration on dry matter partitioning in potato
plants at the end of the experiment.

Leaf expansion

In Expt. 1, there was 29% less whole plant leaf area, 44% less main
shoot leaf area and 83% more leaf area on the lateral shoots
compared to the main shoot in plants in the 30 °C treatment than
in the control at the end of the experiment (Fig 6). Plants treated
with IAA had no statistically different whole plant and main shoot
leaf area compared to the No-PGRs plants. However, the TIBA-
treated plants had 48% less whole plant and 39% less main shoot
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leaf area than the No-PGRs plants. Plants treated with either the
IAA or TIBA were not significantly different from the No-PGRs
plants in terms of the leaf area on the lateral shoots compared to
the main shoot, but the TIBA-treated plants had 52% more leaf area
on the lateral shoots compared to the main shoot than the 1AA-
treated plants. The interaction of the temperature and the PGRs
was not significant for the whole plant or the main shoot leaf areas.
However, the IAA-treated plants in 30 °C had less leaf area on the
lateral shoots compared to the main shoot than either the No-
PGRs or TIBA-treated plants. In 22 °C, none of the PGRs treatments
was significantly different from the No-PGRs plants.

In Expt. 2, plants in 30 °C treatment had 26% less whole plant leaf
area, 27% less main shoot leaf area and 42% more leaf area on the
lateral shoots compared to the main shoots than in control.
However, the concentration of IAA or the interaction of
temperature and the IAA concentration was not significant.

Chlorophyll concentration index and net photosynthesis

In Expt. 1, at the end of the high-temperature period, the terminal
leaflet of the seventh leaf in the PGRs-treated plants in 30 °C
treatment was greener than the No-PGRs plants in the same 30 °C
treatment (Fig 7). At the final sampling, plants in the 30 °C
treatment had 15% less green terminal leaflet of the seventh leaf
than in the control.

At the end of the high-temperature period in Expt. 1, the
chlorophyll concentration index (CCl) in the terminal leaflet of the
third leaf was the same with or without IAA application in 30 °C
treatment. The CCl in the terminal leaflet of the third leaf in the
TIBA-treated plants in the control was also not different from the
No-PGRs plants in 30 °C treatment. At the final sampling, the



At the end of experiment
Expt. 1

Shoot dry matter as % of whole
plant dry matter

70 -
60 o
50 -

30 o
20 o
10

= Tuber dry matter as % of whole
plant dry matter

Percentage plant-
— —

F [=2] [==] o N

o o o o o

N
o
"

o

No-PGRs IAA

PGRs

TIBA

022°C m30°C

At the end of experiment
Expt. 2

1 Shoot dry matter as % of whole
4 plantdry matter

71 Tuberdry matter as % of whole
plant dry matter

0 5 10 15 20 25 30 35 40 45 50
IAA Concentration (UM)

Fig 5. The proportion of dry matter partitioned to the shoot and tubers as influenced IAA and TIBA (Expt. 1) and IAA concentration (Expt. 2) in
potato plants exposed to a 9-day episode of 30°C applied shortly after tuber initiation. Data at the end of Expt. 1 and 2. PGRS = Plant growth
regulators. No-PGRs = No plant growth regulators. The vertical bars are LSD at 5% level of probability. * = significant means.

terminal leaflet of the third leaf in the TIBA-treated plants was 36%
less green in the 30 °C treatment than in the control.

In the 30 °C treatment, the IAA and TIBA-treated plants had higher
photosynthesis per unit area of the terminal leaflet of the seventh
leaf both during the high-temperature period and after plants were
grown back at cooler conditions; except at the beginning of the
high temperature treatment (IAA and TIBA-treated plants) and 64
DAP (in TIBA-treated plants) (Fig 8). In the control, the IAA-treated
plants had slightly higher photosynthesis than the No-PGRs plants
during the high-temperature period. However, six days before the
final sampling, the rates in the IAA-treated plants were slightly
lower than in the No-PGRs plants. The TIBA-treated plants initially
had slightly higher photosynthesis at the beginning of the high
temperatures than the No-PGRs plants. But the rates in the TIBA-
treated plants were lower than in the No-PGRs plants both during
the high-temperature period and after the end of the high-
temperature period. Overall, IAA improved photosynthetic
performance of the terminal leaflet of the seventh leaf during the
high-temperature period and after plants were exposed to cooler
base temperatures following an episode of the high temperatures.
TIBA was only beneficial during the high-temperature period.

Discussion

Potato responses under high-temperature episodes are more
consistent with known effects of an auxin mechanism (Obiero et
al., 2019). This study explored the role of an auxin mechanism in
potato exposed to high-temperature episode. There were four main
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findings: (a) The auxin inhibitor (TIBA) reduced plant and tuber
growth in the control (22 °C) to a similar extent as the 9-day
episode of 30 °C. (b) Auxin (IAA) application did not enhance dry
matter partitioning to the tubers nor the growth of the potato
plants exposed to the 9-day episode of 30 °C. (c) Both the auxin and
auxin inhibitor increased the chlorophyll concentration index in
the seventh leaf (emerged before the high temperature was
applied) and in the third leaf (emerged during the high
temperature period) and (d) The auxin and the auxin inhibitor
enhanced photosynthesis in the terminal leaflet of the seventh leaf
of the potato plants exposed to the 9-day episode of 30 °C.

The similarity of the extent to which plant and tuber growth was
reduced in plants at 22 °C when treated with TIBA to the plants
that were exposed to the 9-day episode of 30 °C is consistent with
the hypothesis that the negative impacts of an episode of high
temperatures on plant and tuber growth in potato could be
associated with an auxin inhibition. The dry matter in the tubers,
whole plant, below-ground plant parts and on the main shoot, the
leaf area on the whole plant and on main shoot, the main shoot
length, the total number of tubers per plant and the size
distribution of tubers (small and large tubers) all responded
quantitatively or qualitatively in the TIBA treated plants at the
control (22 °C) the same was as was in the No-PGRs plants exposed
to the 9-day episode of 30 °C (Fig 1 to 6).

The reduced tuber growth in the TIBA-treated plants at 22 °C and
in the No-PGRs plants exposed to the 30°C episode was most likely
caused by reduced leaf growth. The whole plant and main shoot
leaf area in the TIBA-treated plants at 22 °C was reduced to a
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similar extent as those of the No-PGRs plants exposed to the 9-day
30 °C episode (Fig 6). Hence, less carbon was available for whole
plant growth and partitioning to the tubers. There was also a
further reduction in leaf area in the TIBA-treated plants exposed to
the 9-day episode of 30 °C. This only means that the high-
temperature episode aggravated the negative influence of the
auxin inhibitor on leaf growth. This is consistent with the findings
of Sakata et al. (2010) in which low levels of IAA was found in the
anthers of barley plants and in Arabidopsis grown at 29 °C than at
20 °C D/N. However, further clarity is necessary because other
studies showed increased levels of IAA in the anthers of cotton and
in Arabidopsis exposed to high temperatures (Gray et al., 1998;
Franklin et al., 2011; Min et al., 2014). In the present study, however,
the reduced leaf area implies that less photosynthate was available
for both plant and tuber growth in TIBA-treated plants at 22 °C as
well as those of the high-temperature treatment. This is consistent
with the results of our previous study in which we found that the
reduced plant and tuber growth under the high-temperature
episode was more closely related to the reduced whole plant carbon
production than to the inhibition of starch synthase or the
production gibberellins (Obiero et al., 2019; Obiero et al., 2020).
Sink capacity in terms of the number of tubers per plant was also
consistent with results of our previous experiments (Obiero et al.,
2019). There were slightly or significantly more tubers per plant in
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all the high-temperature treatments and with the PGRs relative to
the No-PGRs plants at 22 °C (Fig 2). This means that the reduced
tuber dry matter in both the TIBA-treated plants at 22°C and the
high-temperature treatment was not due to the lack of enough
sinks for the deposition of starch.

While the application of TIBA had a similar effect on potato
growth, morphology and yield as did the high-temperature
episode, the IAA treatment did not overcome the negative impact
the high-temperature episode. In the present study, the potato
plants were treated with 10 uM (Expt. 1) or 0, 5, 15 and 45 uM (Expt.
2) concentration of IAA. The PGRs were applied on the foliage; it is
also likely that some of the solution went into the growth mix
because the foliage was sprayed to the point of runoff. Auxins are
produced at the growing tip of the plant and move basipetally
through the stems where they inhibit the growth of the lateral buds
(Snow, 1929; Goldsmith, 1977; Aloni et al., 2006). This has been
demonstrated in experiments in which suitable amounts of auxins
applied to decapitated plants inhibited the growth of lateral buds
(Skoog and Thimann, 1934; Fanu, 1936; Thimann, 1939). As such,
there would have been some responses with the exogenously
applied auxins in the present study with the right concentration
(Kumar and Wareing, 1974), site (decapitated shoots), method and
frequency of the application (Ponnampalam and Mondy, 1986) and
or even with right interaction with other PGRs such as gibberellic
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acid and cytokinins (Kumar and Wareing, 1972; Davies et al., 1986;
Kumlay, 2014). These present some of the possible areas for further
study.

Materials and methods

Two greenhouse experiments (Expt. 1 and 2) were conducted at
Murdoch University, Perth (32° 04’ S; 115° 50" E), Western Australia.
Expt. 1 investigated the influence of two plant growth regulators
(PGRs) (IAA and TIBA) while Expt. 2 evaluated the effect of four
concentrations of IAA on potato plants exposed to nine days of 30
°C shortly after tuber initiation. Expt. 1 was conducted from March
to June 2017 and Expt. 2 from July to September 2017.

Experimental design and treatment structure

Expt. 1 was a 2 x 3 factorial with two levels of temperatures: the
control (22 °C) and a treatment involving exposure of potato plants
to a high temperature of 30 °C for nine days, and three PGRs (No-
PGRs, IAA and TIBA). Expt. 2 was 2 x 4 factorial with the same two
levels of temperatures as in Expt. 1 and four levels of IAA
concentration (0, 5, 15 and 45 pM). Both experiments were in a
split-plot design. Temperature treatments were the main plot
factors while PGRs were subplots.

Potato cv. Royal Blue plants were grown in a greenhouse at 22 °C
before and after the end of the high-temperature episode in both
experiments (Expt. 1 and 2). In both experiments, the high-
temperature treatments were applied for nine days of 30 °C after
tuber presence was confirmed. This was immediately after plants
had been treated with the PGRs on day 37 (Expt. 1) and 41 (Expt.
2) after planting (DAP). At the end of the nine days, plants in the
30 °C treatment were transferred back to 22 °C and grown together
with the control plants for another 23 (Expt. 1) or 20 (Expt. 2) days
before the final sampling.
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= significant means.

Greenhouse conditions and plant management

Greenhouses were set and managed as described in Obiero et al.
(2019). In Expt. 1, the solar duration ranged from 12 hours (hr) in
March (at planting) to 10 hr in June (at the final sampling). In Expt.
2, the solar duration ranged from 10 hr and 20 min in July (at
planting) to 12 hr in September (at the final sampling). The mean
relative humidity during the high-temperature period in the 30 °C
treatment was 52% (Expt. 1) and 61% (Expt. 2). In the control (22
°C), the mean relative humidity for the duration of the experiment
was 70% (Expt. 1) and 61% (Expt. 2).

In Expt. 1, the air temperatures during the high-temperature period
in the 30 °C treatment ranged from 29 to 31 °C with a mean of 30°C.
In the control (22 °C) treatment, the day and night temperatures
ranged from 21 to 22 °C with a mean of 21.5 °C. In Expt. 2, the day
temperature differed from the night temperature due to the
malfunction of an air conditioner in one greenhouse. The mean
nighttime (7.00 pm to 7.00 am) and daytime (7.00 am to 7.00 pm)
temperatures were 25 °C and 29 °C, respectively. The day and
nighttime temperature fluctuation allowed for a better comparison
to field situation but contrasted to Expt. 1. The day and nighttime
air temperatures of the control (22 °C) treatment in Expt. 2 were
similar during the high-temperature period. They ranged from 21
to 22 °C with a mean of 21.5 °C.

The growth medium, planting bags, planting and subsequent plant
management in both experiments were also conducted as
described in Obiero et al. (2019). In each experiment, six extra
potato plants were used to check for the presence of tubers before
the high temperature was applied.

Application of PGRs

PGRs in Expt. 1 were applied at the rate of 10 pM corresponding to
1.75 ppm for IAA and 80 uM corresponding to 39.98 ppm for TIBA.
In Expt. 2, the following concentrations of IAA were used: 0, 5, 15
and 45 uM corresponding to 0.0, 0.875, 2.62 and 7.87 ppm of 1AA
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respectively. The IAA concentrations were adapted from Kumar &
Wareing (1974) and those of TIBA from Roumeliotis et al. (2012).
The different PGRs were weighed and dissolved in 10 mL 1IN
NaOH. Then the solutions of the different PGRs were transferred
to a 1-Litre measuring cylinder and diluted with DDI (double
deionized water). Similar amount of DDI water containing only the
10 mL 1N NaOH was also prepared for the No-PGRs treatment
(Expt. 1) and the "0" IAA concentration (Expt. 2). All solutions were
prepared 5 hr before being applied and were kept in the dark at 2
to4°C.

To minimize any impact of direct solar radiation on the PGRs after
application, application was conducted one hour after sunset.
During application of the PGRs, all potato plants were first moved
outside of the greenhouse and divided into two temperature-
treatment groups: 22 °C and 30 °C (the high-temperature treatment
group). In each group, there were three (Expt. 1) or four (Expt. 2)
treatments. The foliage of six plants per treatment in each group
was sprayed to the point of runoff with 400 mL of the PGRs (Expt.
1) or the different concentrations of IAA (Expt. 2) using a 500-mL
hand-held sprayer. It is possible that some of the solutions also
entered the growth media.

Immediately after application of the PGRs, the high-temperature
treatment groups in both experiments were moved to another
greenhouse and the high temperature started. The 22 °C treatment
groups were moved back to the greenhouse already maintained at
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22 °C. To minimize the chances of wet plants with different PGRs
or IAA concentration coming into contact, plants with the same
PGRs or IAA concentration were kept close together but not in
contact until the following day. On the following day, when all
plants were dry, plants in all treatments were completely
randomized within and between benches of the greenhouse. Plants
from different treatments on the same bench were placed as close
as possible but not in contact. Further randomization was
conducted every three days during the high-temperature period
and weekly after plants had been returned to the control condition.

Biomass, leaf area, total number of tubers and their size
categories

Only one destructive sampling was conducted in Expt. 1 and 2. This
was the final sampling at the end of both experiments. The data on
leaf area, plant height, and dry weights were also collected
following the methods as described in Obiero et al. (2019). Plants
were also sampled for the total number and the different size
categories of tubers.

Shoot length and leaf emergence

The length of the main shoot above the seventh leaf (the leaf that
was tagged a day before the high temperature was applied) and the
number of the newly emerged leaves above the seventh leaf were



recorded at the end of the high-temperature period and at the final
sampling in Expt. 1.

Photosynthesis and leaf chlorophyll concentration index
Net photosynthetic measurements were only carried out in Expt. 1.
They were conducted on the terminal leaflet of the seventh leaf
from the apex of the plant. The leaf was tagged a day before the
high-temperature treatment commenced. The measurements
commenced the day before the high temperatures were applied
and continued daily through the high-temperature period with the
final measurement made before the final sampling. The
measurements were conducted between 12 noon and 2 pm. Light
intensity was set to 1200 pmol m2 s using the light source on the
LCpro+ Photosynthesis System (470 and 660 nm). The temperature
and humidity of the measurement chamber were set to match
those in the greenhouse.

Leaf chlorophyll concentration index (CCI) was measured on the
terminal leaflets of two different leaves: the seventh leaf from the
apex (as described above) and the third leaf that emerged after
treatments were commenced. CCl measurements were conducted
at the end of the high-temperature period and at the final sampling
in Expt. 1. The measurements were conducted using the SPAD
chlorophyll meter CCM-200 Plus (Apogee Instruments, Inc. USA)
at the same time of the day as the photosynthetic measurements.

Calculations and data analysis

In Expt. 1, the effects due to temperature, PGRs treatment and their
interaction were subjected to two-way analysis of variance
(ANOVA). The analysis was conducted through the General Linear
Model (GLM) procedure of the Statistical Analysis Software (SAS),
University Edition (SAS Institute, North Carolina, USA). Significant
means were compared using the Fisher’s Least Significant
Difference (LSD) and reported at 5% level of probability unless
otherwise specified.

In Expt. 2, linear or curvilinear regression models were used to test
the effect of IAA concentration on the leaf area, the number of
tubers and their size distribution and the dry matter variables
(tuber, below ground, leaf, stem, shoot, and whole plant) using the
SAS Procedure (Proc) REG. The significance of the regression
coefficients was also tested. Improvement of significance was
tested through the R-squared (R?). Only the regression models with
improved terms are reported. No data required transformation
even though the different size category of the tubers, the dry
matter and leaf area on the lateral shoots and the senesced leaves
on the main shoot were analyzed as percentages of the total
number of tubers per plant, the dry matter or leaf area on the main
shoot and the dry matter of the whole plant leaf, respectively.

Conclusion

The similarity in the tuber, whole plant, below ground and main
shoot dry matter; the leaf area of the whole plant and on main
shoot; the main shoot length, and the total number of tubers per
plant and the size distribution of tubers (small and large tubers) per
plant between the TIBA treatment in the control (22 °C) and the
plants exposed to the 9-day episode of 30 °C is consistent with the
hypothesis that an auxin inhibition has a role in the response of
potato to a high-temperature episode. Addition of an auxin,
however, did not overcome the negative effects of the high-
temperature episode on plant and tuber growth. A positive
response, perhaps, would have been possible with the right
concentration; site, method, frequency, and timing of application
in relation to the high-temperature treatment and or with
interaction with the right plant growth regulator(s). Further
research is recommended to determine the role of auxins in potato
plants exposed to an episode of high temperatures both for
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understanding the mechanism of action and for potential
agronomic intervention.
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