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Introduction: Potatoes are one of the world’s most important agricultural crops,
with potential for making a major contribution to global food security. This study
shows how a biostimulant derived from a plant extract can improve potato crop
yield and global food supply. Successful potato production currently requires
significant levels of inputs including fertiliser, pesticides and irrigation, however
non-microbial plant biostimulants or mixtures of biostimulants with synergistic
actions, have the capacity to reduce inputs and improve the sustainability of
intensive agriculture.

Methods: A complex biostimulant containing a number of flavonoids including
protocatechuic acid, quercetin, chlorogenic acid, coumaroyl quinic acid
and gentistic acid was tested against three potato varieties for its efficacy in
improving plant growth characteristics and tuber production in controlled and
field environments.

Results: In containers, complex biostimulant treatment enhanced
photosynthetic ability, with elevated levels of chlorophyll, higher specific leaf
areas and significantly larger leaf assimilation areas. Treatment also significantly
increased tuber yield by an average of 33% in tuber weight across three
potato varieties and shifted tuber production toward larger sized tubers. The
biostimulant derived from flavonoids was also assessed in 6 commercial potato
crops and consistently increased total yield (average 5.2%) and marketable yield,
representing an increase in margins of UKE700 per hectare across the 6 crops.
Similar increases in yield were seen when comparing chitted and unchitted
seed potatoes and both types of seed responded positively to biostimulant
application. Biostimulant treatment had no significant effects on tuber specific
gravity, dry matter percentage and starch content, except at one location where
these quality characteristics were higher in the control plants.

Conclusion: The flavonoid based complex biostimulant produced significant
effects on potato yield and quality in both container experiments and in field
trials indicating its potential for contributing to sustainable potato production.
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potato, complex biostimulant, flavonoid, yield, quality, nutrient use efficiency, plant
biostimulant, global food supply

01 frontiersin.org


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2024.1368423&domain=pdf&date_stamp=2024-07-01
https://www.frontiersin.org/articles/10.3389/fsufs.2024.1368423/full
https://www.frontiersin.org/articles/10.3389/fsufs.2024.1368423/full
https://www.frontiersin.org/articles/10.3389/fsufs.2024.1368423/full
mailto:rsalvage01@qub.ac.uk
https://doi.org/10.3389/fsufs.2024.1368423
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2024.1368423

Salvage et al.

1 Introduction

Potato (Solanum tuberosum L.) is one of the most important
agricultural crops, and its production makes a significant contribution
to global food security. This is mainly due to its relative ease of
production and high potential yields (Wijesinha-Bettoni and Mouillé,
2019). Potato cultivation occupies an area of 17.6 Mha producing 365
Mt of tubers, with 80% of the crop grown in Europe and Asia
(FAO, 2021).

Potato growers and researchers have developed a range of
methods to maximise yields and optimise quality parameters
including marketable tuber size, shape, absence of defects, skin finish,
flavour, colour, nutritional composition (e.g., vitamin C, protein) and
the texture of cooked or processed tubers (Stark et al., 2020). Many of
these tuber quality parameters (e.g., tuber texture and colour of
cooked and processed potato products) are affected by starch, sugar,
phenolics and vitamin C content, so the ability to manage potato
physiology and metabolism (e.g., carbohydrate and nitrogen
metabolism) is key to managing crop condition.

Abiotic stress, in particular drought, salinity and extreme
temperatures, is the primary cause of crop loss worldwide, reducing
average yields for most major crop plants by more than 50% (Wang
etal., 2003). These abiotic stresses are expected to have an increasingly
negative impact worldwide, posing serious concerns for crop
productivity, and thus food security. To help overcome this, the
application of non-microbial and microbial biostimulants has been
highlighted as one of the most promising and efficient drivers for
sustaining crop yields (Rouphael et al., 2018; Rouphael and Colla,
2018). Two of the main factors which influence potato yield and
quality are the supply and availability of soil nutrients (Naumann
et al., 2020). Increasing soil nutrient availability and nutrient use
efficiency is therefore fundamental in sustainable potato production,
helping avoid an excessive use of external inputs (Guzman, 2018)
without compromising crop performance. As with many other crops,
evidence is growing to support the view that plant biostimulants can
play a significant role in enhancing potato production (Caradonia
etal., 2022).

In 2022 EC fertilising products Regulation (EU) 2019/1009 was
implemented, providing a standard framework for regulating
microbial and non-microbial biostimulants in Europe. The regulation
uses a functional definition of plant biostimulants, i.e., materials able
to stimulate plant nutrition processes (regardless of the nutrient
content), with the aim of improving nutrient use efficiency, tolerance
to abiotic stress, quality traits and the availability of confined nutrients
in the soil or rhizosphere. Non-microbial plant biostimulants include
humic and fulvic acids (HFA), animal and vegetal protein hydrolysates
(PHs), chitosan (Chi), seaweed extracts (SWE), plant extracts (PE)
and silicon (Si) whereas microbial plant biostimulants consist of
fungal and bacterial strains (Caradonia et al., 2019). Notably, plant
biostimulants do not include actives which act as plant protection
products (e.g., fungicides, insecticides, nematicides).

When growing crops farmers must have a profitable and
sustainable production system in place. Therefore, it is important to
deliver an economic gain when adding additional inputs such as
biostimulants. This can be realised in many different forms, such as
reduced use of fertilisers and other agrochemical inputs, more efficient
use of water, more efficient land use, increased crop yield, improved
crop quality, better disease tolerance, faster recovery from stressful
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events, shorter time to harvest and market, greater homogeneity of
germination and crop, and improved processing efficiencies or a
combination of these.

Lietal (2022) presented a meta-analysis of biostimulant yield
effectiveness in field trials. This demonstrated that crop responses to
biostimulant application depended on the biostimulant type,
application method, crop category, soil properties and climate. In
general, the greatest responses were observed after application of
biostimulants based on plant extracts and in crops growing in
sub-optimal conditions.

Several biostimulants can be combined to produce more complex
biostimulant formulations which may elicit a synergistic response in
the target crop (Rouphael and Colla, 2018; Asif et al., 2023). These can
be non-microbial or microbial combinations and may include mixtures
of single source biostimulants along with bioactive compounds from
other sources. In the case of non-microbial/microbial mixtures, care
must be taken to ensure that the microbes remain viable when exposed
to varying concentrations of the other complex biostimulant
components. Several biostimulants can be combined to produce more
complex biostimulant formulations which may elicit a synergistic
response in the target crop (Rouphael and Colla, 2018; Asif et al., 2023).
These can be non-microbial or microbial combinations and may
include mixtures of single source biostimulants along with bioactive
compounds from other sources. In the case of non-microbial/microbial
mixtures, care must be taken to ensure that the microbes remain viable
when exposed to varying concentrations of the other complex
biostimulant components. Campobenedetto et al. (2021) discussed the
use of complex combinations of bioactive components and their effects
on root architecture and salinity tolerance in tomato plants. They
recognised that biostimulant composition can range from single
compounds to complex combinations.

Wise et al. (2024) gained further insights into the actions of
complex biostimulants and their individual components when they
investigated the effects of a biostimulant complex (BC) on cannabis
root development, root architecture and nutrient utilisation.

Flavonoids, the most abundant polyphenols produced by plants,
are products of secondary metabolism and participate in multiple
metabolic processes. Flavonoids control major features of the plant
phenotype through actions such as modulation of protein activity
(acting as transcription regulators), influencing the plant auxin/
cytokinin balance and determining whether apical or lateral growth
predominates. Many plant flavonoids exhibit antioxidant activity,
protecting plant tissues from damage by reactive oxygen species
(ROS) or oxidative distress. Other flavonoids act as allelo-chemicals,
participating in plant defence against microbial infection, herbivorous
insects and nematodes. These allelochemicals can also influence plant
to plant interactions, impacting on the establishment and growth of
neighbouring plants and reducing competition (Kong et al., 2019).
Over 4,000 different plant flavonoid molecules have been identified
and many have the potential to be highly active plant biostimulants.

Much of the published research regarding flavonoid use has been
conducted to induce plant defence systems under unfavourable biotic
and abiotic conditions (Nakabayashi et al., 2014; Davies et al., 2018).
Significantly, Shah et al. (2022), investigating the biostimulant effects
of a flavonoid extract, found that foliar applications could improve
soybean (Glycine max) and canola (Brassica napus) growth.

The biostimulant MX42SEK (Maxstim Ltd., Elstead, Surrey, UK)
is a plant extract rich in flavonoids and containing vegetal protein

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1368423
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Salvage et al.

hydrolysates, organic acids, plant derived amino acids and seaweed
(Ascophyllum nodosum) extract. Tests of this complex biostimulant
have shown positive responses in a wide range of plants. Here
we report on the response of potato (Solanum tuberosum) to
MX42SEK in a series of container-based tests and commercial
field trials.

2 Materials and methods
2.1 Biostimulant

A liquid suspension biostimulant, MX42SEK, comprising of
bioflavonoids including protocatechuic acid, quercetin, chlorogenic
acid, coumaroyl quinic acid and gentistic acid, seaweed extract, plant
based amino acids, carbohydrates and trace elements was supplied by
Maxstim Ltd., Elstead, Surrey, UK.

2.2 Use of complex biostimulant on potato
in container experiments

During 2022, the response of 3 potato varieties (Maris Piper,
Navan, Lady Rosetta) to MX42SEK was assessed in a replicated (x5)
container experiment. Each replicate comprised 3 untreated control
plants and 3 treated with MX42SEK. Tubers (Maris Piper 40-50 mm
diameter) were planted in 30 litre containers containing a 70:30 v/v
compost/sand mixed with 45g of OSMOCOTE Pro TE 3-4Ms
(17:11:10). Plants were grown in fully randomised blocks in the open
in full sunlight and watered as required. No fungicides were applied
during the experiment.

In treated containers, 20mL of 5% (w/w) MX42SEK was applied
to the soil surface as a root drench at planting, with further
applications at 20 days (full emergence of shoots), 40 days and 72 days
post planting. Control plants were sprayed with 20mL water on
these dates.

80 days after first emergence, one replicate from each treatment
was selected and leaf chlorophyll levels (Soil Plant Analysis
Development - SPAD), leaf assimilation area and specific leaf area
measured (Wadas and Kalinowski, 2017). The chlorophyll content was
estimated using a portable chlorophyll metre SPAD-502 (Minolta,
Osaka, Japan). The leaf greenness index (SPAD) reading provides a
good estimate of the chlorophyll content of the leaf blade and are
highly correlated (r=0.97) with the analytical measurements of the
chlorophyll content (Vos and Bom, 1993). The measurements were
made on the youngest fully expanded leaf (i.e., the fourth or fifth leaf
from the top).

134 days after planting when haulms in the remaining plants had
fully senesced, tubers were collected, washed, size graded, counted
and weighed.

2.3 Use of complex biostimulant on potato
in commercial field crops

The effect of MX42SEK on potato (variety Maris Piper) was

assessed in 6 commercial potato crops at 5 locations in the
United Kingdom during the 2022 season (details of locations, soil
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types, agronomic information including planting and harvest dates are
shown in Table 1). Field preparation, pre-plant fertilisation, planting
(26,000 seed tubers per ha) and all subsequent agronomic procedures
were performed by the growers following their standard farm
practises. The trials at one location included a comparison of chitted
and unchitted seed potatoes. In order to encourage rapid sprout
emergence after planting, seed potatoes are commonly physiologically
aged {chitted) by incubating tubers under carefully managed
temperature and light conditions (Dines, 2021). The use of chitted
seed potatoes can be used to achieve an early harvest.

Biostimulant was applied by each grower following the schedule
outlined in Table 2. Four applications of 10 litres ha™' MX42SEK were
applied in 200 litres water during the season using 36 m boom sprayers
and flat fan nozzles with a double overlap spray pattern. The following
treatments were applied: The first treatment was applied to the seed
potatoes immediately after planting; the second treatment was applied
to the plants after 20-30 cm full emergence; the third treatment was
applied when the adjacent canopies met in the middle; and the fourth
application went on the crop at flowering.

For assessment, in each crop, a randomised block experimental
design (6 replicate plots of 20m? per treatment) was used in each of
the crops and with plots chosen using a randomiser (Haahr, 2023). At
harvest, tubers in the assessment plots were collected and removed for
washing, size grading, counting and weighing.

For each size grade, a Weltech Digital Hydrometer (Pot/
Hyd-PW4) was used to calculate the dry matter content, starch
percentage, underwater weight and specific gravity of the harvested
potatoes using the weight in water method (Kleinkopf et al., 1987;
United States Department of Agriculture, 1997; Yildrim and
Tokusoglu, 2005; Mohammed, 2016).

2.4 Statistical analysis

Two-way ANOVA followed by Sidak’s multiple comparisons test
was performed using GraphPad Prism version 10.1.0 for Windows,
GraphPad Software, Boston, Massachusetts USA, www.graphpad.com
(RRID:SCR_002798).

3 Results

3.1 Effect of complex biostimulant on
potato in container experiments

The biostimulant treatment significantly increased tuber yield
(average 33% in tuber weight) in all 3 potato varieties tested -
[ANOVA analysis Variety F (2, 18)=100.1, p <0.001]. Biostimulant
[F (1, 18)=83.25, p<0.001]. Maris Piper exhibited the largest yield
increase and Lady Rosetta the lowest yield increase (Figure 1). The
biostimulant treatment also increased average tuber number per
plant by 10.4% [Variety F (2, 18) =66.95, p <0.001; Biostimulant F (1,
18)=6.18, p=0.023; Interaction F (2, 18)=0.599, p=0.560]
(Figure 2).

In all three varieties, based on both tuber weight and tuber
number, tuber size shifted toward the larger grades when plants were
treated with the biostimulant (Tables 3, 4). This was most pronounced
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TABLE 1 Location, site information and crop protocols for 6 commercial trials.

Site name Location (lat/long) Soil type Variety Planting date

Fen peat soils soilscape
Lodge Farm
52.430715, 0.424091 27 Maris Piper Chitted 10/04/22
Lime rich loam
Wamil Hall
52.343806, 0.487013 soilscape 5 Maris Piper Chitted 21/04/22
Slightly acid loam
Danehill D10 ey Y
52.279230, 0.477335 soilscape 7 Maris Piper Chitted 15/04/22
Slightly acid loam
Danehill LO6C ey Y
52.281259, 0.465214 soilscape 7 Maris Piper Chitted 15/04/22
Sandy/loam with peaty
Ramsey
52.472931, 0.145139 surface soilscape 23 Maris Piper Un-chitted 23/04/22
Slightly acid loam
Danehill LO6U ey v
52.281259, 0.465214 soilscape 7 Maris Piper Un-chitted 15/04/22
Irrigation Desiccation/harvest
Site name Harvest date Spray dates Spray method information time
Lodge Farm 05/10/22 April to July 22 Boom sprayer Fully irrigated 14-21 days prior to harvest
Wamil Hall 16/09/22 April to July 22 Boom sprayer Fully irrigated 14-21days prior to harvest
Danehill D10 07/09/22 April to July 22 Boom sprayer Fully irrigated 14-21 days prior to harvest
Danehill LO6C 07/09/22 April to July 22 Boom sprayer Fully irrigated 14-21 days prior to harvest
In furrow and boom
Ramsey
18/10/22 April to July 22 sprayer Early irrigation 14-21 days prior to harvest
Danehill LO6U 07/09/22 April to July 22 Boom sprayer Fully irrigated 14-21 days prior to harvest

TABLE 2 Timing and rates of biostimulant application in commercial potato trials.

Application Biostimulant rate Water rate Timing of application

1 2 litres Ha™' 200 litres Ha™' Applied with liquid fertiliser in furrow at planting (Ramsey) or applied as soon

after planting as possible (all other locations)

2 10 litres Ha™' 300 litres Ha™' Rosette stage, leaves and branch stems developing, stolons developing
3 10 litres Ha™" 200 litres Ha™! Start of tuber initiation, possibly plant flowering
4 10 litres Ha™* 200 litres Ha™' Tuber initiation complete, tubers start to bulk

in sizes 45-65mm and 65-85mm which comprise the marketable
<0.0001 0.0436 0.0031 grades for most potato growers (Table 3).
2000+ Leaf analyses provided an indication of some of the physiological
= Control effects of biostimulant treatment. Mean chlorophyll levels (SPAD)
S 1500 B MX42SEK were higher (average 4%) in all 3 varieties, with a p=0.055, just outside
g statistical significance (Table 5).
> 1000 Similarly, mean leaf assimilation area and mean specific leaf area
g were both higher in biostimulant treated plants for the varieties tested.
£ 500~ This increase was statistically significant for leaf assimilation area
(p=0.015).
0-
\Qé z'& &
{é & & 3.2 Effect of complex biostimulant on
« j"‘ potato in commercial field crops
Variety
At all six commercial Maris Piper potato trial locations, potato
FEIf?zgfslof MX42SEK biostimulant on yield per plant in three potato yields between 56 and 79 t/ha were observed. There were significant
varieties. differences in between locations with the highest yield recorded at
Lodge and the lowest at Ramsey. The crops showed a consistent
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FIGURE 2
Effects of MX42SEK biostimulant on number of tubers per plant in
three potato varieties.

TABLE 3 Meanyield (g) per plant for different tuber size classes in three
potato varieties treated with biostimulant (MX42SEK).

<45mm
Maris Piper Navan Lady Rosetta
Biostimulant 81.93 193.75 305.25
Untreated 99.23 196.50 337.50

Interaction F (2, 18) =0.1042, p=0.902; Variety F (2, 18)=25.59, p<0.001;
Biostimulant F (1, 18) =0.44, p=0.517.

45-65mm
Maris Piper Navan Lady Rosetta
Biostimulant 555.36a 397.30 558.50
Untreated 404.50b 399.20 430.30

Interaction F (2, 18)=2.172, p=0.143; Variety F (2, 18)=3.430, p<0.055;
Biostimulant F (1, 18)=8.169, p=0.010.

65-85mm
Maris Piper Navan Lady Rosetta
Biostimulant 784.59a 535.74a 100.75
Untreated 613.53b 417.52b 19.25

Biostimulant F (1, 18) =24.62, p=0.001.

Interaction F (2, 18) =1.089, p=0.358; Variety F (2, 18)=226.1, p<0.055;

>85mm
Maris Piper Navan Lady Rosetta
Biostimulant 405.48a 312.75 0.00
Untreated 105.24b 144.50 0.00

Interaction F (2, 18) =4.203, p=0.318; Variety F (2, 18) =14.62, p=0.002;
Biostimulant F (1, 18)=13.58, p=0.0017.

For each potato variety, means with different letters are significantly different from each

other at p<0.05.
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response to biostimulant treatment, with total yields increasing by
an average of 5.2% (Figure 3). A positive response to biostimulant
treatment was also apparent in the marketable yield (45-85 mm
grades) at all the locations (Figure 4). The trials at the Danehill LO6
location tested crops planted with chitted and unchitted seed
potatoes. No significant differences in total yield or marketable
yield were found between crops planted with chitted and unchitted
Maris Piper seed, with or without biostimulant.

Mean tuber weight was higher in biostimulant treated plots in 5
out of 6 crops but differences were not statistically significant. Lowest
mean tuber weights were found at the Ramsey site (Table 6). There was
no evidence of a significant biostimulant effect on tuber size
distribution in the commercial crops (Tables 6, 7).

3.3 Tuber characteristics

At each of the six locations, levels for specific gravity, dry
matter and starch content in harvested tubers were within the
normal range for Maris Piper. Comparing biostimulant treated and
untreated potatoes there were no significant differences (p=0.05)
in specific gravity, dry matter and starch content at 5 of the
locations (Table 8). At a single site, Ramsey, untreated tubers had
significantly higher specific gravity, dry matter percentage and
starch content.

4 Discussion

Whilst previous studies Colla et al. (2017), Savvas and Ntatsi
(2015), Sible et al. (2021) have examined the effects of biostimulants
such as humic acid, hydrolysed proteins/amino acids, silicon and
microalgae/seaweed extracts, the results presented here have
demonstrated that treatment with MX42SEK, a flavonoid based
complex biostimulant, can induce significant effects in the growth of
early and maincrop potatoes, in both container experiments and in
commercially grown field crops.

Meyling and Bodlaender (1981) examined the interactions
between growth, development and tuber production across 6 potato
varieties. They noted that variation in yields were associated with
genetic differences affecting the rate of stem growth and development,
as well as in photosynthetic characteristics such as leaf efficiency and
leaf area. Growth was also strongly influenced by physiological
differences, for example “earliness” of a particular potato variety, and
by abiotic factors such as nitrogen availability and weather. Many of
these yield and growth characteristics can also be influenced by plant
biostimulants (Sanli et al., 2013; Sible et al., 2021). In addition,
Caradonia et al. (2022), noted in their review that quality factors such
as tuber size, specific gravity, dry matter, protein levels, vitamin C and
starch content also respond to a wide variety of biostimulant
treatments, including Humic substances, seaweed extracts, amino
acids, hydrolysed proteins and microorganisms.

The container experiments in this study were designed to assess
the response of 3 potato varieties to the application of MX42SEK. Maris
Piper is a medium yielding maincrop variety with low to medium
resistance to drought stress. Navan is a medium yielding maincrop
variety (bred from Maris Piper) with good drought tolerance, whilst
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TABLE 4 Tuber number per plant for different size classes in three potato
varieties treated with biostimulant (MX42SEK).

TABLE 5 Effects of biostimulant treatment on chlorophyll levels (SPAD),
leaf assimilation area and specific leaf area in three potato varieties.

Tuber No Chlorophyll
<45mm content (SPAD
units
Maris Piper Navan Lady Rosetta )

Biostimulant 470 453b 19.93 Maris Piper Navan Lady Rosetta

Biostimulant 38.23 38.43 37.25
Untreated 5.69 7.06a 19.33

Untreated 36.23 36.48 36.70
Interaction F (2, 18) =2.738, p=0.916; Variety F (2, 18)=292.2, p<0.001; nireate
Biostimulant F (1, 18)=3.177, p=0.0916. Interaction F (2, 18) =0.423, p=0.661; Variety F (2,18)=0.141, p=0.869;

Biostimulant F (1, 18)=4.219, p=0.055.

Biostimulant F (1, 18) =25.45, p<0.001.

Tuber No
45-65mm Leaf Assimilation
2
area (m
Maris Piper Navan Lady Rosetta (m*)
Maris Pi Lady Rq
Biostimulant 6.44a 5.94 5.82a ans Hiper Navan ady Rosetta
Biostimulant 0.814 0.818 0.803
Untreated 431b 449 3.92b tostimutan 2
) ) Untreated 0.797 0.801 0.719b
Interaction F (2, 18) =0.300, p=0.744; Variety F (2, 18)=0.663, p=0.527;

Interaction F (2, 18) =2.357, p=0.123; Variety F (2, 18) =4.627, p=0.024;
Biostimulant F (1, 18) =7.240, p=0.015.

Tuber No
65-85mm Specific leaf
2
r me.
Maris Piper Navan Lady Rosetta area _(1
Kg™)
Biostimulant 4.00 5.12a 0.33
Maris Piper Navan Lady Rosetta
Untreated 2.75 3.44b 0.08
Biostimulant 3.363 3.274 3.312a
Interaction F (2, 18)=0.1.493, p=0.744; Variety F (2, 18)=50.51, p<0.001;
( ) P v F( ) P Untreated 3.295 3.225 3.169b
Biostimulant F (1, 18) =9.311, p=0.007.

Interaction F (2, 18) =0.404, p=0.673; Variety F (2, 18)=1.515, p=0.247;

Tuber No Biostimulant F (1, 18)=3.578, p=0.075.
>85mm For each potato variety, means with different letters are significantly different from each
other at p <0.05.
Maris Piper Navan Lady Rosetta
Biostimulant 1.25 1.28 0.00
Untreated 0.25 0.48 0.00 100
= mm Control
Interaction F (2, 18) =1.855, p=0.185; Variety F (2, 18)=5.934, p=0.011; L 5 E MX42SEK
Biostimulant F (1, 18)=7.154, p=0.016. 3
2 60
For each potato variety, means with different letters are significantly different from each :
other at p<0.05. 2 40+
k]
£ 201
=
0_
\J > N O
& & & & £ S
s & &V &V
100 Y F &
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Glosek-Sobieraj et al. (2018) also noted varietal differences in the
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TABLE 6 Mean tuber weight and mean tuber yields (as a % of total yield) for different tuber size classes for biostimulant treated and untreated tubers

from six commercial potato crops (standard error in brackets).

Location Mean tuber weight (g) <45 mm 45-85mm >85 mm
Lodge

Control 146.00 (8.01) 6.67 (0.56) 84.70 (2.94) 8.63 (3.31)
MX42SEK 153.83 (8.06) 6.54 (0.77) 86.28 (1.41) 7.19 (1.67)
Wamil

Control 174.50 (6.61) 4.64 (0.39) 89.78 (1.27) 5.58 (1.31)
MX42SEK 185.00 (8.21) 4.57 (0.29) 85.19 (1.92) 10.24 (1.75)
Dane 10

Control 190.17 (11.86) 250 (0.33) 93.13 (1.26) 4.37 (1.38)
MX42SEK 193.50 (8.21) 2.70 (0.26) 91.32 (3.27) 5.98 (3.21)
Dane LO6 C

Control 160.83 (5.17) 3.28 (0.45) 96.72 (0.45) 000 (0.00)
MX42SEK 183.33 (4.80) 3.10 (0.21) 93.78 (0.74) 3.13(0.87)
Ramsey

Control 112.50 (5.06) 9.89 (0.90) 88.20 (0.85) 1.92 (1.00)
MX42SEK 119.50 (7.32) 7.42 (1.06) 92.36 (0.98) 0.22 (0.22)
Dane LO6 U

Control 186.00 (9.48) 2.44 (0.43) 82.24 (2.91) 15.33 (3.06)
MX42SEK 166.17 (5.95) 4.33(0.42) 87.65 (2.43) 8.02 (2.48)

No significant differences in tuber size classes (as a % of total yield) due to MX42SEK application.

response to seaweed extracts based biostimulants. In the present study
the three varieties also showed an increased tuber number per plant
which in part contributed to the yield increases. Yield increases in all
3 varieties were also helped by a shift toward larger and more
commercially desirable tuber sizes (Zarzyniska and Boguszewska-
Mankowska, 2024). This contrasts with the investigation of Roder
et al. (2018) who showed that tuber yield gains after a foliar spray
containing sugarcane fermented broth [with 30% (w/v) of the amino
acid L-glutamic acid] occurred due to the better growth of tubers, not
due to an increase in the number of tubers.

The factors and metabolism involved in tuber production are
complex (Fernie and Willmitzer, 2001; Kloosterman et al., 2005). For
example, tuber initiation usually occurs over a short 2 week period,
and is directed by environmental factors such as photoperiod,
temperature, soil moisture and nitrogen availability, with
environment and plant interactions affected by planting period and
climate (Thornton, 2020). Plant hormones are also involved in tuber
initiation. Gibberellic acid (GA) is a growth promoter, and at high
levels in the plant it promotes shoot growth whilst delaying tuber
growth. Abscisic acid (ABA), is a growth inhibitor that will slow
shoot growth whilst promoting tuber growth. A high GA/ ABA ratio
favours shoot growth and delays tuber growth. A low GA/ABA ratio
will promote tuber growth (Thornton, 2020). Potato tuber bulking is
also affected by plant hormones, as well as the metabolic pathways
controlling cell division and expansion, and carbohydrate and amino
acid metabolism (Aksenova et al., 2012; Augustin et al., 2012).
Biostimulants will influence many of these pathways therefore
predicting how a particular potato genotype will respond to a
biostimulant applied at a specific time and within a particular
environment is difficult.

Frontiers in Sustainable Food Systems

The capacity of a potato plant to photosynthesize is a major factor
in driving vegetative growth and tuber production. Tuber bulking is
the process of dry matter or biomass accumulation in tubers resulting
from the translocation of carbohydrates produced by photosynthesis
in the leaves. Thornton (2020) noted that over 90% of the dry matter
in tubers (i.e., yield) at harvest is directly tied to the output from
photosynthesis during this growth.

Leaf efficiency, leaf area, and the leaf area duration (the length of
time the leaves are photosynthesising) are parameters which influence
plant productivity (Meyling and Bodlaender, 1981). Consequently,
evaluating photosynthetic capacity can be an effective tool for
assessing plant productivity. This can be achieved by measuring the
SPAD value (Soil Plant Analysis Development, Konica Minolta
Optics) which determines the relative chlorophyll content in plant
leaves. However the SPAD value does not always imply a higher potato
yield (Su et al,, 2007). They do give a reliable indication of chlorophyll
levels and plant nutrient status, especially that of nitrogen (Chen et al,,
2018). Plants treated with MX42SEK consistently displayed elevated
levels of chlorophyll, as well as larger leaf assimilation and specific leaf
areas. The increases were statistically significant for leaf assimilation
area and differences were larger in the early cropping variety (Lady
Rosetta), which senesced well before the 2 maincrop varieties. The
increase in photosynthetic ability and potato plant growth are
consistent with the effects of MX42SEK observed on other
dicotyledonous and monocotyledonous plants (R. Salvage PhD
unpublished) and confirm the efficacy of flavonoid based plant
extracts as effective plant biostimulants.

The effects of MX42SEK on the photosynthetic tissues of potato
also support the earlier observations of Wadas and Dziugiel (2019),
Wadas and Dziugiel (2020a) who found treatment with humic acid,
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TABLE 7 Mean percentage (with standard error) tuber number in
different size classes for biostimulant treated and untreated tubers from
six commercial potato crops.

Location <45 mm 45-85mm >85mm
Lodge

Control 31.12 (1.27) 66.49 (0.86) 2.39 (0.96)
MX42SEK 30.40 (2.15) 67.44 (1.86) 2.16 (0.66)
Wamil

Control 27.34 (1.35) 71.29 (1.43) 1.38 (0.34)
MX42SEK 27.52(1.92) 69.55 (2.28) 2.94 (0.48)
Dane 10

Control 17.40 (1.03) 81.02 (1.15) 1.58 (0.53)
MX42SEK 15.53 (1.14) 82.09 (2.15) 2.39 (1.36)
Dane LO6 C

Control 15.19 (1.88) 84.75 (1.90) 0.06 (0.06)
MX42SEK 17.38 (0.85) 81.69 (0.78) 0.93 (0.27)
Ramsey

Control 34.85 (1.25) 64.71 (1.34) 0.44 (0.21)
MX42SEK 30.31 (2.29) 69.63 (2.28) 0.06 (0.06)
Dane LO6 U

Control 18.64 (1.91) 79.62 (1.71) 1.74 (0.49)
MX42SEK 19.19 (0.76) 80.15 (0.82) 0.67 (0.30)

No significant differences in percentage tuber numbers due to MX42SEK application.

TABLE 8 Mean (with standard error) specific gravity, starch content and
dry matter values for biostimulant treated and untreated tubers from six
commercial potato crops.

Specific

gravity Dry matter Starch
Location (gml?) (%) content (%)
Lodge
Control 1.080 (0.0007) 20.235 (0.151) 13.859 (0.147)
MX42SEK 1.081 (0.0007) 20.348 (0.145) 14.025 (0.129)
Wamil
Control 1.092 (0.0007) 22.634 (0.157) 16.099 (0.147)
MX42SEK 1.091 (0.0008) 22.570 (0.169) 16.019 (0.163)
Dane 10
Control 1.088 (0.0006) 22.023 (0.130) 15.516 (0.123)
MX42SEK 1.009 (0.0004) 22.187 (0.084) 15.670 (0.079)
Dane LO6 C
Control 1.087 (0.0008) 21.677 (0.165) 15.190 (0.156)
MX42SEK 1.087 (0.0005) 21.742 (0.113) 15.278 (0.105)
Ramsey
Control 1.094 (0.0014)*  23.184 (0.316)* 16.611 (0.298)
MX42SEK 1.087 (0.0013)*  21.640 (0.263)" 15.000 (0.256)°
Dane LO6 U
Control 1.088 (0.0008) 21.846 (0.165) 15.349 (0.156)
MX42SEK 1.085 (0.0007) 21.345 (0.147) 14.911 (0.133)

For each trial location, means with different letters are significantly different from each other
atp < 0.05.
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fulvic acid and seaweed based biostimulants increased the leaf
assimilation area, although they found no significant changes in
specific leaf area (SLA) or leaf chlorophyll content (SPAD value). They
found that the SPAD value depended to a greater extent on the cultivar
and weather or on the soil conditions during potato growth. Selim
et al. (2012) also reported that humic acid applications raised
chlorophyll levels. Sarhan (2011) also increased potato leaf chlorophyll
content by up to 11% after applying 2 seaweed extracts, with the
largest increase resulting from mixing the two products, raising the
possibility of a synergistic effect of these two biostimulants. Cordeiro
et al. (2022) improved tuber yields and chlorophyll levels using a
biostimulant derived from microalgae, as did Mystkowska (2022) and
Wadas (2021) using a silicon based biostimulant.

Along with rice, wheat, soybean and maize, potato is in the top 5
most important agricultural crops and a key part of securing global
food security. Average potato yields worldwide are around 19t Ha™
but in efficient production systems, with good agronomy, significantly
higher yields are attained. For example, in the UK, commercial potato
yields in excess of 50t Ha™ are achieved regularly (AHDB, 2020) but
Haverkort and Struik (2015) reported that with optimal conditions,
yields of above 120 Mgha™" are feasible.

Plant biostimulants have a significant role to play in meeting these
challenging targets within a sustainable production system (Rouphael
etal, 2018; Rouphael and Colla, 2018). However, in many regions the
lack of good quality data demonstrating the economic benefits and
efficacy of these tools within a commercial production system has
restricted their uptake by the industry. In the case of complex
flavonoid based biostimulants, field data is very scarce and
demonstrating the value of MX42SEK to a commercial grower
requires high quality trial data.

The 6 commercial potato crops in this study were grown in a range
of soil types in the southeast of the UK and produced between 56 and
79t/ha. These yields are typical for well performing potato crops in
this region (AHDB, 2020). Treatment with MX42SEK consistently
increased yields (average 5.2%) in these crops. These % increases are
lower than many of those reported in previous trials, however a review
of the literature suggests that the larger biostimulant induced % yield
increases occurred in low yielding crops and in smaller plot trials (see
references in Figure 5).

Figure 5 shows the reported yield increases in trials involving
non-microbial biostimulants, including the six commercial potato
crops from the current study. Most of the previously published reports
were based on small scale plot trials using a wide range of potato
varieties and subjected to different climates, as well as varying levels
of nutrients, abiotic and biotic stresses. This analysis suggests that
biostimulants usually elicit the largest yield increases in
underperforming potato crops. The current trials using the next
generation biostimulant delivered significant yield increases in potato
crops already producing high tuber yields. Importantly, the yield
increases following MX42SEK treatment were also apparent in the
marketable yields.

Economically, even a relatively small increase in a highly
productive crop can have a large positive effect on the grower’s
margins. In the present study, and based on prices at time of harvest,
margins increased on average UK£700 per hectare across the 6
potato crops.

An important step in commercial potato production is the
management of seed tuber sprout development (Olsen and Kleinkopf,

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1368423
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Salvage et al.

-
c
5
E 180 ° .
3 160 °
8
g 140-
©
g, 1204
c
2
S 100
3
©
= 80 T T T 1
2 0 20 40 60 80
Control yield (t Ha™)
FIGURE 5

Reported percentage potato tuber yield increases after non-
microbial biostimulant treatment. Data from Alenazi et al. (2016),
Andrejiova et al. (2023), Cordeiro et al. (2022), Dziugiet and Wadas
(2020), El-Zohiri and Asfour (2009), Ginter et al. (2022), Karak et al
(2023), Kotodziejczyk and Gwozdz (2022), Kumar et al. (2018),
Prajapati et al. (2016), Pramanick et al. (2017), Roder et al. (2018),
Sanli et al. (2013), Sarhan (2011), Selim et al. (2012), Selladurai and
Purakayastha (2016), Souza et al. (2019), Suh et al. (2014), Verlinden
et al. (2009), Wadas and Dziugiet (2020b), Wierzbowska et al. (2015),
Zarzecka et al. (2020). Open circles are data points from the current
study.

2020). Chitting or physiological ageing is a process in which dormant
buds are encouraged to develop sprouts by manipulating temperature
and light conditions. The resulting early emergence after planting
accelerates crop development and reduces the impact of weeds (Dines,
2021). Chitting also influences other aspects of crop growth. For
example, Varis (1973) found that in addition to early faster growth,
chitting decreased the number of stems, reduced the weight of the
haulms and roots and decreased the number of tubers whilst
increasing overall yield, especially that of large tubers.

The Danehill trial location was used to assess the impact of
MX42SEK on both chitted and unchitted seed potatoes. No significant
differences were found in yield when comparing treated chitted and
treated unchitted seed and both types of seed responded positively to
biostimulant application. Growers incur a cost in preparing chitted
seed so a biostimulant treatment which allows the use of unchitted
tubers would improve economic margins.

The ability to manage quality characteristics such as tuber biomass
content, specific gravity and starch content is essential for producing
crops intended for specific markets (e.g., fresh, processing, crisping)
(Stark et al., 2020). For example, potatoes produced for processing
must meet closely monitored specifications for starch and sugar
content. Whilst variety selection is usually the major factor in
producing a crop with the required quality attributes, the final quality
of potatoes can be modified in the field by managing irrigation,
nutrition and plant growth. Here abiotic factors influencing tuber
maturity, cultivar- and season-variability can have a significant impact
on the final quality (Alamar et al., 2017). Specific gravity will tend to
be higher if potato tubers are able to complete their full potential
growth cycle without periods of stress. Mature tubers will have higher
specific gravities than immature tubers and anything that shortens or
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interrupts the tuber growth cycle will reduce tuber specific gravity. It
is likely that biostimulants may also play a role in this management
process (Stark et al., 2020).

As potato plants begin to senesce, tubers mature and their specific
gravity (dry matter) increases, improving tuber quality for both
processing and fresh market consumption. Free sugars are converted
to starch, which leads to better quality frying and crisping. In storage,
well matured tubers have lower respiration rates, remain dormant
longer, sprout later and have greater resistance to pathogens. If tubers
remain too long in the soil after the plants die back, starch may convert
back to sugar, and the specific gravity declines. These over-mature
tubers often have higher respiration rates in storage, will sprout earlier,
and are more susceptible to bacterial rots (Thornton, 2020). It has
been shown that biostimulants can delay senescence in potato (Roder
etal., 2018), a process which is likely to produce significant changes
in tuber composition.

The impact of biostimulant treatment on tuber quality
parameters has been examined in a number of studies producing
a range of outcomes. Maciejewski et al. (2007) found no differences
in tuber dry matter and starch content after applying a nitrophenol-
based biostimulant to potato (varieties Satina, Bila and Ditta).
Similarly, Wadas and Dziugiel (2020b) using foliar applications of
extracts from the seaweeds Ascophyllum nodosum and Ecklonia
maxima, as well as humic and fulvic acids, did not observe any
changes in dry matter, protein, total sugars, monosaccharides and
sucrose or L-ascorbic acid content in tubers of early potato
varieties. Kolodziejczyk and Gwozdz (2022) reported that Ecklonia
seaweed and amino acid biostimulants increased starch content in
potato (variety Vineta), though the change was not statistically
significant. Al-Bayati and Al-Quraishi (2019) also used seaweed
biostimulants (A. nodosum extracts) and did record a significant
increased dry matter content in mature tubers of early (‘Arizona,
‘Riviera’) and medium-early (‘Agria’) potato varieties. Andrejiova
et al. (2023) applying humic biostimulant, increased potato (a
medium early variety Spinela) yield, as well as dry matter, starch
and vitamin C content. Selim et al. (2012) found higher starch
content in the tubers of those plants which were treated with
humic acid derived biostimulant. Murashev et al. (2020) found that
treatment with an amino acid biostimulant accelerated potato
plant development (reducing the growing season by 5 to 10 days)
and increased yield. At the same time, they recorded significant
increases (15-17%) in starch content. The variation in recorded
responses suggests a complex interaction between different potato
genotypes, environment and biostimulant types.

In the MX42SEK Maris Piper trials, there were no quality
differences found between treated and untreated tubers, except at the
Ramsey site, where untreated tubers had significantly elevated specific
gravity, dry matter percentage and starch content compared to Ramsey
MX42SEK treated tubers and tubers from the other locations. This
may be due to the in furrow initial biostimulant application which is
different to all the other locations. This would need to be verified with
further studies. Given that Maris Piper was used in all the trials, potato
genotype can be discounted as contributing to the quality differences
found at Ramsey. Seed potato physiological age is another possible
variable. The Ramsey trial used unchitted seed potatoes but treated
and control tubers from the other site using unchitted seed (Danehill
LO6U) showed no differences in dry matter, specific gravity or
starch content.
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Ramsey was distinct from the other locations in one respect. All
the other crops were fully irrigated whilst the Ramsey crop only
received irrigation at the start of the growing season, during which,
significant drought stress was experienced. Good potato yields are
achieved when soil moisture levels are optimal and adequate nitrogen
is available to the plant (Thornton, 2020). A sufficient level of nitrogen
is necessary to maintain a high growth rate of the potato plant, leading
to increased tuber yield but decreased tuber specific gravity.
Insufficient nitrogen levels result in reduced leaf area and tuber size
due to early leaf drop, whilst excessive nitrogen content in the soil
leads to an increase in plant dry matter content and a decrease in the
duration of tuber growth (Akkamis and Caliskan, 2023).

It is likely that interactions between abiotic stress, biostimulant
treatments and the potato plant’s water and nitrogen management
metabolism can result in significant tuber compositional changes.
However further work on the response of drought stressed potato to
MX42SEK is required in order to confirm the factors that may
be involved in producing the tuber quality differences detected
at Ramsey.

The confirmation that MX42SEK can enhance potato yields in
well performing potato crops whilst maintaining tuber quality,
indicates the potential for flavonoid based complex biostimulants in
potato production. Li et al. (2022) reviewed the available biostimulant
field data and found tuber crops to be least responsive to biostimulants.
They also noted that biostimulant effects were most obvious in crops
growing in sub-optimal conditions. MX42SEK was able to deliver
consistent and significant yield increases in a number of well managed
potato crops. The significantly greater yield response to MX42SEK in
container experiments indicates the potential of the biostimulant to
maintain yield stability in highly stressed crops, which are likely to
be more frequent as climate and water stress impact more and more
on potato production (Adekanmbi et al, 2023). The container
experiments also suggested that responses to MX4SEK may be subject
to varietal differences, so field trials using a number of different potato
varieties would be important to confirm efficacy across potato varieties.

The current study shows that a complex biostimulant containing
flavonoids can significantly increase the yield of potato, one of the world’s
most important crop species. This may help mitigate the growing global
food shortage and contribute to delivering global food security.
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