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Summary

Introduction - Plantain banana is a major crop for
food supply in tropical areas, while facing pests and
diseases affecting fruit yield and quality. Within the
agroecological transition context, the development
of prophylactic methods aimed at avoiding the use
of pesticides is an avenue worth exploring. Among
these methods, an in vivo technique of mass propa-
gation of shoots called PIF (from the French ‘Plants
Issus de Fragment de tige’, meaning ‘shoots resulting
from corm fragments’), was developed in Cameroon
to multiply and sanitize plantain shoots at the farm
level. Despite showing promising results, studies on
factors that could improve its efficiency are lacking.
Materials and methods - The effects of three main fac-
tors (temperature, hormone and light) were investi-
gated in separate assays within semi-controlled en-
vironmental conditions, in Guadeloupe, French West
Indies, to measure how these factors affect the effi-
ciency of the PIF technique during the reproductive
stage. Five response variables were used to assess
the number and the robustness of daughter shoots
produced. Results and discussion - PIF technique per-
formance increased with temperatures above 30 °C
(>15 shoots per corm, >25 roots per shoot, >80 cm
root length), LED light application for 15 minutes
per day, and synthetic hormone supplementation.
A moderate but significant virus sanitation potential
of this technique was found, with up to 36.7% daugh-
ter plants sanitized from banana mild mosaic virus
(BanMMV) infected mother plants. These results
open perspectives for larger scale assays to refine
an appropriate methodology allowing farmers to be-
come more autonomous in healthy planting material
satisfying the principles of agroecological transition.
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Introduction

Banana is one of the most important food crops in the
world (Kwa and Temple, 2019). The Cavendish variety (Musa
acuminata, AAA triploid), part of highly structured market
channel, is the main banana variety exported in the world
and is consumed as a fruit. In 2021, almost 125 Mt have been
produced worldwide (FAO, 2023). The other main type of
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f Significance of this study

What is already known on this subject?

* Relative humidity over 80% combined with average
air temperatures of 30 °C increases the efficiency of
the PIF technique in the Cameroon context.

What are the new findings?

* The performances also increased with light
application and synthetic hormone supplementation.
The technique partially sanitized shoots contaminated
with BanMMV virus.

What is the expected impact on horticulture?

* These results could allow farmers or nurserymen
to become more autonomous in healthy planting
material satisfying the principles of agroecological
transition.

2

banana is plantain (Musa spp., AAB triploid), which is con-
sumed as a cooked vegetable, whose production amounted
to more than 45 Mt worldwide (FAO, 2023). Crop practices
and plant physiology are significantly less documented for
plantain than for Cavendish, despite the staple importance
of the former for many households around the world, espe-
cially in the tropical regions of sub-Saharan Africa (Dépigny
and Damour, 2022; Kwa and Temple, 2019).

Both plantain and Cavendish face a number of telluric
pests, such as Cosmopolites sordidus weevils and Radopholus
similis nematodes (Kwa and Temple, 2019) and aerial fungi
(European Food Safety Authority (EFSA), 2008; Pegg et al.,
2019). Banana is also prone to viral diseases, with varying
impacts on yield (Mukwa Fama Tongo, 2016). Since the in-
cidence of telluric pests in a crop depends on the sanitary
status of both the planting material and the soil (Gold et al.,
2001; Haegeman et al,, 2010), prophylactic solutions are an
avenue to explore. Most plantain farmers cannot grow their
plantations longer than two cycles on the same land, and
must use crop rotation to prevent decreasing yields associ-
ated with the weevil threat (Mboula, 2014). Uprooting of the
crops after two years of cultivation represents a significant
financial burden for plantain producers. Besides crop rota-
tion, the use of healthy planting material combined with soil
sanitation through improved fallows is another practice that
is gaining momentum (RITA Guadeloupe, 2019). The pro-
duction of healthy shoots can be implemented in two ways.
Firstly, farmers could clean the banana shoots mechanical-
ly with a machete, and/or chemically with baths based on
household products (chlorine-based), without guaranteeing
the healthy sanitary status. Secondly, farmers can use virus-
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TABLE 1. Average seasonal temperature, global radiation and relative humidity measured at the experimental site in 2021
and 2022. The dry season takes place from January to June and the humid season from July to December. Numbers between

parentheses are standard errors.

2021 Temperature (°C) Global radiation (DaJ cm?) Relative humidity (%)
Dry season 24.02 (1.25) 1,940 56 (485.75) 86.55 (3.69)
Humid season 2540 (1.09) 1,863.70 (451.99) 88.39 (88.39)
2022

Dry season 2402 (142) 1,984 78 (455.39) 88.05 (3.36)
Humid season 26.18 (0.58) 2,024.01 (522.40) 8978 (3.19)

free vitroplants, ensuring the lowest sanitary risk (Sadom et
al., 2010), but at a prohibitive initial cost imposed by buying
vitroplants from private biotechnology companies (Olumba
and Onunka, 2020). Alternatively, farmers could use a tech-
nique, referred to as PIF (from the French Plants Issus de
Fragment de tige — shoots resulting from corm fragments)
with which new shoots are obtained from the fragmentation
of banana corms.

The PIF technique was developed by the CARBAP (Af-
rican Center for Research on Banana and Plantain) in Cam-
eroon to tackle the lack of healthy shoots. This method in-
volves activating latent buds by cutting corms to produce
plantain shoots in large amounts and within a short period
of time (Kwa, 2003). Two experiments, led by the CARBAP
between 1993 and 1998 to focus on the influence of global
environmental conditions on the production of PIF shoots
showed that a relative humidity over 80% in the macroprop-
agation chamber, combined with an average air temperature
of 30 °C (7 °C above outdoors temperature) and an average
substrate temperature of 24 °C (2 to 4 °C above outdoors)
were appropriate to obtain results, with 4 to 15 more shoots
than controls (Kwa, 2003; Tomekpe et al., 2011).

Visible light, especially in the red wavelengths (700-
740 nm), was found to have a significant impact on the ba-
nana shoot length (Kwa and Temple, 2019).

In the literature, the comparison of the impact of two
types of light source (white fluorescent bulb vs. LED) was
carried out for Cavendish in vitro multiplication and better
results were obtained with LED light (Bhaya and Al-Raz-
zaqSalim, 2019). LEDs are commonly used to study shoot
physiology (Jackson et al, 1985). Research has shown the
role of light flashes (0.01-10 seconds) on dormancy termina-
tion and on germination process (Batlla and Benech-Arnold,
2014; Yan and Chen, 2020). They demonstrated that a single
flash could induce a reaction, but that repeated flashes (two
or more) were often required for the full germination pro-
cess to occur. However, these works have been carried out on
seeds and on model species such as Arabidopsis thaliana and
cannot be extended to banana shoot activation and growth.
Coconut water, which contains a diversity of hormones such
as auxin, cytokinins and gibberellins (Yong et al., 2009), has
been shown to activate latent bud growth in three banana
Musa AAA varieties (Bora Lukando, 2013) as well as in Di-
oscorea spp. yams (Dibi et al., 2016).

Although the PIF technique has been shown to produce
healthy shoots (Tomekpe et al., 2011), as long as safe practic-
es are used, another study has highlighted the potential risk
of activation of endogenous viral sequences (Mukwa Fama
Tongo, 2016), even if the symptoms caused by these viruses
are limited (European Food Safety Authority, 2008). How-
ever, a recent long-term study carried out in Guadeloupe, has
shown that the viral activation risk is negligible on plantain
‘French clair’ variety (Umber et al., 2022).

In this study we hypothesize that (i) the PIF technique
performance increases with optimal temperature, light and
hormone supplementation, and that (ii) it allows sanitizing
plantain shoots contaminated with BanMMYV virus.

For this purpose, the effects of these three factors (tem-
perature, light and hormone supplementation) on five re-
sponse variables were investigated in three separate assays
under semi-controlled environmental conditions. In each as-
say, we investigated whether the studied factor played a sig-
nificant role on top of the global environmental conditions.
Last, the presence of the BanMMV virus was assessed before
and after PIF implementation in order to assess the potential
of this technique for sanitization.

Materials and methods

Study area and experimental setup

Field experiments were carried out between 2021 and
2022 in Guadeloupe (French Caribbean), at the INRAE
outstation (Domaine de Duclos, geographical coordinates
16°12'12.0"N, 61°39'41.9”"W). Climatic conditions at the ex-
perimental site are those of a tropical climate (Table 1).

Shoots of cultivar ‘French clair’ (named ‘Blanche’ in Gua-
deloupe), which is the most present variety in the territory
(Scherschel, 2017), were used as planting material. These
shoots had been produced locally at the INRAE outstation
during a previous system experiment (Bezard et al., 2023b).

The effects of three main factors (temperature, light and
hormone supplementation) were investigated in three sepa-
rate assays under semi-controlled environmental conditions.
Here, we define semi-controlled conditions as the interven-
tion to vary one environmental factor among the global en-
vironmental conditions. During each assay, twenty-seven
corms were planted individually in 27 pots containing 11 L
of substrate, composed of pine wood chips. The pots were
distributed equally (according to their weight) to three
growth chambers, each containing 9 pots, corresponding to
the maximum capacity of growth chambers. At the beginning
of the experiment, the weight of each corm was measured.
Watering was done with a water pump according to Pourrat
(2022). The growth chambers were lit with red-reinforced
(55.6% red, 630-660 nm; 22.2% blue, 430-460 nm; 5.5% in-
frared, 730 nm; 5.5% ultraviolet and 11% white) LED lights
(477 cd, 15 W) for 12 h per day from 6:00 am to 6:00 pm
(which is the average photoperiod in Guadeloupe).

Sensors were used to monitor the environmental vari-
ables inside the growth chambers: thermo-hygrometers for
air temperature and relative humidity, PAR (Photosyntheti-
cally Active Radiation) sensors for the light radiation, TDR
(Time Domain Reflectrometry) sensors for substrate wa-
ter content, and thermocouples for substrate temperature.
Measures were made every 5 min with a CR1000 data logger
(Campbell Scientific, U.S.A.).

2 wrs International Journal of Tropical and Subtropical Horticulture
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At the end of each experiment, the following response
variables were measured: (i) the number of shoots produced
per corm, (ii) the average size of shoots produced per corm
(in cm) for shoots longer than 2 cm, (iii) the average number
of leaves per shoot produced, (iv) the number of roots per
corm, and (v) the length of the largest corm root (in cm). In
this study, we consider that the higher these variables, the
higher the performance of the technique.

Production of planting material through PIF technique
Tools were disinfected with 4% household bleach (Ka-
padia and Patel, 2021). Plantain shoots with no central leaf
were selected for the following procedures (Kwa and Tem-
ple, 2019). On a shaded and clean work surface, corms were
cleaned mechanically, from the base of the leaves, with a
knife (Figure 1A). Damaged or symptomatic parts, as well as
prominent buds, are removed. Corms were then cleaned by
soaking in 80 L containers filled with water and 4% bleach
for 5 min (Figure 1B), then for 5 min in a solution of 2% Li-
mocide (Vivagro, Martillac, France), a commercial mix of es-
sential oils authorized in organic agriculture, and 2% black
soap. Twenty-four hours later (Figure 1C), about five leaves
were incised 2 mm above the meristematic line in order to
preserve lateral buds (Figures 1D, E) (Bezard et al., 2023c).
The remaining of the pseudostem was cut off and a cross-
shaped incision was made in the center of the apical mer-
istem to inactivate it without damaging the lateral buds
(Figure 1F). The incised corms, referred to as explants, were
placed in the growth chamber; filled with a substrate made of
moistened pine wood chips (Figure 1G), and then totally cov-
ered with a second layer of substrate a few centimeters thick.
The pots were placed in the growth chambers (Figure 1H).

Experiment A: Temperature factor variation

To test the effect of temperature variation, growth
chambers were set up with three temperature modalities:
25 °C, 30 °C and 35 °C. The 30 °C modality was used as con-
trol, since it corresponds ambient temperature around. To

achieve 25 °C and 35 °C, the growth chambers were placed in
a room regulated to 25 °C with an air conditioner or heated
with a regulated electric heater, respectively.

Experiment B: Hormones factor variation

Two types of hormone preparations were used to test the
effect of hormone supplementation: fresh coconut water and
synthetic hormone. Coconut water was extracted from fresh
coconuts of most common variety found at the research out-
station an was prepared by heating to 80-100 °C for 10 min
with continuous stirring in order to precipitate proteins,
fats, and other compounds (George et al., 2008; Nasib et al,,
2008). Precipitates were removed by filtration through cof-
fee filters (20 microns approximately) and filtrated coconut
water was let to cool down to ambient temperature. Synthet-
ic hormone solution containing 100 mg L* of indole-3-acetic
acid was prepared by dissolving commercially available pills
(Rhizopon®).

Hormone supplementation was achieved by immersing
18 corms in each of the preparations for about 19 h (coconut
water treatment, 9 corms) or 5 sec (synthetic hormone treat-
ment, 9 corms). After immersion, the corms were left to dry
for five hours, and planted in individual pots. Non-treated
shoots prepared according to the PIF protocol were used as
control (9 corms).

Experiment C: Light factor variation and combination of
optimum conditions

For the third assay, we added red-reinforced light and
we combined the optimal conditions (temperature and hor-
mone treatment) devised from the first two experiments. For
this, a LED device providing light between 380 and 700 nm
wavelength was turned on in the growth chamber every
morning at 5 am for 15 min.

Experiment D: Viral status assessment of banana shoots
In this work, the purpose of this sanitary risk stage is to
follow the presence of the BanMMYV in the shoot material and

technique protocol based on Bezard et al. (2023c). A. Mechanical cleaning; B. Chemical cleaning; C. Drying of shoots; D. Buds’
exposure; E. Leaf removing; F. Apical meristem inactivation; G. Setting up in the micropropagation chamber; H. Transparent

tarpaulin setting up; I. Small shoots emergence.
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evaluate its transmission from one generation to another af-
ter PIF preparation.

The complete viral status of a panel of 75 plantain trees,
variety ‘French clair’, collected in the largest production area
of Guadeloupe (corresponding to an entire plot at INRAE
outstation), was evaluated for the six banana-infecting virus-
es. Sampled leaves were processed as described by the two
extraction methods, depending on the detected virus. Firstly,
total nucleic acids (TNAs) were extracted using the proce-
dure 2 described by Foissac et al. (2005) for RNA viruses
detection (BanMMV, BBrMV, BVX and CMV); cDNA was syn-
thetized according to Umber et al. (2022). Detection primers
were designed by Foissac et al. (2005) for BanMMV, Iskra-
Caruana et al. (2008) for BBrMV, Mansoor et al. (2005) for
BBTV, Teycheney et al. (2007) for BVX, and Blas et al. (1994)
for CMV. Then, for BSV detection, in order to avoid the de-
tection of endogenous viral sequences, virus indexing was
performed by immunocapture-PCR (IC-PCR) according to Le
Provost et al. (2006) modified by Umber et al. (2016), using a
polyclonal antibody purchased from Neogen (Ayr, Scotland).

As only BanMMV was detected in ‘French clair’ plantains
in Guadeloupe, leaves of 32 mother suckers, i.e., suckers used
for PIF production, were collected just before performing the
PIF technique, processed as described before and indexed
only for BanMMV. Then, 30 shoots originated from BanMMV-
infected corms were collected at the three-leaf stage, ie,
when the shoots are well developed but still attached on the
mother corm and samples were indexed for BanMMV. The
integrity of synthetized cDNA was verified by using house-

keeping primers targeting Musa actin gene (Gayral et al,
2008). All sequences of primers and PCR conditions used in
this study are described in Supplemental Table S1.

Dataset and statistical analysis
All statistical analysis were processed with R software (R

Core Team, 2022).

Data of each assay were used to investigate:

- The relationship between the variation of one environ-
mental factor (temperature, hormone or light supple-
mentation) and response variables;

— Ifthe varied environmental factor plays a significant role
among the overall the global experimental conditions;

— The sanitizing potential of the PIF technique for the Ban-
MMV virus.

The relationships between the temperature, hormone
or light supplementation and the response variables was
investigated using descriptive statistics and to go further,
a Kruskal-Wallis test and a Wilcoxon test were done for pair-
wise mean comparisons, in order to compare the response
variables between chambers.

To study whether the varied environmental factors play
a specific role among global conditions and thus, discuss ex-
perimental conditions (air and substrate temperature, air
and substrate humidity and light radiation), the hourly aver-
age was calculated for each factor, mean comparison tests and
Bonferroni-adjusted post-hoc tests (to make a pairwise com-
parison) were used to highlight the significant differences.

Emerged shoots per corm
(Quantity) Shoot Size (cm) Roots number
8 8 - . g
o
2 g -
S 4
o a
~ ° " —
a 8 1 H
e 4 1 a S 4
H &)
e - h b o
' o | 2 b N
w - R : i
= - b i S m—
H H H
o 4 ] s o 4 —_ o 4 H
T T T T T T T T T
Co 25°C 35°C Co 25°C 35°C Co 25°C 35°C
A CHAMBER B CHAMBER c. CHAMBER
Average leaves number per Leaf area (cm”)
Roots size (cm) emerged shoot
14000
8 7
=] 12000
8 < °
e . c 10000
8] — .| - 5 g
B »» T
8 - . —
H 6000
: 5 : " ° a
o _'— ——
-
— b 4000
o - - °
- ° & ' 2000
ab :
© 4 ° o - PR
T T T T T T 0
Co 25°C 35°C Co 25°C 35°C Co 25°C 35°C
D. CHAMBER E. CHAMBER r CHAMBER

FIGURE 2. Response variable for the temperature assay (Experiment A). A. Quantity of emerged shoots per corm; B. The
‘Shoot size’ variable corresponds to the average size of emerged shoots (for shoots over 2 cm); C. The ‘Roots number’ to the
average number of roots per corm; D. The ‘Root size’ to the largest corm roots; E. The ‘Leaves’ to the average leaves number
per emerged shoots; F. Leaf area. The Co modality corresponds to the control chamber (ambient temperature, with an average
of 30 °C), the 25 °C modality to the chamber in air conditioning conditions and the 35 °C modality to the heated chamber.
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Results and discussion
The detailed measures of the response variables, in the
different conditions, are presented in Supplemental Table S2.

Significantly higher performances with increasing
temperature

Significant differences were identified for each response
variable for the Experiment A (temperature assay). Looking
at the chamber separately with the post-hoc test (pairwise
Wilcox test), the response variables all increased signifi-
cantly with increasing temperature (Figure 2), except for the
number of emerged shoots per corm for which there was not
significant difference between the control chamber (30 °C)
and heated chamber (35 °C). The other response variables
are all significantly higher in the heated chamber (35 °C). The
leaf area is also the highest in the heated chamber (35 °C)
(Figures 2 and 5).

This result is coherent with the results obtained by Kwa
(2003) and Tomekpe et al. (2011) in Cameroon and by Turn-
er et al. (2007) on the positive correlation between a higher
Growing-Degree-Days (GDD) and the bunch initiation devel-
opment.

Several studies have been carried out to investigate the
physiological and molecular mechanisms involved, particu-
larly in situations of stress for banana plants (water deficit,
nitrogen deficit, etc.) (Tong et al, 2023; Zhao et al., 2024).
They identified that the GRAS gene family plays a key role in
banana growth and development, since it is associated with
the metabolic pathways of phytohormones such as gibberel-

lin. Tong et al. (2023) showed that the expression of these
genes was higher in leaves than in roots under stress. Rising
temperatures increase transpiration rates and can generate
water stress which can have a direct impact on root and plant
development (Panigrahi et al., 2021). Lobo and Rojas (2020)
show that over 38 °C the stomata close leading to growth ar-
rest. [t would therefore be interesting to go further and carry
out molecular or even genetic analyses to identify the mecha-
nisms at work when temperatures rise during the initiation
phase of the PIF technique.

Higher performances with synthetic hormone and light
addition but not statistically significant

In Experiment B, the addition of coconut water nega-
tively affected performance, since the size of the largest root
was significantly smaller, on average, than in the control and
hormone synthesis chambers (Figure 3). Looking at the in-
dividual results, the greatest number of emerged shoots per
corm was of 32 emerged shoots for one corm in the synthetic
hormone modality (Supplemental Table S2). In the coconut
water modality, we immersed shelled corms into coconut
water during 19 hours. Of the 9 initial corms, only 4 pro-
duced emerged shoots, the other were affected by rot (Sup-
plemental Table $2). We can assume that it was the length of
the bath and the fact that the corms were naked that caused
the rot. Therefore, two alternatives could be explored. On the
one hand, a bath shorter than 19 h (Opata et al,, 2020). On
the other hand, a bath, before the stage of corms prepara-
tion, thus with corms that are not naked, as the addition of
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FIGURE 3. Response variable for the hormone assay (Experiment B). A. Quantity of emerged shoots per corm; B. The ‘Shoot
size’ variable corresponds to the average size of emerged shoots (for shoots over 2 cm); C. The ‘Roots number’ to the average
number of roots per corm; D. The ‘Root size’ to the largest corm roots; E. The ‘Leaves’ to the average leaves number per emer-
ged shoots; F. Leaf area. The Co modality corresponds to the control modality, the CW to the Coconut modality and the SH
modality to the Synthetical hormone modality.
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coconut water has been shown to induce the regeneration of
new shoots, particularly in the case of Meyer lemon (Citrus x
meyeri) for in vitro propagation (Qiao Er Wong et al.,, 2024).
The characterization of the composition of the coconut wa-
ter would also be interesting to discuss since it could not be
characterized, and in particular its hormone concentration.
Indeed the physico-chemical composition of coconut water
depends on the variety (Ma et al., 2008) and on the pheno-
logical state (Jackson et al., 2004). Coconut water from im-
mature fruits was reported to produce better results than
water from mature fruits (Yong et al., 2009). To go further in
increasing performance with the addition of synthetic hor-
mone, it would be interesting to test varying concentrations
in order to identify the optimal concentration in terms of the
number of plantlets obtained, as was done by Qiao Er Wong
et al. (2024) for the shoot regeneration of Meyer lemon.

We could not demonstrate that adding light or combining
optimal conditions increase significantly the performance of
the PIF technique during Experiment C (Figure 4). Moreover,
the latter experiment allows identifying trends: several vari-
ables (number and size of roots, number of leaves per shoot)
are higher in the chamber with the ‘light’ modality. The high-
est value for the ‘emerged shoots per corm’ variable, for this
assay, is reach in the optimum chamber modality with up to
20 emerged shoots (Supplemental Table S2).

We hypothesize that the non-significance of the results is
related to the small sample size and that it would be appro-
priate to conduct tests on a larger scale to confirm or not the
identified trends. This could be an opportunity to go further
in characterizing the impact of different wavelength, since it

has been shown that different spectra affect the physiology
of a wide range of plants (Rehman et al., 2024).

Partial viral sanitation with PIF technique
(Experiment D)

In order to assess the sanitary risks of the PIF technique,
the potential of vertical transmission (from infected corms
to generated shoots) of virus was evaluated using molecular
detection tools. Firstly, the viral status of ‘French clair’ vari-
ety in Guadeloupe was assessed using 75 suckers randomly
selected throughout production areas. After indexing for the
six banana-infecting viruses (BanMMV, BBrMV, BBTV, BSV,
BVX and CMV), only BanMMV was detected with a very high
prevalence of 74.7% (56/75; Supplemental Table S3). BanM-
MV indexing was therefore undertaken for 32 mother suck-
ers (suckers used for PIF technique) from leaves collected
just before preparing the corm for PIF technique, and Ban-
MMV was detected in 13 mother suckers (Supplemental Ta-
ble S3). Following the PIF technique implementation, shoots
from BanMMV-infected mother suckers were also indexed
only for BanMMV. Among the 30 analyzed samples, 11 were
negative for BanMMYV, although the quality of their cDNA was
good, as it produced adequate PCR amplification with house-
keeping primers (Supplemental Table S3).

Unlike the use of vitroplants as planting material, the use
of shoot from PIF technique does not guarantee the sani-
tary status of planting material. Indeed, even if foliar fungi
contamination does not occur with the use of shoots from
PIF technique as leaves were removed during the prepara-
tion, nematode and weevil larvae may remain if the corm
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FIGURE 4. Response variable for the light and optimum assay (Experiments C and D). A. Quantity of emerged shoots per corm;
B. The ‘Shoot size’ variable corresponds to the average size of emerged shoots (for shoots over 2 cm); C. The ‘Roots number’ to
the average number of roots per corm; D. The ‘Root size’ to the largest corm roots; E. The ‘Leaves’ to the average leaves number
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was not cut properly. Regarding viral contamination, vegeta-
tive multiplication, like PIF, can lead to the spread of viruses
from contaminated shoots. However, we demonstrated that
the PIF technique might be a way to eliminate some virus-
es, like BanMMV, with a moderate sanitation rate of 36.7%
(11 sanitized shoots/30 shoots produced from BanMMV-
infected mother suckers). The sanitation of BanMMV can be
explained by the fact that shoots generated during the PIF
process directly originated from meristematic cells, which
are in most cases virus-free. Thus, considering that BanMMV
has a weak impact on banana production (European Food
Safety Authority (EFSA), 2008) and that the PIF technique
may eliminate this virus, the PIF technique does not cause
high sanitary risks in Guadeloupe, if done properly. However,
further studies are required to improve the sanitation rate of
BanMMV by the PIF technique.

Influence of specific environmental factors yet to be
identified, but showing trends

We also identified that between the different chambers,
several environmental factors (air and substrate tempera-
ture, substrate temperature, light radiation, substrate water
content and relative humidity) varied as only one was modu-
lated. These results mean that, during each assay, the varied
factor was not the only one which has influenced the differ-
ences between response variables.

For the Experiment A (temperature), post-hoc Bonferro-
ni-adjusted tests confirmed that the differences were signifi-
cant between each chamber for all the environmental factors.
The results were the same for the Experiment B (hormone),
post-hoc Bonferroni-adjusted tests confirmed that the differ-
ences were significant between each chamber for all the en-
vironmental factors. For the Experiments C and D (light and
optimum), post-hoc Bonferroni-adjusted tests confirmed

A3041cm’

FIGURE 5. Estimation of ‘Leaf area’ with Mesurim software (Madre, 2013). A. Control modality (ambient temperature, with an
average of 30 °C) (Experiment A); B. 25 °C modality (air conditioning conditions) (Experiment A); C. 35 °C modality (heated
chamber) (Experiment A); D. Control modality (Experiment B); E. Coconut water modality (Experiment B); F. Synthetic hor-
mone modality (Experiment B); G. Control modality (Experiments C and D); H. Light modality (Experiment C); and I. Optimum

modality (light and heater) (Experiment D).
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that the differences were significant between each chamber
for all the environmental factors but were more important
for T,z between chamber 1 and 3 and 2 and 3 (P=2e-16)
than between chamber 1 and 2 (P=1.2e-8). The differences
were significant between each chamber for all the other fac-
tors (P=2e-16).

Indeed, some environmental factors are correlated, the
substrate temperature (TS) and the air temperature (TAIR)
on the one hand, and the TDR (Time-Domain Reflectometry)
and relative humidity (HR) on the other hand. In addition,
the relative humidity depends on the temperature (Bergeron
and Naud, 1995), thus it explains why it is more a chamber
effect rather than the effect of an isolated environmental fac-
tor. The interconnection between two other factors (Photo-
synthetically Active Radiation (PAR) and temperature was
clearly shown that there is a link between light and hormone
production by weed seeds, for germination process, such as
gibberellin (Batlla and Benech-Arnold, 2014).

Other factors were not tested in this experiment but could
be tested in later assays. In particular the variety effect (Dé-
pigny and Damour, 2022) which was tested by Kwa (2003) in
combination with other factors (temperature, humidity, etc.)
or the substrate effect, since Monono et al. (2018) showed
that there were significant differences according to the type
of substrate and in particular with the use of palm male in-
florescence.

Thus, the performance of PIF technique, measured
through environmental factors, could be better explained by
the effect of overall conditions, but we can assume that these
initial results represent trends that may be confirmed in sub-
sequent trials.

Experimental setup

This experimentation made it possible to test a setup
for semi-controlled conditions. It allowed a comfort of ex-
perimentation as well as the statistical confirmation of the
trends identified by Kwa (2003). It also allowed identifying
new trends (with the light and the synthetical hormone addi-
tion). However, some points need to be improved, especially
the use of heating or air conditioning as it impacts the rela-
tive humidity, as suggested by Fouda and Melikyan (2011).
It would also be interesting to test the various trends identi-
fied on a larger scale since the sample size was limited, in this
experiment, by the availability of measuring equipment and
the quantity of growth chamber.

Specific context

The experiment presented in this work was carried outin
Guadeloupe, where the dissociation between Cavendish in-
tended for export in structured channel market and plantain
intended for the local market is also present. In this context,
the PIF technique has already been adopted by some farm-
ers, but they highlighted a number of difficulties, including
the time required to set up this technique and the small num-
ber of produced shoots (Bezard et al, 2023a-c). However,
by optimizing this technique, farmers will be able to reduce
their production costs and increase their autonomy.

Conclusion

In this experiment, we highlighted the important factors
for optimizing the PIF technique. These factors can easily be
varied, which can be of major interest to farmers who lack
plantain shoots. Furthermore, this technique, set up by re-
specting the good practices, does not present any sanitary

risk. These results open perspectives for research. Larger
scale tests could confirm or refute the trends identified.
The experimental setup could be improved to statistically
discriminate the environmental impacting factors with the
addition of a fogger to control humidity as the temperature
increases.

For the farmers, these results are interesting since the
factors identified as significantly impacting are factors that
can be varied by creating ‘greenhouse’ devices with a warm
and humid environment. The other factors identified in the
trends could present interesting perspectives in nursery
type production conditions.
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SUPPLEMENTAL INFORMATION - TABLE S2a. Response variables.

Control (average 30 °C) modality
PT10 200 1 7 6 40 0
PT22 240 1 0 3 62 0
PT4 280 5 105 6 80 05
PT12 360 2 15 9 76 0
PT23 380 4 0 9 80 0
PT19 500 1 10 2 14 0
PT25 560 1 14 1 64 1
PT17 680 20 0 1 61 0
PT18 780 4 0 13 67 0
25 °C (air-conditioning) modality
PT2 120 0 0 0 0 0
PT5 220 1 0 9 3% 0
PT24 300 0 0 8 Y] 0
PT3 340 1 3 7 57 2
PT7 400 1 0 3 51 0
PT26 480 3 0 3 5 0
PT15 520 1 0 6 62 0
PT16 760 0 0 2 31 0
PT27 940 1 49 % 62 4
35 °C (heater) modality
PT1 120 14 10.25 1 47 175
PT13 300 4 19 6 80 1
PT11 340 16 11.25 18 78 15
PT21 380 1 155 % 82 15
PT8 440 5 108 12 80 06
PT14 580 3 4 2 9 3
PT9 740 1 20 14 66 1
PT6 760 3 0 17 85 0
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SUPPLEMENTAL INFORMATION - TABLE S2b. Response variables.

Control modality
PH12 260 4 2200 20 92 3.00
PH18 240 0 0.00 0 0 0.00
PH23 360 3 17.00 33 86 3.00
PH10 100 18 6.17 17 9 250
PH24 440 1 29.00 13 118 5.00
PH11 200 0 0.00 0 0 0.00
PH30 540 7 12.00 AN 80 150
PH6 240 10 819 23 104 243
PH25 320 1 5.00 1 53 200
Coconut water modality
PH9 300 0 0 0 0 0.00
PH7 240 0 0 0 0 0.00
PH13 420 14 167 18 42 333
PH8 180 1 1450 & 34 5.00
PH22 460 4 1233 19 95 233
PH5 220 0 0 0 0 0.00
PH27 660 0 0 0 0 0.00
PH17 260 0 0 0 0 0.00
PH26 340 S 10.67 6 4 267
Synthetic hormone modality
PH21 280 a 1450 17 50 250
PH15 240 537 10.83 " 101 233
PH29 380 6 125 " 90 1.75
PH4 140 0 0.00 0 0 0.00
PH31 460 7 13.00 14 120 200
PH20 220 16 2800 23 129 3.00
PH28 560 6 883 7 82 167
PH1 240 3 15.00 7 84 200
PH14 320 5 19.00 17 80 3.00
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SUPPLEMENTAL INFORMATION - TABLE S2c. Response variables.

Control modality
PL9 502 0 0.00 5 9 0.00
PLI7 375 5 290 7 465 0.00
PL35 244 3 26.00 10 14 400
PL25 278 5 4100 2 80 133
PL1 572 6 9.00 16 705 0.75
PL6 482 5 30.00 20 67 3.00
PL38 175 1 25.00 2 855 400
PL29 333 3 1050 % 51 1.00
PL31 778 8 38.00 % 59 3.00
Light modality
PL30 512 3 2 13 84 250
PL37 282 1 975 17 76 225
PL5 20 1 24.00 4 45 400
PL12 414 5 25.00 3 62 400
PL16 523 5 21.00 27 935 350
PL20 192 1 3 % 815 400
PLI1 473 6 1 19 90 1.00
PL24 290 6 3 2 72 3.00
PL2 813 6 325 10 45 0.00
Optimum (light + heater) modality
PL8 49 4 9.25 k) 37 150
PL3 345 20 933 2 76 150
PL19 252 19 8.88 1 66 125
PL18 264 5 1163 16 50 250
PL21 645 4 29.00 1 7 400
PLI4 484 2 15.25 3 62 200
PL34 151 13 7.06 13 595 150
pL27 341 9 1188 14 935 175
PL23 646 14 1275 k) 85 200
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