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ABSTRACT

Objective: to determine the effect of Radopholus similis on banana (Musa AAA cv. Grande Naine)
leaf photosynthesis.

Methodology and Results: Four experiments were carried out under lathhouse conditions. In vitro
plants were sown in pot of 1.8 L volume containing a soil (sterilized or unsterilized) from a
commercial banana farm. Experiment 1: four treatments were evaluated. The treatments consisted
of plants on unsterilized and sterilized banana soil without and with the inoculation of 500 (506 +
18) R. similis per pot. During the three measuring times (7 am, 10 am, and 1 pm), at 45 days after
inoculation, the highest photosynthesis rate was observed in the plants free of nematodes and the
lowest in those plants inoculated with R. similis. In the evaluation at 10 am a reduction of 46% (P=
0.0307) in the photosynthesis rate was found on plants inoculated with R. similis that were grown
in the sterilized banana soil. In experiment Il: five treatments were evaluated on sterilized banana
soil. One treatment was non-inoculated (control) and in the others, each plant was inoculated 15
days after sowing with 500 (509 + 21), 1000 (1049 + 34), 1500 (1526 + 39) or 2000 (2056 + 67)
R. similis. After 75 days of the inoculation, from the six photosynthesis evaluation times (6-7, 8-
9, and 10-11 am or 12-1, 1-2 and 2-3 pm) with exception of that at 2-3 pm, the highest
photosynthesis rate was observed in the plants free of nematodes. Reductions in the photosynthesis
rate with nematode inoculation varied between 12 and 36% at 6-7 am, between 13 and 57% at 8-
9 am, between 32 and 57% at 10-11 am, and between 16 and 65% at 12-1 pm, and between 13 and
47% at 1-2 pm. The photosynthesis rate decreased linearly as the number of R. similis inoculated
increased in the evaluations of 8-9 (P=0.0070) and 10-11 am (P=0.0049) or 12-1 pm (P= 0.0048)
and 1-2 pm (P=0.0255). In experiment I11: two treatments were evaluated in sterilized banana soil
in which the plants of one treatment were inoculated 19 days after sowing with 1500 (1564 + 49)
R. similis and the others were the control. A photosynthetic light response curve was determined
at 75 days after inoculation showing that the area under curve of the potential assimilation rate of
the plants inoculated with R. similis was reduced (P=0.0153) by 70% compared to non-inoculated
plants. In experiment 1V: three treatments were evaluated where the plants of two treatments were
sown in sterilized banana soil. One treatment was inoculated with 2000 (2078 £ 63) R. similis per
pot, 21 days after sowing, and the other had no inoculation. The remaining treatment was set up in
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unsterilized soil without nematode inoculation. The net assimilation rate curve before nematode
inoculation differed (P= 0.0072) among treatments. A reduction of 33% in the accumulated net
assimilation rate across the sequence of light points (0-2200 umol ms?) was evidenced on the
plants cultivated on banana soil without sterilization, which was infected with residual R. similis
on the soil. The net assimilation rate curve at 4 (P< 0.0001), 11 (P= 0.0340) and 25 (P= 0.0127)
days after nematode inoculation was higher on the plants free of nematodes.

Conclusion and Application of results: In the four experiments, the lowest photosynthetic rate was
found in the plants infected by R. similis. This confirms that the infection or parasitism of banana
roots by R. similis, independently of if there are obvious root and foliage symptoms, consistently
it reduces their photosynthesis rate, which in a long term will reduce crop performance. Therefore,
nematode population must be monitored during the crop cycle to apply control measures in time in order

to prevent production losses.
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INTRODUCTION

The burrowing nematode, Radopholus similis
(Cobb 1893, Thorne 1949, Sher 1968) is an
obligate migratory endoparasite that causes
serious Yyield losses (Gowen 1995, Salguero et
al. 2016, Sikora et al. 2018, Jaramillo et al.
2019, Chavez et al. 2020), to bananas in the
regions where the crop is grown around the
world. In nematode infested areas of Africa,
losses of over 75% have been reported (Sarah
1989) and yield responses in nematode treated
areas in different countries varied greatly,
between 38 and 376% (Gowen 1995, 1993,
1979). While high vyield losses occur on
susceptible crops with visible symptoms of
damage with high nematode numbers, many
times, yield losses up to 30% can occur without
obvious symptoms (Niblack 1993). The
damage is found in the roots and corm tissue.
The nematode enters the root and periodically
feed as they migrate through the root tissue.
The intracellular migration and extended
feeding cause large destruction of root tissue
along the path of the migrating parasite.
Nematode infection results in dark red lesions
on the outer part of the root, which penetrates
throughout the cortex and rarely to the stele
(Araya and De Waele 2004). Adjacent lesions
may coalesce and the cortical root tissue
atrophies, turning black, killing the roots,
which become withered. Nematode feeding
and intra-root migration activities damages the
epidermis, cortex and stellar elements that

disrupts water and nutrient uptake and
transport, and as a result, whole plant-water
relations. Then, banana root damage by the
nematode results in retard leaf emission,
stunted and chlorotic plants, with a lengthening
of the vegetative phase (Quénéhervé 20009,
Sikora et al. 2018), that ends in bunch weight
and total harvest reduction as well as plant
lifespan reduction.

These observations have been made on what
are obvious morphological symptoms.
However, nematode parasitism is first related
to physiological changes that affect the
photosynthetic ~ process  (Hussey  and
Williamson, 1998, Wallace 1987). Labudda et
al. (2018) found that Heterodera schachtii
altered the plant physiological processes of
Arabidopsis thaliana. Similarly, Goulart et al.
(2019) working with coffee seedlings infected
with M. exigua or M. paranaensis found
alterations on plant physiology as a reduction
in transpiration, stomatal conductance, CO;
concentration and in the photosynthetic rate.
Information dealing with the effects of R.
similis parasitism on the physiological
processes, like  photosynthesis,  which
determine the growth rate of a banana crop,
may contribute to understand differences in
crop yield. Therefore, the objective of this
work was to study the effect of initial R. similis
population  densities on banana leaf
photosynthesis. The photosynthesis was
measured in infected and uninfected plants,
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both before and after larval invasion by R.
similis into banana (Musa AAA cv Grande

MATERIALS AND METHODS:

General procedure for the four
experiments: banana plantlets (Musa AAA
cv. Grande Naine) were micropropagated
through in vitro culture as described by Israeli
et al. (1995) and Acufia (1993). After the
laboratory and following 55-60 days of nursery
stage, the plantlets were transplanted into
plastic pots with five drainage holes of 1 cm-d
in the bottom. In the four experiments, pots of
1.8 L volume were used. The soil used in the
four experiments was from the same
commercial banana farm infested with
nematodes. Soil contained 2.05% organic
matter, had a pH of 5.4 and a content of bases
of Ca4.1, Mg 1.37 and K 0.5 cmol® L* and of
P9, Fe70,Cu6,Zn1.5 and Mn8 mg L. The
soil was a sandy loam (sand 56%, clay 15%
and loam 29%). When sterilized soil was used,
the soil was sieved through a 2 mm sieve (No
10) placed in trays of 5 cm high, moistened and
sterilized in an Autoclave (Tomin TM-322) for
3 hours at 120 °C. Plants were fertilized two
times a week with the application of 100 m| of
a water solution (1 L of tap water + 5 ml of
Bayfolan Forte) to the soil, and one day before
photosynthesis evaluation, irrigated with 100
ml of tap water.

Radopholus similis isolation and
identification: The population of R. similis
used for inoculation was obtained from the
roots of 50 randomly chosen banana plants
within a commercial banana farm. A hole of 15
cm wide, 15 cm length and 30 cm deep was
dug at the follower sucker base. All roots were
collected in a plastic bag and taken to the
laboratory in insulated chests. In the
laboratory, all the roots were washed with tap
water and chopped into 2 to 3 cm pieces.
Fractions of 100 g of roots were macerated
(Taylor and Loegering 1953) in a Kkitchen
blender (Sunbeam-Oster Household Products,
model Osterizer with three speed levels) with

Naine) plants under lathhouse

conditions.

grown

600 ml of tap water during 10 sec at low and
10 sec at high speed. The nematode suspension
of each fraction was passed through three
nested sieves with openings of 0.25mm (No
60), 0.106 mm (No 140) and 0.020 mm (No
635). Then, the nematode suspension from the
last sieve No 635 was transferred to a
Baermann-funnel and nematodes were
recovered after 24h. Hereafter the nematode
suspension was passed through a sieve with
0.020 mm openings, and the recovered
nematodes were resuspended in 100 ml of tap
water. At least 30 adult females of R. similis
were individually handpicked under the stereo
microscope with the nema-pick. After
superficial sterilization with streptomycin
sulphate, a single female was inoculated in
each of 30 sterilized carrot disks for
reproduction, following established
procedures (Moens and Araya 2001, Speijer
and De Waele 1997). Sixty days later, each R.
similis population was extracted from the
carrot disks (Speijer and De Waele 1997,
Moens and Araya 2001,) and nematode
identified under the light-microscope. Then,
DNA was extracted from five composited
samples of about 50 nematodes each, from
each population, and was amplificated with
specific PCR-primers (FsimFIRsimR) which
confirmed the nematode identity as R. similis.
Therefore, the R. similis from these
populations were reared on carrot dish for the
inoculations of the experiments.

Radopholus similis inoculation: The initial R.
similis population was estimated from five 2-
ml aliquots. Before inoculation, soil surface in
each individual pot was wetted with 50 ml of
distillated water, and then five holes of 1 cm-
d, 2-cm depth at 1.5 cm from the pseudostem
base were made. The R. similis were pipetted
as an aqueous suspension, then holes covered
with the same soil and 50 ml of distillated

17619



Castilloetal., J. Appl. Biosci. Vol : 169, 2022 Reduction of banana (Musa AAA cv Grande Naine) leaf photosynthesis by

Radopholus similis

water applied again. During the inoculation,
another 5 counts were done to confirm the
inoculation numbers. Lathhouse conditions
and experimental design: The four
experiments were done in sequence, under
lathhouse conditions, with 80-90% humidity
and 24-26 °C at MONRERI facilities at
Guépiles County, Costa Rica. In all
experiments, for each treatment, six repetitions
were use and pots were arranged in a
completely randomized design.
Photosynthesis evaluation: In the first two
experiments, the photosynthetic rates at
specific times were measured and in the last
two experiments, photosynthetic response to
light curve were measured. The photosynthesis
rate was measured with a LI1-6800 Portable
Photosynthesis System (LICOR
Environmental Sciences). For the four
experiments, the equipment was set with a 9-
cm? leaf aperture, 410 mmol CO2 m? s, 600-
mmol m?2 s?! of airflow, 30°C of leaf
temperature, and relative humidity was kept
between 60 to 70%. In all experiments, the
apical portion of the second youngest leaf in
every plant was used as an indicator of plant
photosynthetic potential, being a young fully
expanded and illuminated leaf for plant
developed in pots under lathhouse conditions.
Photosynthesis evaluations were done in a
consistent manner, first repetition (one plant)
of each treatment, then replicated two (second
plant) of each treatment, and so on. For
experiment 11l and IV an auto program with
decreasing levels of photosynthetic active
radiation (PAR), known as light response
curves was used. Each plant was acclimatized
with 800-umol photons m?2 s before the
initiation of the light curve. Light points
sequence was as following: 2200, 1900, 1600,
1300, 1000, 700, 400, 100, 75, 50, 25 and 0-
mmol photons m? s?. Light curves were
measured from 7 to 10 am.

Treatment description in each experiment:
Experiment I: Four treatments were
evaluated: Plants on unsterilized and sterilized

banana soil with and without R. similis
inoculation. The nematode inoculation was
done 17 days after plant sowing with 500 (506
+ 18) R. similis per pot. Photosynthetic rates
were evaluated at 45 days after R. similis
inoculation at 7 am, 10 am, and 1 pm (2, 5 and
8 h after dawn). Measurements were taken
using 150, 500 and 1,200-umol m? s? light
intensity, previously defined as being the light
saturation under the lathhouse conditions.
Experiment Il: Five treatments were
evaluated on sterilized banana soil in which
one treatment was non-inoculated (control)
and in the other, each plant was inoculated with
500 (509 + 21), 1000 (1049 + 34), 1500 (1526
+ 39) or 2000 (2056 + 67) R. similis. The
nematode inoculation was done 15 days after
plant sowing. Photosynthetic rates were
evaluated at 75 days after R. similis inoculation
at 6-7 am, 8-9 am, 10-11 am, 12-1 pm, 1-2 pm
and 2-3 pm (1-2, 3-4, 5-6, 7-8, 8-9 and 9-10 h
after dawn). Measurements were taken using
250, 500, 1000, 1200, 1500 and 1600 pmol m
2 s light intensity, respectively, previously
defined as being the light saturation under the
lathhouse conditions.

Experiment [Ill: Two treatments were
evaluated where plants were sown in sterilized
banana soil in which the plants of one
treatment were inoculated with R. similis and
the others were the control. The nematode
inoculation was done 19 days after plant
sowing with O (control) or 1500 (1564 + 49) R.
similis per pot. Photosynthetic light response
curve was evaluated at 75 days after R. similis
inoculation.

Experiment 1V: Three treatments were
evaluated where the plants of two treatments
were sown in sterilized banana soil that were
inoculated or not with R. similis while in the
other treatment, plants were set up in
unsterilized soil without nematode inoculation.
The nematode inoculation was done 21 days
after plant sowing with 2000 (2078 + 63) R.
similis per pot. The photosynthetic light
response curve was evaluated the day before
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nematode inoculation and then at 4, 11 and 25
days after inoculation at the same time.
Growth variables evaluation: After the
photosynthesis  evaluation at 45 days
experiment I, 75 days Experiment Il and IlI,
and 25 days after the last photosynthesis
evaluation experiment 1V, plants were
removed from the pots by pressing and losing
the pots in the middle and applying gently
water. Then, the soil was washed away from
the roots and the roots were cut from the
foliage (corm + stem + leaves) and weighted
by separated on a scale (CAS Computing scale,
model AD, precision 5 kg = 1 g).

Root nematode extraction: Roots were
chopped between one to two centimetres
length, and after homogenizing, 25 g or the
amount available, were taken for nematode
extraction. Extraction was carried out by the
maceration-sieving method (Taylor and
Loegering 1953) following the modifications
described by Araya (2002). Nematode were
recovered on a 0.025 mm (No. 500) mesh and
expressed as R. similis per 100 g of roots by
plant.

Data analysis: Root and foliage weight data
were subjected to ANOVA by Proc GLM of
SAS and mean separation by LSD-test when
required. The number of nematodes were
analysed with a generalized linear model using

RESULTS:

Experiment I: Root weight which varied
between 43 and 55 g by plant was similar (P=
0.1442) among plants grown on unsterilized or
sterilized banana soil that were inoculated or
not with R. similis (Figure 1A). Foliage weight
oscillated between 92 and 116 g by plant and
was higher (P= 0.0270) for those inoculated
with 500 (506 + 18) R. similis grown in the
sterilized soil (Figure 1B). The R. similis
population after the photosynthesis evaluation
confirmed that plants were infected with the
nematode with differences in the number of R.
similis (P< 0.0001) and total nematodes (P<
0.0001). As expected, in the plants grown in

the logarithmic transformation as a link
function and assuming a negative binomial
distribution of the errors using GemMod of
SAS. To determine the effect of the inoculation
in non-sterilized soil, the absolute control
inoculated with R. similis was compared with
the plants without inoculation and to determine
the effect of sterilization, the plants inoculated
in sterilized soil were compared with the un-
inoculated plants growth on non-sterilized soil
by contrasts. In experiment Ill, since two
treatments on sterilized soil were compared in
which one treatment was non-inoculated and
the other inoculated with R. similis, the data
were subjected to a non-parametric analysis of
variance using Kruskal-Wallis in SAS. For the
photosynthetic rate or light response curve
evaluations, the gas exchange data were
registered on an excel sheet and were analysed
using Infostat v. 2018 software. In Experiment
| and Il, the photosynthetic rate of the
treatments was compared at each time and
means separated by T-test. For experiment 11,
in addition, a regression analysis of the
photosynthetic rate on levels of R. similis
inoculation at each time was done. For
experiment Il and 1V, the area under the light
response curve was calculated and compared
by ANOVA or T-test. In addition, in each
radiation level a T-test was done.

sterilized soil, without inoculation, no
nematodes were detected (Figure 1C). In the
plants grown in unsterilized soil that were
inoculated with 500 (506 + 18) R. similis the
population of this nematode reached 19680
and total nematodes of 22280 per 100 g of
roots, differing (P< 0.0005) with the
population of 63280 R. similis and 63280 total
nematodes found in plants grown in sterilized
soil that were inoculated with R. similis (Figure
1C). In the three photosynthesis evaluation
times (7 am, 10 am, and 1 pmor 2, 5and 8 h
after dawn) the highest photosynthesis rate was
observed in the plants free of nematodes and
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the lowest in those plants inoculated with R.
similis (Figure 2). In the evaluation at 10 am,
plants inoculated with R. similis, that were
grown in the sterilized banana soil, a reduction
of 46% (P=0.0307) in the photosynthesis rate
was found. Although, at 7 am and 1 pm, the
plants inoculated with R. similis, that were

cultivated on unsterilized or sterilized soil, also
showed a reduction in the photosynthesis rate
of 42 and 47%, and of 19 and 33%,
respectively, the difference was not large
enough to reach significant difference (P=
0.1249; P=0.7032) due to the high variability.
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Figure 1A-C: Root and foliage weight (g) by plant and number of nematodes per 100 g of banana (Musa AAA cv.
Grande Naine) roots by plant 45 days after plant inoculation or not with 500 (506 + 18) Radopholus similis. Plants
were cultivated on sterilized or un-sterilized banana soil. Each bar is the mean + standard error of 6 repetitions. A)
Root weight, B) Foliage weight, C) Nematode number by plant.
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Figure 2: Net assimilation rate (umol CO, m? s) of banana (Musa AAA cv Grande Naine) plants 45 days after
inoculation with 500 (506 + 18) Radopholus similis at 7 and 10 am or 1 pm (2, 5 and 8 h after dawn). Plants were
cultivated on banana soil sterilized or un-sterilized under lathhouse conditions. Each bar is the mean + standard error

of six repetitions.

Experiment I1: Root weight varied between
24 and 26 g by plant and was similar (P=
0.9623) among plants inoculated with different
number of R. similis (Figure 3A). Foliage
weight was also similar (P= 0.8091) among
plants and fluctuated between 79 and 91 g by
plant (Figure 3B). The R. similis population
after the photosynthesis evaluation confirmed
that plants were infected with the nematode
(Figure 3C). In the non-inoculated plants, no
nematodes were found, while in those
inoculated, the highest (P< 0.0001) population
of 28640 R. similis / 100 g of roots per plant,
was found on the plants inoculated with 1000
(1049 + 34) R. similis, without difference from
those inoculated with 1500 (1526 + 39) or
2000 (2056 + 67) nematodes. From the six
photosynthesis evaluation times (6-7, 8-9, and
10-11amor 12-1, 1-2 and 2-3 pm (1-2, 3-4, 5-
6, 7-8, 8-9 or 9-10 h after dawn), with
exception of that at 2-3 pm (9-10 h after dawn),

the highest photosynthesis rate was observed
in the plants free of nematodes (Figure 4).
Reductions in the photosynthesis rate with
nematode inoculation varied between 12 and
36% at 6-7 am, between 13 and 57% at 8-9 am,
between 32 and 57% at 10-11 am, and between
16 and 65% at 12-1 pm, and between 13 and
47% at 1-2 pm. At 2-3 pm, the photosynthesis
rate was very similar in all the plants regardless
of whether they were inoculated or not. Even
though the photosynthesis rate decreased
linearly as the number of R. similis inoculated
increased, only in the evaluations of 8-9 (P=
0.0070) and 10-11 am (P=0.0049) or 12-1 pm
(P= 0.0048) and 1-2 pm (P= 0.0255) was
significant. For each increase of 500 R. similis
in the number inoculated, the net assimilation
rate decreased by 0.3, 0.55, 0.55, 0.6 and 0.5
umol COz m2 st at 6-7 am, 8-9 am, 10-11 am,
12-1 pm and 1-2 pm, respectively.
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Figure 3A-C. Root and foliage weight (g) by plant and number of nematodes per 100 g of banana (Musa AAA cv.
Grande Naine) roots by plant 45 days after plant inoculation with different number of Radopholus similis. Plants
were cultivated on sterilized banana soil. Each bar is the mean + standard error of 6 repetitions A) Root weight, B)
Foliage weight, C) Radopholus similis by plant.
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Figure 4: Net assimilation rate (umol CO, m? s) of banana (Musa AAA cv Grande Naine) plants 45 days after
inoculation with different Radopholus similis numbers at six evaluation times (6-7 am, 8-9 am, 10-11 am or 12-1
pm, 1-2 pmand 2-3 pm ((1-2, 3-4, 5-6, 7-8, 8-9 or 9-10 h after dawn). Each bar is the mean + standard error of six
observations. Plants were grown on sterilized banana soil.
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Experiment I11: Root (P=0.3392) and foliage
(P=0.4627) weight was similar on inoculated
(35and 135 g) and non-inoculated (38 and 129
g) plants, respectively (Figure 5A-B). Again,
the inoculation with R. similis was effective in
infecting the banana plants (Figure 5C). The
non-inoculated plants were free of nematodes,
while in those inoculated with 1500 (1564 *
49) R. similis, the population reached 35440 R.
similis / 100 g of roots by plant (P= 0.0012).
When the photosynthetic light response curve
was measured, the area under the potential
assimilation rate curve of the plants inoculated
with R. similis was reduced (P= 0.0153) by

70% compared to non-inoculated plants
(Figure 6). At a photosynthetic active radiation
(PAR) of 0 and 25 pumol m? st the net
assimilation rate was very close (P>0.1119) on
non-inoculated or inoculated banana plants.
After a photosynthetic active radiation (PAR)
equal or above 50 pmol m? s a higher (P<
0.0123) net assimilation rate was observed on
plants free of nematodes and the difference in
the net assimilation rate augmented as PAR
increased up to 2200 pmol m2 s, Then, the
net assimilation rate on the inoculated plants
was reduced between 30 to 88%.
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Figure 5A-C: Root and foliage weight (g) by plant and number of Radopholus similis per 100 g of banana (Musa
AAA cv. Grande Naine) roots by plant 75 days after plant inoculation or not with 1500 (1564 + 46) Radopholus
similis. Each bar is the mean + standard error of six repetitions. A) Root weight, B) Foliage weight, and C) Radopholus
similis by plant.
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error of six observations.

Experiment IV: A higher root weight (P<
0.0001) and foliage weight (P< 0.0001) was
found on the plants cultivated on sterilized
banana soil without R. similis inoculation with
48 and 154 g by plant, respectively (Figure 7A-
B). The difference in root weight was induced
by the lowest weight found on the plants grown
on sterilized banana soil that were inoculated
with 2000 (2078 + 63) R. similis that showed
29 g per plant and in foliage weight, by the 106
g per plant, reported on the plants cultivated on
the un-sterilized banana soil  without
inoculation. As new, the inoculation with R.
similis was effective in infecting the banana
plants (Figure 7C). The non-inoculated plants
grown on sterilized banana soil were free of
nematodes, while in those inoculated with
2000 (2078 £ 63) R. similis, the population
reached 50758 R. similis / 100 g of roots by
plant (P= 0.0007). The net assimilation rate
curve before nematode inoculation differed
(P=0.0072) among treatments. A reduction of
33% in the accumulated net assimilation rate
across the sequence of light points (0-2200
umol m2s™) of the plants cultivated on banana
soil without sterilization was found, compared
to those plants on sterilized banana soil without

inoculation (Figure 6). So, these plants were
infected with residual R. similis on the soil as
was confirmed at the end of the experiment
where those plants reached 23733 individuals
per 100 g of roots by plant. The net
assimilation rate curve at 4 (P<0.0001), 11 (P=
0.0340) and 25 (P= 0.0127) days after
nematode inoculation was higher on the plants
free of nematodes. At 4 days after R. similis
inoculation, a reduction between 12 and 29%
was observed on the plants cultivated on un-
sterilized banana soil at photosynthetic active
radiation between 100 and 2200 umol m2s™,
Plants cultivated on sterilized banana soil that
were inoculated with 2000 (2078 + 63) R.
similis, showed a reduction of the net
assimilation rate between 17 and 28% and
between 15 and 29% at photosynthetic active
radiation between 400 and 2200 pmol m2s at
11 and 25 days after inoculation, respectively.
On the plants cultivated on un-sterilized
banana soil, the reduction at 11 and 25 days
after inoculation was between 8 and 19% and
between 5 and 30% at photosynthetic active
radiation between 400 and 2200 pmol m2s?,
respectively.
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DISCUSSION

Soil sterilization was effective, given that the
population of nematodes in the plants grown in
such soil, without inoculation, no nematodes
were found at the end of the experiments.
Additionally, the sterilization allowed to
determine the effectiveness of the inoculation
with R. similis, being that those plants grown
in the sterilized soil that were inoculated, a
high population of R. similis per 100 g of roots
by plant (Exp I: 63280, Exp 1I: 28640, Exp III:
35440, Exp IV: 50758) was reached at the end
of the experiments. Similarly, in plants grown
in unsterilized soil, which were inoculated,
high populations of R. similis (Exp I: 19680
and Exp 1V: 23733) by 100 g of roots by plant
were found. When plants were grown on non-
sterilized banana soil, beside the presence of R.
similis, few nematodes of the genera
Helicotylenchus spp. and Meloidogyne spp.

were found, which it is reasonable, and agrees
with those reported in the country (Araya and
Vargas 2018) and are also common parasites
of banana roots worldwide (Gowen and
Quénéhervé 1990, Gowen 1995, Gowen et al.
2005, Quénéhervé 2009, Daneel and De Waele
2017, Sikora et al. 2018). In the four
experiments, the lowest photosynthetic rate
was found in the plants infected by R. similis,
independently if root and foliage weight were
affected. This confirms that the infection or
parasitism of banana roots by R. similis
independently of if there are obvious root and
foliage symptoms; consistently it reduces their
photosynthesis rate, which in a long term will
reduce crop performance. Depending on the
time of the evaluation, the reduction in
photosynthetic rate in the infected plants varies
between 12 and 88% which are in parallel with
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that found by Schans (1991) who reported a
reduction of 38% on the photosynthesis rate of
the potatoes cultivar Irene and of 43% on the
cultivar Darwina infected by Globodera
pallida. Swain and Prasad (1989) on rice
inoculated with 100 infective juveniles of
Meloidogyne graminicola per pot found a
reduction in measured photosynthetic rates
between 19 and 25%. On tomatoes plants,
inoculated with Meloidogyne ethiopica a
reduction of 70% in photosynthesis was
reported (Strajnar et al. 2012). On coffee
(Coffea arabica ‘cv. Yellow Catuai) the
inoculation of 1500 juveniles of Meloidogyne
exigua or Meloidogyne paranaensis caused 17
and 33%, respectively, of reduction in
photosynthesis (Goulart et al. 2019). Other
authors like Wallace (1974) and Loveys and
Bird (1973) reported that parasitism of
tomatoes roots by Meloidogyne javanica
decreased its photosynthesis. Franco (1980) on
potatoes plants parasitized with Globodera
rostochiensis, Melakeberhan et al. (1984) on
plant beans (Phaseolus vulgaris) infected by
Meloidogyne incognita, and Melakeberhan
and Ferris (1989) on Vitis vinifera plants
infected with M. incognita also found lower
leaf photosynthesis. Other crops where root
parasitism by nematodes reduced leaf
photosynthesis are; soybean (Glycine max)
parasitized by Heterodera glycines race-3
(Asmus and Ferraz 2002), cotton (Gossypium
hirsutum)  parasitized by Meloidogyne
incognita (Lu et al. 2014), Arabidopsis
thaliana infected by Heterodera schachtii
(Labudda et al. 2018). In the experiments
reported here, a reduction on banana leaf
photosynthesis was found with R. similis
inoculation between 500 and 2000 infective
juveniles by pot, but in other crops, a reduction
on leaf photosynthesis was reported with the
inoculation of only 100 infective juveniles of
Meloidogyne graminicola on rice (Swain and
Prasad 1989) or 250 larvae of Meloidogyne
javanica on tomatoes (Wallace 1974).
Therefore, more likely, the inoculation of

lower R. similis numbers could also results in
lower photosynthetic rates. The reduction on
leaf photosynthesis with this low populations
(500-2000) inoculated should be related with
the nematode economic thresholds indicated
for bananas and support that found by Guerout
(1972) in Ivory Coast of 1000 R. similis per
100 g of roots and that indicated by INIAP
(2018) of 2500 by 100 g of roots in Ecuador.
Also is partially agreed with the number of
5000 per 100 g of roots suggested by Chéavez
et al. (2020) for bananas in Ecuador. The
reduction on leaf photosynthesis with low R.
similis population was confirmed in Exp IV
where the drop was observed 4 days after
inoculation with 2000 (2078 = 63 R. similis),
before nematode reproduction, since its life
cycle takes 24 days (Loos 1962, Holdeman
1986, Haegeman et al. 2010, Guzmén 2011).
This fast reduction on leaf photosynthesis after
nematode invasion has also been reported on
other crops. Wallace (1974) and Loveys and
Bird (1973) on tomato plants, found that
Meloidogyne  javanica  decreased leaf
photosynthesis two days after root invasion.
On potatoes plants, parasitized with Globodera
rostochiensis (Franco 1980) or Globodera
pallida (Schans 1991), a reduction on
photosynthesis was found three days after
nematode invasion. Melakeberhan et al. (1984)
on Phaseolus vulgaris, cited reduction on leaf
photosynthesis 3 days after Meloidogyne
incognita invasion, and Labudda et al. (2018)
indicated a reduced photosynthesis rate on
Arabidopsis thaliana 7 days after invasion of
Heterodera schachtii. This means that white
and cream banana roots not always or
necessarily are free of nematodes, and as
indicated by Ayoub (1980), McKenry and
Roberts (1985), Mai (1985), Niblack (1993),
and Wang et al. (2003), extensive yield loss
can occur when one or more nematode species
may be feeding on a given plant, without
showing obvious or specific plant symptoms.

In Exp IV, where the photosynthesis rate was
evaluated on different times in the same plants,
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the reduction in photosynthesis was observed
at all evaluation times on the plants with
nematodes. This agrees with observations of
Wallace (1974), and Loveys and Bird (1973),
who found decreased leaf photosynthesis
throughout the crop growth. This means that in
bananas infected with nematodes, leaf
emission will be delayed. For ratoon banana
plants to shooting or flowering, they must emit
between 29 and 32 foliage (broad) leaves,
excluding narrow leaves (Valle and Gonzéles
2009), or between 38 and 44 total leaves (broad
+ narrow leaves) as indicated by Stover (1979)
and Gary (1977). Then, the period between
bunch harvests in the same stool will be
extended, reducing ratooning, as has been
shown on experiments of banana nematode
chemical control (Chavez et al. 2020,
Jaramillo et al. 2019). The reduction on banana
leaf photosynthesis, more likely comes from a
disruption of the physiological processes
efficiency throughout the whole plant induced
by the nematode parasitism (Hussey and
Williamson, 1998). It is known that nematode
feeding and migration activities disrupt root
tissue and alter root growth (Wilcox-Lee and

Loria 1987) and consequently the host is
deficient in water and nutrient uptake
(Hurchanik et al., 2004, Strajnar et al., 2012).
Labudda et al. (2018) found that Heterodera
schachtii altered the plant physiological
processes of Arabidopsis thaliana. Fatemy et
al.  (1985) suggested that reduced
photosynthetic rate on potato plants infected
by Globodera rostochiensis was due to
stomatal closure induced by water stress.
Similarly, Goulart et al. (2019) working with
coffee seedlings infected with M. exigua or M.
paranaensis found alterations on plant
physiology as a reduction in transpiration,
stomatal conductance, CO concentration and
in the rate of photosynthesis. Therefore, the
rate of photosynthesis is a crucial parameter
influencing crop yield and it consists of a
sequence of events, which influence each
other. In this sense, any disruption in its
balance may change the physiological process.
A reduction in photosynthesis, results in lower
root and foliage growth rate, less vigour, lower
leaf emission rate, lower bunch weight that in
conjunction ends with lower productivity.

CONCLUSION AND APPLICATION OF RESULTS

In the four experiments, the lowest
photosynthetic rate was found in the plants
infected by R. similis. This confirms that the
infection or parasitism of banana roots by R.
similis, independently of if there are obvious
root and foliage symptoms; consistently it
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