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Analysis of the expression level of aquaporins under acetylene
treatment and pathogen attack
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Abstract

Fusarium wilt disease and Sigatoka leaf spots threaten global market of Musa sp. Major Intrinsic
Proteins (MIP) consisting aquaporins (AQPs) facilitate the transport of water and molecules like H,O,,
CO,, silicon, boron, urea, and ammonia. Biotic and abiotic stresses affect the expression level of MIPs
and influence the transportation of water and nutrients, which results in the susceptibility of plants to
diseases. Expression level of MIP genes in Musa acuminata (MaMIPs) fruits during development and
under acetylene treatment; expression of MaMIPs in the corms of banana infected with Fusarium oxyspo-
rum cubense (Foc), and the expression of MaMIP genes in the leaves treated with Mycosphaerella fijien-
sis were retrieved from the banana genome hub database. Expression data of roots, treated with virulent
Focs at 3, 27, and 51 hours post-inoculation (hpi) were downloaded from Gene Expression Omnibus. The
expression data were analyzed using MeV 4.9 program. Expression level of MaMIPs was mainly sup-
pressed by acetylene and biotic treatments. Twenty seven and 51 hpi of roots with Foc, 88% and 63%
of MaMIPs were down-regulated. However, MaNIP2-1 expression showed a significant up-regulation in
all conditions. Infection of banana corms resulted in the suppression of MaMIPs. A low decrease in the
expression of MaMIPs was observed, when the leaves were under Mycosphaerella fijiensis attack. Sup-
pression of MaMIPs might be in line with repression of plant defense by banana pathogens as an approach
for infection progression. Identification of the MIPs influenced by stresses provides the opportunity for the
production of transgenic resistant cultivars.
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1. Introduction intra-specific crosses between wild species is the

Banana is one of the major stocks of
food for millions of people throughout the world.
Besides nutritional values, this species has
numerous medicinal usages including ameliorat-
ing gastric disorders (1). Banana plants consist of
an underground plant system named corm, serv-
ing as a storage organ and tightly packed sheaths
(driven from petioles), which form a false stem
(pseudo-stem) (2). The consequence of inter- or
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high ploidy level in banana plants (diploid, trip-
loid, and tetraploid). Wild diploid species of ba-
nana, Musa acuminata (AA genome) and Musa
balbisiana (BB genome) are the parent of the cul-
tivated bananas, which are mostly triploid variet-
ies of AAA (sweet bananas), AAB (cooking ), and
ABB (plantain bananas) (3). Compared to other
cultivars, Cavendish (AAA) is the most favored
cultivar of sweet banana because of enhanced
growth and vigor (4).

With a production over 100 million tons
annually, one of the most destructive fungal
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diseases in the agricultural history that threatens
banana is Fusarium oxysporum cubense (Foc); a
soil born ascomycete fungus, which is the cause
of Fusarium wilt disease (5). The pathogenic iso-
lates of Foc are classified as races, indicating the
pathogenicity on specific banana cultivars. There
are four main races of Foc. Race 1 is virulent to
“Rasthali” (AAB) and “Gros Michel” (AAA) cul-
tivars. “Bluggoe” (ABB) cultivar is susceptible
to race 2. Race 3 does not affect banana and race
4 is virulent to “Cavendish” (AAA) cultivars.
Subtropical race 4 and tropical race 4 (TR4) are
subgroups of race 4 (6). Foc TR4 is the great-
est threat to global banana production and the
most important hazard to Cavendish production
(2). Chlamydospore form of the pathogene sur-
vives in the soil after plant decay and is able to
attack other plants. (7). Once the soil is infected,
susceptible cultivars cannot be planted for at least
30 years (6). Soil spores germinate, penetrate to
the root hairs and larger roots, then reaches the
xylem vessels via cortex (8). While Foc attacks
banana roots, the airborn fungal leaf spot disease,
called black sigatoka disease (caused by the as-
comycete fungus Mycosphaerella fijiensis) is the
most destructive foliar disease in banana. M. fi-
Jiensis penetrates via stomata (9). Damage to the
leaves affects photosynthetic area and results in
33-69% of yield loss (10). Three to four weeks
before appearance of the lesion, pathogen settles
among mesophyll cells.

Major intrinsic proteins (MIPs), consist-
ing aquaporins (AQPs) and aquaglyceroporins, are
involved in the transportation of water and small
molecules from metalloids, such as boron and
silicon (Si) to gaseous molecules, namely CO,,
as well as ammonia (NHj3), hydrogen peroxide
(H,0,), and urea (11). Plasma membrane intrinsic
proteins (PIPs), tonoplast intrinsic proteins (TIPs),
nodolin-26 like intrinsic proteins (NIPs), and
small basic intrinsic proteins (SIPs) are the most
studied MIPs in plants (12). It has been shown that
after Fusarium attack in different plant species,
such as wheat, cotton, rice, cowpea, watermelon,
and cucumber, MIP channels, involved in the re-
sistance or susceptibility of the corresponding
species, were either over-expressed or repressed
(13-15). Identification of the molecular basis of
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AQP involvement in banana-Foc and banana-My-
cosphaerella interaction by gene expression profil-
ing analysis brings insight into the genetic basis of
banana defense against these pathogens. For ex-
ample, it has been demonstrated that H,O, content
in banana resistant cultivars elevated drastically in
comparison to susceptible lines, after inoculation
of Foc (16). Application of Si to the banana growth
medium resulted in a 27% decrease in the signs
of Fusarium wilt on the roots (17). Identification
of MIPs involved in H,O, transportation in ba-
nana provides the opportunity to increase banana
resistance against biotic stress. Identification of Si
transporters in banana provides a new approach to
produce genetically modified crops with improved
Si uptake capacity.

We have previously predicted the func-
tionality of MIP genes in Musa acuminata
(MaMIPs) (18). Herein, the transcriptional lev-
els of MaMIPs in different organs and in the
presence of Fusarium and Mycosphaerella (biotic)
stresses and acetylene (abiotic) treatment based on
available digital expression data have been
analyzed.

2. Materials and methods

The expression data of M. acuminata was
available at banana genome hub database, under
“Search” (http://banana-genome-hub.southgreen.
fr/transcriptomics) (19). Using accession numbers,
indicated in Table 1, (GSMU_AchrxTxxxxx_001)
(T represents Transcript) the transcript levels of
MaMIPs in “Cavendish (AAA) banana fruits
during development and under acetylene treatment
were retrieved from the banana genome hub. Dif-
ferent conditions were annotated as A-D. A (fruits
40 days after flowering), B (fruits 60 days after
flowering), and C (fruits 90 days after flowering)
were control groups without treatment. D (treated
fruits 40 days after flowering), E (treated fruits 60
days after flowering), and F (treated fruits 90 days
after flowering) were conditions after treatment
with acetylene. Expression levels of the MaMIPs
in the corms of ‘“Pahang” (AA) banana infected
with a virulent form of Foc TR4 (called R condition
by banana genome database) compared to corms
treated with the culture medium without pathogen
as the control group, which is called mock (S) ,
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Table 1.

Aquaporin expression under acetylene and pathogen attack

Nomenclature of the identified MIP genes in banana. Accession numbers, locus name, the
corresponding gene ID in the GenBank, and the presence on either positive or negative strand is defined.

Gene ID
(GenBank)

Strand

MaPIP1-1
MaPIP1-2
MaPIP1-3
MaPIP1-4
MaPIP1-5
MaPIP1-6
MaPIP1-7
MaPIP1-8
MaPIP1-9
MaPIP2-1
MaPIP2-2
MaPIP2-3
MaPIP2-4
MaPIP2-5
MaPIP2-6
MaPIP2-7
MaPIP2-8
MaPIP2-9
MaPIP2-10
MaTIP1-1
MaTIP1-2
MaTIP1-3
MaTIP1-4
MaTIP1-5
MaTIP1-6
MaTIP2-1
MaTIP2-2
MaTIP2-3
MaTIP2-4
MaTIP2-5
MaTIP3-1
MaTIP3-2
MaTIP4-1
MaTIP4-2
MaTIP4-3
MaTIP5-1
MaNIP1-1
MaNIP1-2
MaNIP2-1
MaNIP2-2
MaNIP2-3
MaNIP2-4

GSMUA_Achr1G00370_001
GSMUA_Achr5G12400_001

GSMUA_AchrUn_randomG06140 001

GSMUA_Achr11G07560_001
GSMUA_Achr2G03980_001
GSMUA_Achr10G06770_001

GSMUA_AchrUn randomG07520 001
GSMUA_AchrUn_randomG09120 001

GSMUA_Achr8G11540_001
GSMUA_Achr8G18910_001
GSMUA_Achr11G00590 001
GSMUA_Achr4G20780 001

GSMUA_AchrUn randomG16230 001

GSMUA_Achr2G11190_001
GSMUA_Achr5G11480_001
GSMUA_Achr1G02360_001
GSMUA_Achr8G33990 001
GSMUA_Achr8G33980_001
GSMUA_Achr1G26380_001
GSMUA_Achr1G01270_001
GSMUA_Achr10G13510 001
GSMUA_Achr6G15380_001
GSMUA_Achr5G19470 001
GSMUA_Achrl11G02240 001
GSMUA_Achr8G12920 001
GSMUA_Achr11G04570 001
GSMUA_Achr11G21010_001
GSMUA_Achr10G22240 001
GSMUA_Achr9G28940 001
GSMUA_Achr6G05830 001
GSMUA_Achr4G26010_001
GSMUA_Achr2G10640_001
GSMUA_Achr9G06260 001
GSMUA_Achr1G13800_001
GSMUA_Achr10G26280 001
GSMUA_Achr4G24600_001
GSMUA_Achr6G14730_001
GSMUA_Achr9G00710_001
GSMUA_Achr10G29740 001
GSMUA_Achr5G23340_001
GSMUA_Achr6G02660_001
GSMUA_Achr9G27460 001
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¢chr1:309949..311086
chr5:8900863..8902050
chrUn_random:25903674..25905413
chr11:5891847..5893288
chr2:9514063..9515412
chr10:17047443..17048918
chrUn_random:32391574..32392970
chrUn_random:42488936..42490444
chr8:8339009..8340316
chr8:23819427..23820979
chr11:351856..353504
chr4:21312580..21314126
chrUn_random:76546853..76548320
chr2:14157672..14159101
chr5:8226359..8227864
chr1:1907059..1908631
chr8:34900930..34902313
chr8:34897878..34899390
chr1:21887614..21890184
chr1:964964..966054
chr10:22108780..22109758
chr6:10252515..10253899
chr5:21119271..21120205
chrl1:1541891..1543020
chr8:9684386..9685522
chr11:3457818..3458973
chr11:21805537..21806767
chr10:27491957..27493172
chr9:32753332..32754457
chr6:3923145..3924353
chr4:25303207..25304217
chr2:13693713..13694806
chr9:4002288..4003638
chr1:10530095..10531480
chr10:29916414..29917868
chr4:24336496..24337748
chr6:9771332..9773347
chr9:545396..546827
chr10:32140004..32143007
chr5:25095141..25103807
chr6:1725352..1727663
chr9:31648075..31651067

103968911
103984478
103973264
103970640
103971568
104000197
103973378
103973536
103993246
103994968
103970064
103983149
103974205
103975821
103984551
103994286
103995557
103995558
103998800
103981942
104000923
103987892
103985757
103970208
103993130
103970395
103972007
103968936
103999323
103987068
103982686
103975851
103997079
103986437
103969275
103983448
103987833
103996599
103969574
103985432
103986794
103999196

+ o+ o+ o+ + o+ o+

+ o+ o+ o+ o+ o+
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Continued.
MaNIP3-1 GSMUA Achr1G04130 001
MaNIP3-2 GSMUA_ Achr11G16670 001
MaSIP1-1 GSMUA Achr11G14150 001
MaSIP2-1 GSMUA_Achr5G27600 001
MaSIP2-2 GSMUA_ Achr5G21450 001

were extracted from the banana genome hub. In
addition, the expression level of “Pahang” MaMIP
genes in leaves treated with mock as the control
group (H) and M. fijiensis (L) were extracted from
the banana genome database.

According to the banana genome hub
database, the expression level values equal to 1 are
assumed as extremely low expression, values from
2 to 5 is considered as very low expression, and
6-10 is called low expression. Values in the range
of 11-25 and 26-100 are related to moderate and
moderately high expression transcripts. Finally, an
expression value around 101-500 is a high expres-
sion level.

Expression data of “Cavendish” banana
roots, treated with Focl and FocTR4, at 3, 27, and
51 hrs post-inoculation (hpi) were downloaded
from NCBI Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/) under accession no.
GSE48563 or from EBI Array Express (https://
www.ebi.ac.uk/arrayexpress/) under accession no.
E-GEOD-48563 (20). Plants whose roots were im-
mersed in the culture medium without pathogen
(mock inoculation) were used as the control group.
We have compared MaMIP gene expression pat-
tern after infection in comparison with the control
group.

The expression level of each MaMIP gene
was analyzed using MeV 4.9 program (21). Gene
sets were clustered using hierarchical clustering
(HCL) using Pearson correlation, and the heatmap
was displayed based on the transcript abundance
pattern.

3. Results
3.1. Expression of MaMIPs in

banana fruit, according to the developmental stage

Cavendish

(comparison of A, B, and C conditions)

The gene expression data of those
MaMIPs, which were available for banana fruit,
were retrieved from the banana genome database.
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chrl:3446141..3449511 103975807 A
chr11:18372342..18373688 103972534
chr11:15211602..15215046 103971426 A
chr5:28050849..28055213 103986235 -
chr5:23588489..23597854 103985586 -

Transcript level of MaMIPs in banana fruits, har-
vested 40 (A), 60 (B), and 90 (C) days after flow-
ering (before any treatment) showed that 13% of
MaMIPs (MaPIP1-6, MaPIP2-6, MaPIPI-2, and
MaPIPI-1) had high abundant transcript levels
during Cavendish fruit development and ripen-
ing (Figure la). Nineteen percent of MaMIPs
(MaPIP2-5, MaPIP2-2, MaTIP2-5, MaTIPI-5,
MaTIP4-1, and MaTIP4-2) had moderately high
abundant transcript levels during Cavendish fruit
development and ripening (Figure 1a). Compari-
son of A and B conditions showed that during the
earlier stages of fruit development, MaTIP4-1 and
MaTIPI-6 has a low up-regulation in transcript
abundance. Comparison of B and C conditions
showed that during the later stages of fruit devel-
opment MaPIP2-6, MaPIP1-6, MaTIPI-6, and
MaTIP4-1 have a moderately high up-regulation
in transcript abundance. MaPIPI-2 and MaPIP1-1
had high and moderately high down-regulation
during fruit development (Figure 1a).

3.2. Effect of acetylene treatment on the expression
level of MaMIPs in Cavendish banana fruits (com-
parison of A-D, B-E, and C-F conditions)

Effect of acetylene on banana fruits, 40
days after flowering (D), in comparison to the con-
trol group (A) showed that 71% of MaMIPs were
down-regulated. Sixty and 90 days after flowering,
a high suppression of MaPIP1-2, MaPIP1-6, and
MaPIPI-1 was observed under acetylene treat-
ment (Figure 1a). Moderately high down-regula-
tion was observed for MaTIP2-5 and MaTIPI-5.
For MaPIP2-6 and MaPIP2-3 high and moder-
ately high transcript abundance was observed, re-
spectively (Figure 1a). The effect of acetylene on
banana fruits, 60 days after flowering (E) in com-
parison to the control group (B), showed that 53%
of MaMIPs were down-regulated, and 22% of the
studied MaMIPs did not have any changes in the
expression level. A high suppression of MaPIP1-2,
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Figure 1. Expression profile of MaMIP genes. a) Transcript levels of MaMIPs in Cavendish banana fruits, during
development and under acetylene treatment. A, B, and C (fruits 40, 60, and 90 days after flowering) are control groups
without treatment. D, E, and F (fruits 40, 60, and 90 days after flowering) are conditions after treatment with acety-
lene. b) MaMIP gene expression pattern after infection of Cavendish roots with Focl and Foc TR4, at 3, 27, and 51
hpi. c¢) Expression levels of the MaMIPs in Pahang banana corms, infected with Foc TR4 (R), compared to the corms
treated with mock (S). d) Expression level of Pahang MaMIP genes in treated leaves with mock as the control group
(H) and M. fijiensis (L). Note: mock is the culture medium without pathogen, which serves as the control group.

MaPIPI-6, and MaPIP1-1 was observed 90 days
after flowering under acetylene treatment (Figure
la). Moderately high down-regulation was ob-
served for MaTIP2-5, MaTIP1-5, and MaTIP4-1.
MaPIP2-3 and had high transcript abundance
(Figure la). The effect of acetylene on banana
fruits, 90 days after flowering (F), in comparison to
the control group (C) showed that 75% of MaMIPs
were down-regulated. MaPIP1-6, MaPIP1-1, and
MaPIPI-2 were highly suppressed. A moderately
high down-regulation was observed for MaTIP4-1,
MaTIP2-5, MaTIP1-6, MaPIP2-5, and MaTIPI-5.
High up-regulation of MaPIP2-3 and moderately
high increase for MaTIP4-2 was detected.

3.3. MaMIP response in Cavendish roots to Focl
and Foc TR4
Expression level of Cavendish root
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genes was retrieved from GEO. Comparison of
24 MaMIP genes, expressed 3, 27, and 51 hpi of
Cavendish roots with mock (the culture medium
without pathogen), showed that the expression
level of 92% of MaMIP genes were increased at
27 hpi. This level of MaMIP expression at 27 hpi
remained consistent or partially decreased until 51
hpi (Figure 1b).

Three hpi of root with Foc1, 25% (6 out of
24) of genes were suppressed, while 63% (15 out
of 24) were up-regulated. MaNIP2-1 had a moder-
ately high up-regulation in comparison to the con-
trol group. Three hpi of banana roots with TR4,
63% (15 out of 24) and 33% (8 out of 24) of genes
had down- and up-regulation, respectively. Mod-
erately high down-regulation of MaPIPI-8 was
observed. Moderately high increase in MaNIP2-1
expression was detected (Figure 1b).

75




Shiva Hemmati

Twenty seven hpi of roots with Focl and
TR4, 88% of MaMIPs (21 out of 24) were down-
regulated. In the presence of Focl and Foc TR4,
MaTIP2-1, MaPIP1-8, were highly suppressed.
Moderate high down-regulation was observed for
MaTIP1-6, MaTIP4-3, and MaNIP2-4. Fifty one
hpi, MaNIP2-1 expression showed a high increase
after treatment with Focl and a moderately high
expression in the presence of Foc TR4 (Figure 1b).

A pattern similar to 27 hpi has been
observed for 51 hpi in the presence of Focl. Fifty
one hpi of roots with Foc TR4, 63% of MaMIPs
(15 out of 24) were down-regulated and 37%
(9 out of 24) were up-regulated. In the presence
of Focl, MaTIP2-1 was highly suppressed 51 hpi.
Moderate high down-regulation was observed for
MaPIPI1-8, MaTIPI-6, and MaNIP2-4. MaNIP2-1
expression showed a high increase after treatment
with Foc TR4.

3.4. Effect of Foc TR4 on the expression level of

MaMIP in the corms of banana “Pahanag”

The extracted transcriptomic data of
MaMIPs from M. accuminata DH Pahang Genome
Project showed that 52% (19 out of 36) of MaMIPs
have a high or moderately high abundance in the
corm. In the presence of Foc TR4 (R) compared to
the control group (S), out of 35 expressed genes,
22% showed unchanged expression. Three per-
cent, 4%, and 2% showed extremely low, very low,
and moderate increases in transcript abundance.
Fifty one percent of MaMIPs were down-regulated
(Figure 1c).

3.5. Response of MaMIP expression in banana
leaves under M. fijiensis attack

Extracted transcriptome of MaMIPs from
the banana genome project showed that 8% (2
out of 25) of MaMIPs consisting MaPIP1-6 and
MaPIP1-1 have high abundance in the leaves. Six-
teen percent (2 out of 25) including MaPIP2-2,
MaPIP1-5, MaPIP2-6, and MaNIP2-1 have mod-
erately high expression in the leaves. In compari-
son to the control group (H) and in the presence
of M. fijiensis (L), 20% of genes were unchanged.
Twenty one percent showed extremely low, 21%
had very low and 8% had low up-regulation after
pathogen treatment. However, a moderate and a
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low decrease in the expression of MaNIP2-1 were
observed, respectively (Figure 1d).

4. Discussion
4.1. Why banana plants need MIPs?

Banana is the 4% important crop in de-
veloping countries (http://faostat.fao.org) follow-
ing rice, wheat, and corn. Optimum availability
of water and solutes is important for the health
and growth yield of Musa. Higher salt tolerance
has been achieved when MaPIP2-6 was over-
expressed in banana (22). Increased tolerance to
salt and drought stress has been observed when
MaPIPI-1 and MaPIPI-2 were over-expressed
in Arabidopsis and banana, respectively (23, 24).
Banana has a high nitrogen demand in the form
of NH3 and urea, transported by AQPs (25). This
plant is susceptible to boron deficiency and tox-
icity (26). Sigatoka leaf spots and Fusarium wilt
disease threaten regional and global market of ba-
nana (7,27). Susceptibility to pathogens such as
Fusarium or Mycosphaerella results in H,O, pro-
duction. H,O, is important to initiate signaling
against pathogen, but at the same time can be toxic
to the plant host cells (16). Decrease in CO, trans-
port and photosynthetic efficiency, which in turn
suppresses banana growth and fruit production, is
the consequence of pathogen invasion to banana. It
has been shown that Si can alleviate disease symp-
toms in banana (28). All the mentioned situations
persist on the presence of a sensitive transport sys-
tem such as MIP channels to regulate water and
small solutes membrane permeability. Presence
of MaMIPs is the prerequisite of normal develop-
ment and provides tolerance to various threats that
banana encounters.

4.2. Expression analysis of banana MIP genes
Effect of abiotic and biotic treatments on
the MaMIP expression level was analyzed based
on the available transcriptomic sources from
banana genome database or GEO at NCBI. These
include analysis of transcript profile of MaMIPs
in the fruits of “Cavendish” (AAA) cultivars un-
der acetylene treatment. The expression levels
of MaMIPs in the roots of “Cavendish” (AAA)
cultivar treated with Focl and FocTR4 were also
compared. The effect of inoculation of the corm of
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“Pahang” (AA) with Foc TR4 and leaves of “Pah-
ang” (AA) variety with M. fijiensis on the MaMIP
expression is discussed.

4.3. Expression of MaMIP genes under acetylene
treatment

Transcription of plant MIP genes might be
constitutive, inducible, or repressed upon environ-
mental stimuli. Acetylene treatment is a strategy
to initiate banana ripening. MaPIPI-1, MaPIP1-2,
MaPIP1-6, MaTIP2-5, and MaTIP1-5 were sup-
pressed by acetylene in all stages of fruit develop-
ment. MaPIP2-3 was highly up-regulated by acet-
ylene in all stages of fruit development. Although
acetylene acts as an inhibitor of banana AQP chan-
nels, contra-indicatory results are reported on the
effect of ethylene/acetylene treatment on the AQP
expression level (29-31). One might conclude that
transcription would be down-regulated, under
some type of stress conditions to adjust intracel-
lular osmotic pressure and protect cell death.

4.4. MaMIP response to Foc invasion

Resistant, tolerant, and susceptible plants,
hinder, minimize, and flop the effect of pathogens,
respectively (8). Foc, a soil born fungal pathogen
invades the xylem vessels of banana, resulting in
wilting and death of the plant (8). Understand-
ing the nature of interaction between pathogen
and host helps cultivar improvement. Most ba-
nana cultivars are resistance to Focl, but Foc
TR4 is still highly virulent on a vast number of
Musa sp. Although it is claimed that M. acuminata
(AA) and Cavendish (AAA) are resistant / toler-
ant to Focl and FocTR4, this behavior is highly
dependent on the environmental conditions (20).
Early infection process between Focl and Foc
TR4, is not well clarified, because the first sign of
disease comes out several weeks after infection.
Li et al. inoculated a Cavendish banana cultivar
that was relatively resistant to Focl and suscep-
tible to Foc TR4 with the pathogen. The extract-
ed RNA 3, 27, and 51 hpi was submitted to deep
sequencing (20). We have mined and analyzed
the transcription data of MaMIPs stored in GEO
from the above experiment. The expression levels
of 33% of more MaMIP genes were decreased 3
hpi under Foc TR4 attack in comparison to Focl.
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Aquaporin expression under acetylene and pathogen attack

Most of these genes (with a significant role for
MaPIP1-8 and MaPIP2-2) are probably involved
in resistance toward Focl and susceptibility toward
Foc TR4. The increase observed in the expres-
sion level of MaNIP2-1 in the presence of Focl
was twice the amount observed after treatment
with Foc TR4, 3hpi. This observation persists on
the role of MaNIP2-1 as a Si transporter, which
probably provides a higher resistance against at-
tack (18). MaPIP2-2, which was down-regulated
to 51 hpi in the presence of Focl, was up-regulated
in the presence of Foc TR4, at the same incuba-
tion time. Successful invasion of pathogens can
occur by suppressing defense related genes (32).
Sometimes, induction of defense response is too
late -in susceptible species in comparison to resis-
tant ones- to afford an effective resistance mecha-
nism. This phenomenon is observed 51 hpi for
root-Foc TR4 interaction. In root-Foc interaction,
down-regulation was stronger at 27 hpi than 3 hpi.
This shift in gene expression might be due to the
changes in the pathogen state, where an endophyt-
ic early stage of pathogen is converted to higher
aggressive phase. Using transgenic Focs encoding
a green fluorescent protein (GFP), the attachment
of spores and hyphae to the root was at 27 hpi.
Spreading of the hyphae into vascular tissue was at
51 hpi (20). On the other hand, one might conclude
that a high similar pattern in root-Foc interaction,
at early stages, does not provide enough evidence
to discriminate the resistant lines. Differences in
later infection stages are the cause of resistance
or susceptibility of Cavendish cultivars to Focl or
Foc TR4. For example, it has been shown in a sep-
arate study that Cavendish root inoculation with
Foc TR4 enhanced the expression level of genes
involved in the phenylpropanoid pathway, which
results in the formation of precursors for lignin
biosynthesis. Then, lignin acts as a barrier against
pathogen penetration (33).

Comparison of the MaMIP gene expres-
sion in the inoculated Cavendish roots showed that
the number of MaMIP genes that were up-regulat-
ed upon interaction with Focl was higher than the
induced MaMIPs with Foc TR4. Since Cavendish
is partially resistant to Focl, this shows the im-
portant role of MaMIP channels under Foc attack.
Induced genes might be involved in defense mech-
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anisms. Comparison of resistant and susceptible
genotypes of wheat to Fusarium has revealed that
a gene from the PIPI subfamily has been over-
expressed in the resistant lines (34). PIP1 over-ex-
pression in rice resulted in cuticle thickness (35).
Involvement of a TIP, as a defense protein in the
seed exudates of cowpea against Fusarium f. sp.
faseoli has been demonstrated (36). An AQP from
the PIP2 subfamily has been expressed when cu-
cumber was inoculated with Fusarium f. sp. cu-
cumerinum (37). Transient production of ROS is
the first response after pathogen attack. Li et al.
compared the transcriptome profile of banana
roots from susceptible wild type (barazilian) and
resistant mutant (Nongke) treated with Foc TR4
(38). During the early stages of Foc TR4 attack,
a rapid accumulation of H,O, was observed (16).
ROS induces downstream signaling molecule and
mediates triggering of systemic defense. Lesion
spread is limited in the tolerant banana cultivars by
mediating the ROS signal (39, 40). ROS scaveng-
ing system had a higher expression in susceptible
banana wild type, which suggests inhibitory role
of ROS in pathogen colonization (38). Resistant
plant lines to Foc have shown reinforcement of
plant cell wall and phytoalexin production. Cell
wall strengthening is the general mechanism after
pathogen attack. Increased lignin (as a cell wall
thickening polymer) deposition after interaction
of tolerant banana cultivars to Foc TR4 has been
observed (41). We have observed repression of
MIP genes involved in H,O, transportation in sus-
ceptible roots, which might result in suppression
of lignin biosynthesis. On the other hand, the pro-
duced H,O, after pathogen invasion can repress
MIP gene expression. Treatment of Arabidopsis
with H,O, down-regulated the A¢PIP2 subfam-
ily isoforms (42). There are evidences that upon
ROS production after biotic and abiotic attack, PIP
internalization occurs, which consequently down-
regulate root water uptake capacity (43). Suppres-
sion of the predominant number of MIPs, which
are involved in the transport of water and solutes
in the banana root under Foc attack, is in line
with wilt symptom progression. Suppression of
MaPIP2 subfamily, which are mainly water trans-
porters across plasma membrane and MaTlIPs,
which are important to water transport across to-
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noplast, results in water deficiency and facilitates
disease development in a similar way as ZmPIP2-1
and ZmPIP2-2 suppression in maize (12). Plasma
and tonoplast membranes are important for water
homeostasis and salt/drought tolerance. Water de-
ficiency decrease hydraulic conductance and sto-
matal closure, which in turn affect stomatal and
mesophyll conductance and decrease transpiration
and photosynthesis (44).

Repression of MIPs in response to Foc at-
tack is not a much known response in a patho-
gen-host interaction. This might be specific to
vascular wilt disease and the development of wilt
symptoms. However, similar observations have
been reported previously for cotton-Fusarium,
watermelon-Fusarium and wheat-Fusarium inter-
actions (13-15).

4.5. Expression of MaMIPs in banana leaves after
M. fijiensis attack

MaPIPs like MaPIP2-2, MaPIP2-6,
MaPIPI1-1, MaPIPI-5, and MaPIPI-6, which
show constitutive expression levels in leaves, have
solid role in total leaf water transport and growth.
MaPIPI-5 and MaPIP2-2 showed a moderately
high and moderate up-regulation, respectively. A
suppression subtractive hybridization (SSH) fol-
lowed by EST analysis has been performed at the
late stages of leaf disease by portal et al., in which
susceptible cultivar “Grande naine” was incubated
with M. fijiensis (27). Genes involved in the phen-
ylpropanoid and flavonoid biosynthetic pathways
as well as the pathogenesis related proteins and
jasmonate/ ethylene signaling transduction path-
way were activated. Like other pathogen inva-
sions, ROS production is one of the first responses
after Mycosphaerella attack to the leaves (45).
Reduction of disease percentage and delay in dis-
ease development was observed when Si has been
added to the nutrient solution of banana inoculated
with M. fijiensis (10). According to our analysis,
MaNIP2-1 has a moderately high expression level
in the leaves, which is suppressed after M. fijiensis
attack. Since this protein is predicted to be a Si
transporter, down-regulation of MaNIP2-1 gene
after pathogen attack results in the disease pro-
gression. However, in contrast to a strong disrup-
tion of MaMIP gene expression after Foc invasion
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to banana roots and corm, it seems that MaMIPs
are not affected as much as M. fijiensis attack to
the leaves.

4.6. The origin and expansion of MaPIP and
MaTIP subfamilies

It is clear that MaPIP and MaTIP sub-
families have been expanded in comparison to that
of rice and maize (18). Banana with an enormous
food security role and trade potential is sensitive to
any kind of water deficit (24). This tropical plant
experiences drastic seasonal drought and flood-
ing. Since plasma and tonoplast membranes are
permeable to water, part of the ability to tolerate
such climate variations is due to the role of PIP
and TIP channels. For example, in gradual drought
stress, most P/Ps are down-regulated. Higher salt
tolerance has been achieved when MaPIP2-6 was
over-expressed in banana. An increased tolerance
to salt and drought stress has been observed when
MaPIPI1-1 and MaPIPI-2 were over-expressed
in Arabidopsis and banana, respectively (22-24).
When banana roots were under Foc attack, all of
the studied MaPIPs and MaTIPs were either in-
duced or suppressed by various degrees, at least
in one condition. This amount was 85%, when
banana corm was under Foc attack. Acetylene
treatment resulted in down or up-regulation of
all MaPIPs and MaTIPs in fruits, at least in one
condition. All these reveal that MaPIP and MaTIP
channels play substantial roles under harsh condi-
tions. Under biotic attack, in parallel with other
mechanisms, ROS species such as H,O, are pro-
duced (46). H,O, is both a toxic metabolite and
a signaling intermediate. Along with our predic-
tions, other studies have shown that PIPs and TIPs
are able to transport H,O, efficiently. PIPs and
TIPs might have a role in signal propagation, as
described (12). Expansion of these two subfami-
lies in banana might be correlated with the patho-
genicity of Focs. It has been demonstrated that
some AQP isoforms are not essential under opti-
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mal growth condition, since other members of the
family compensate the role (47). Under optimal
conditions, some MaPIPs and MaTIPs might be
redundant, while under stress, specific isoforms
make a significant contribution to the whole plant
hydraulics. Sometimes high numbers of duplicated
genes are under expression sub-functionalization.
MaTIP2-1 and MaTIP2-2 are duplicated genes.
The former gene is expressed in the roots and the
latter in the corm. MaTIPI-5 and MaTIP1-6 are
the other duplicated genes with expression in the
roots and in the corm, respectively. Limited dupli-
cation of the MaNIP subgroup might be due to the
fact that some minerals are toxic to plants. Since
NIP proteins transport not only Si but also arsenic
and germanium, high number of permeable Ma-
NIPs might be lethal to the plants (48).

5. Conclusion

Musa sp. encounters various biotic and
abiotic threats, which makes banana as an intrigu-
ing crop to investigate aspects of AQPs that can-
not be studied in other monocots such as rice or
maize. Herein, we have shown dominant numbers
of the MaPIP and MaTIP genes were suppressed
under acetylene treatment and pathogen attack,
which demonstrate that these channels play sub-
stantial roles under harsh conditions. Although,
down-regulation of MIP genes might help the
progression of disease under pathogen attack in
susceptible cultivars, suppression of MIPs under
some type of stress conditions adjust intracellular
osmotic pressure and protect cell death in resistant
lines. Manipulation of the corresponding AQPs in
susceptible lines is suggested for the formation of
resistant cultivars.
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