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Abstract 

The root-knot nematode Meloidogyne incognita is a globally significant plant para-

site that causes substantial crop losses. While pre-parasitic juveniles rely on innate 

energy reserves, later life stages acquire nutrients from host plants through special-

ized feeding structures. SWEET (Sugars Will Eventually be Exported Transporter) 

genes exhibit a conserved sugar transporting ability across all kingdoms of life, yet 

their function in plant-parasitic nematodes remains underexplored. Here, we function-

ally characterise the SWEET gene family in M. incognita, revealing their critical and 

stage-specific roles in nematode development and parasitism. We demonstrate that 

Mi-SWEETs segregate into two functional groups: those that facilitate mobility and 

invasion in motile juveniles (Mi-SWEET2, 4) and those support nutrient uptake during 

feeding (Mi-SWEET3, 5, 7). Although temporally distinct, all SWEET genes localise 

to the intestine, suggesting a conserved role in mediating sugar flux. Knockdown of 

Mi-SWEET2 and Mi-SWEET4 reduced root invasion, while silencing Mi-SWEET3, 5, 

and 7 impaired post-invasion growth, highlighting the varied roles of this large gene 

family across different life stages. Yeast complementation assays revealed distinct 

substrate preferences among Mi-SWEETs, aligning with the metabolic needs of dif-

ferent life stages. The transcription factor HBL1, a key regulator of nematode dietary 

responses, was found to control the expression of Mi-SWEET3 and is itself regu-

lated through interaction with the post-transcriptional regulatory microRNA let-7. Our 

findings provide new insights into the metabolic adaptations and energy utilisation of 

plant-parasitic nematodes and outline a microRNA - transcription factor - target gene 

regulatory network. These findings have broader relevance given the fundamental 

importance of the regulation of resource transportation in plant-pathogen interactions.

Author summary

Root-knot nematodes are soil-dwelling parasites that threaten global food 
production by invading plant roots and diverting nutrients for their own growth. 

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1014161&domain=pdf&date_stamp=2026-05-06
https://doi.org/10.1371/journal.ppat.1014161
https://doi.org/10.1371/journal.ppat.1014161
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-7437-2793
mailto:c.a.bell@leeds.ac.uk


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1014161  May 6, 2026 2 / 15

These nematodes must switch between two very different metabolic strategies: 
juveniles rely on stored energy reserves to move through the soil, while later 
developmental stages feed directly from specialised feeding sites within plant 
roots. How nematodes control the movement of sugars, one of their key energy 
sources, has remained largely unknown.

In this study, we identify and characterise a family of sugar transporter genes, 
called SWEETs, in the root-knot nematode Meloidogyne incognita. We show that 
different SWEET genes are switched on at different life stages and fulfil distinct 
roles in mobility and feeding. We demonstrate that some SWEETs are essential 
for successful root invasion, while others support nematode growth once feeding 
has begun. We uncover a regulatory network involving a transcription factor and 
a conserved microRNA that controls expression of a feeding-related SWEET 
gene. Together, our findings reveal how nematodes manage their energy re-
sources.

Introduction

Crop production is of utmost importance for future food security and the quantity and 
stability of yields is heavily burdened by parasites. Plant-parasitic nematodes are a 
large contributor to yield losses, predicted to cause yield reductions of 12.3% per 
annum (equating to $157 billion/ year) [1,2]. The root-knot nematode Meloidogyne 
incognita can infect more than 3000 plant species, including many economically 
important crops [1]. These losses are a result of the nematodes biotrophic lifestyle 
that necessitates their feeding from plant tissue, ultimately reducing plant vigour. In 
brief, second-stage juvenile (J2) root-knot nematodes hatch from eggs and navigate 
towards the root based on the perception of root-exuded signals. During this motile 
stage, the nematode relies upon its innate lipid reserves and does not feed [3], with 
body lipid content directly correlating with nematode infectivity [4,5]. Little is known 
about the utilisation of these innate resources during nematode migration, however 
presumably these lipids are metabolised to provide energy for nematode propulsion 
[6]. The nematode’s lipid content decreases from hatching until it begins feeding [7], 
at which point the lipid content increases again from the influx of plant material [8,5]. 
Meloidogyne incognita genome analysis has identified orthologues related to the gluco-
neogenesis pathway that are up-regulated in juvenile stages of this, and other diverse, 
plant-parasitic nematodes [9,10]. By utilising these innate energy reserves, the nema-
tode migrates intercellularly to the vascular cylinder where feeding begins. Feeding is 
a complex process where the juvenile nematode induces redifferentiation of host cells 
into large, multinucleate cells with enhanced metabolic activity. These nutrient dense 
cells sustain the nematode through its life cycle [1]. Ingested plant-products are metab-
olised within the nematode intestine via endoglucanases [11,12], proteinases [13,14], 
and detoxification enzymes [15]. The nematode intestine is relatively ill-defined and 
requires further investigation to ascertain the pathways involved in the utilisation of host 
compounds.
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Sugars Will Eventually be Exported Transporter (SWEET) are an increasingly studied family of sugar transporters that 
are widespread across bacteria, metazoan and plants, with a conserved sugar transporting activity [16,17]. In animals, 
their copy number can vary between organisms, for example humans have a single copy whereas C. elegans has seven 
genes [18] and the number within plant-parasitic nematodes may range from two to potentially over ten [19]. Although 
plant SWEETs appear to have conserved substrates based on their clade [20], our understanding of animal SWEETs is 
lacking. Caenorhabditis elegans SWEET1 transports glucose or galactose when expressed in HEK293T cells or Xenopus 
oocytes, respectively [18]. A genome-wide RNAi screen suggested a role of C. elegans SWEET1 in the regulation of lipid 
metabolism, perhaps through a feedback mechanism linked to the utilisation of glucose [21]. Globodera pallida SWEET3 
is part of a negative feedback mechanism controlled by the transcription factor Gp-HBL1, which is regulated by nematode 
dietary intake [19]. Consequential regulation of Gp-SWEET3 expression impacts nematode development and hexose 
intake [19]. Further understanding of how these damaging pests transport and utilise their energy resources would assist 
efforts aimed at restricting their feeding from hosts. Additionally, a lack of further data on this gene family, which is widely 
researched in plants, is required to understand its role and importance throughout animals.

In addition to transcriptional regulation, gene expression in nematodes is extensively shaped by microRNAs (miRNAs), 
small non-coding RNAs that post-transcriptionally regulate mRNA stability and translation [22]. In C. elegans, the con-
served miRNA let-7 directly targets the 3′ untranslated region of the transcription factor HBL-1, forming a regulatory circuit 
that couples developmental timing to transcriptional outputs [23]. Conservation of miRNAs and their targets across nema-
todes suggests that similar miRNA-transcription factor interactions may operate in parasitic species to modulate develop-
mentally regulated gene expression [24].

Here, we present data that describes the differential roles of root-knot nematode SWEET genes throughout develop-
ment. We characterise the gene family both spatially and temporally as well as determine the saccharide substrates of 
different SWEET clades, outlining the role of root-knot nematode SWEETs. Additionally, we propose a regulatory pathway 
for a SWEET gene, consisting of a transcription factor and animal-conserved miRNA. The ability of a single gene family 
(SWEET) to have a prominent role in multiple life stages indicates a conserved function of core, yet distinct, genes that 
are present in all plant-parasitic nematodes.

Results

The amino acid sequences of the seven Caenorhabditis elegans SWEET genes were used to identify M. incognita 
orthologues via reciprocal BLAST. Alignment and phylogenetic analysis revealed ten M. incognita SWEETs (Fig 1A); 
orthologues for five of the seven C. elegans SWEETs. Multiple homeologues were identified in M. incognita for certain 
SWEET genes: Mi-SWEET2 (two; Minc_v4_contig_1g0004421, Minc_v4_contig_5g0052531), Mi-SWEET3 (three; Minc_
v4_contig_18g0172571, Minc_v4_contig_97g0471951, Minc_v4_contig_94g0466131), Mi-SWEET4 (two; Minc_v4_con-
tig_132g0513751, Minc_v4_contig_133g0514781), Mi-SWEET5 (one; Minc_v4_contig_49g0343631) and Mi-SWEET7 
(two; Minc_v4_contig_10g0094401, Minc_v4_contig_48g0341891). Although Ce-swt1 and Ce-swt6 did not yield a direct 
orthologue via reciprocal BLAST searches, they exhibit high amino acid sequence identity to Ce-swt2 (51%) and Ce-swt7 
(65%) respectively.

Analysis of the expression profiles of all ten M. incognita genes across the nematode’s development indicated that 
there were two expression-based classes. Four genes had highest relative expression in second-stage juveniles (Fig 1B), 
whereas six genes had greatest expression in females (Fig 1C) (TPM provided in S1 Table; confirmatory qRT-PCR of 
each distinct SWEET gene is presented in S1 Fig). Genes within the two expression-based classes were found to cluster 
within phylogenetic tree analysis (Fig 1A). Subsequent analysis focused on the distinct SWEET genes rather than their 
homologues, due to over 97% amino acid sequence similarity between homeologues (S2 Table).

In situ hybridisation indicated that Mi-SWEET2 and Mi-SWEET4 were expressed within the intestine of J2 nematodes 
(Fig 1D and 1F). Expression of Mi-SWEET3, Mi-SWEET5 and Mi-SWEET7 were localised within the intestine of female 
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nematodes (Fig 1H, 1J, and 1L). Exposure of J2s to DsiRNA complementary to Mi-SWEET 2, 3, 4, 5 or 7 resulted in gene 
knockdown to 26–46% of that observed in control nematodes treated with DsiRNA containing a scrambled sequence with 
no known nematode targets (Fig 2A; two-sample t-test P < 0.01). Knockdown of Mi-SWEET2 & 4 resulted in a reduced 
number of nematodes invading the root system, when quantified at 14 dpi (Fig 2B; Oneway-ANOVA with Tukeys post 
host analyses P < 0.01). The nematodes that did infect the root system had a slightly reduced cross-sectional area com-
pared to control nematodes at 14 dpi (Fig 2C; Oneway-ANOVA with Tukeys post host analyses P < 0.01). Knockdown 
of Mi-SWEET3, 5 & 7 resulted in no effect on nematode root invasion (Fig 2B), however greatly reduced surface area 
compared to control or Mi-SWEET2 and 4 knockdown nematodes at 14 dpi (Fig 2C; Oneway-ANOVA with Tukeys post 
host analyses P < 0.01). A combined treatment of all SWEET-targeting DsiRNA was performed and resulted in knockdown 
of all five SWEET genes to 23–37% of that observed in control nematodes, 24 hours after treatment (Fig 2D; two-sample 
t-test P < 0.01). Combined knockdown yielded reduced invasion (Fig 2E; two-sample t-test P < 0.01) as well as reduced 
cross-sectional area at 14 dpi (Fig 2F; two-sample t-test P < 0.01), compared to control nematodes.

A hexose transporter-deficient yeast strain (IMX1812) was complemented with Mi-SWEETs to determine their substrate 
specificity and assist clarification of their potential role/s at different stages of parasitism. IMX1812 transformed with the 
empty vector (pRS410) was unable to consume the provided hexose carbon sources other than maltose, as expected 
(Fig 3A) [25]. Yeast transformed with Mi-SWEET2 or 4 grew on media supplemented with maltose (control), or glucose 
(Fig 3A). Mi-SWEET3, 5 or 7 expressing yeast were able to grow on media supplemented with maltose (control), glucose, 
fructose, mannose, sucrose or xylose. No Mi-SWEETs rescued IMX1812 growth on galactose.

The growth rate of each Mi-SWEET transformant was measured due to shared hexose substrates. Mi-SWEET2 and 4 
transformed yeast showed a greater growth rate on glucose compared to Mi-SWEET3, 5 and 7 (Fig 3C; two-way repeated 
measures ANOVA with Tukeys post hoc analyses P < 0.01). Growth rates were measured on sucrose-supplemented 
media due to potential variance in colony growth observed between Mi-SWEET3, 5 and 7. Here, Mi-SWEET3 transformed 

Fig 1.  Temporal and spatial characterisation of Meloidogyne incognita SWEET genes. A) Maximum likelihood phylogenetic tree of SWEET amino 
acid sequences from M. incognita and Caenorhabditis elegans. Orange and green columns indicate the expression-based cluster of M. incognita genes, 
as visualised in B & C. B, C) The expression clusters of M. incognita SWEET genes; second-stage juvenile (B) and female (C) expression peaks. D-M) 
In situ hybridisation was conducted to visualise the expression of each SWEET gene using homeologue conserved probe sequences. Mi-SWEET2 (D, 
E) and Mi-SWEET4 (F, G) were localised in second-stage juveniles. Mi-SWEET3 (H, I), Mi-SWEET5 (J, K) and Mi-SWEET7 (L, M) were localised in 
females. E, G, I, K, M represent sense strand controls. Scale bars = 50 um.

https://doi.org/10.1371/journal.ppat.1014161.g001
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yeast exhibited a greater rate of growth compared to all other Mi-SWEET transformants (Fig 3D; two-way repeated mea-
sures ANOVA with Tukeys post hoc analyses P < 0.01).

The Globodera pallida transcription factor HBL1 represses Gp-SWEET3 expression [19], therefore the orthologue, 
Mi-HBL1 was identified; Minc_v4_contig_34g0272541 & Minc_v4_contig_2g0020911. Homeologues share 98% amino 
acid identity to each other and 58% identity to G. pallida HBL-1. Mi-HBL1 was found to be expressed increasingly 
throughout development (Fig. 4A) and within intestinal regions of parasitic stages (Fig 4B & 4C). Mi-HBL1 was expressed 
in yeast along with “bait” vectors containing the 1kb promoter regions of the three homeologues of Mi-SWEET3 (named a, 
b and c). Growth on selection media indicated an interaction between Mi-HBL1 protein and the Mi-SWEET3 homeologue 
promoters (Fig 4D). No interactions were observed between the Antirrhinum flowering related protein FLO [27], confirming 
no unspecific promoter-protein interactions. Mi-HBL1 did not interact with the 1kb promoter regions of homeologues of 
Mi-SWEET2, 4, 5 or 7 (Fig 4D). The Mi_SWEET3 promoter lacking the HBL-1 binding motif predicted in C. elegans and G. 
pallida (([A/T]TTTTTTC; [19,23]) did not interact with HBL1 (Fig 4D).

Fig 2.  The impact of Mi-SWEET knockdown on nematode parasitism. A) Knockdown of Mi-SWEET2, 3, 4, 5 or 7 via DsiRNA treatment. Three 
DsiRNA targeting different locations of each transcript were used for each gene and applied to second-stage juveniles for 24 hrs. DsiRNA with no M. 
incognita targets were applied to control nematodes (grey). The expression of the target genes were quantified by qRT-PCR using Elongation Factor 2 
as a reference gene and displayed relative to control nematodes. N = 6, two biological replicates. B) Root invasion of Mi-SWEET knockdown nematodes 
14 dpi on tomato roots. N = 12, two biological replicates. C) The cross-sectional area of a maximum 20 nematodes per root system was measured at 
14 dpi. 12 root systems per biological replicate (2); N = 206-480. D) SWEET gene knockdown similar to A, but a combined DsiRNA treatment targeting 
five Mi-SWEET genes (2, 3, 4, 5, 7). E) Root invasion of second-stage juveniles post-knockdown of five Mi-SWEETs 14 dpi on tomato roots. F) The 
cross-sectional area of nematodes with reduced Mi-SWEET gene expression was measured 14 dpi, as in C. Twelve root systems per biological replicate 
(2); N = 225-490. Letters denote statistical significance in all panels using two-sample t test P < 0.01 in A, D, E & F, and Oneway-ANOVA with Tukeys post 
host analyses P < 0.01 in B & C. White and black coloured datapoints indicate biological replicates. In A, B & C orange boxes indicate genes with expres-
sion in J2s whereas green boxes indicate genes expressed in females.

https://doi.org/10.1371/journal.ppat.1014161.g002
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To advance our understanding of plant-parasitic nematode gene regulation, specifically of SWEET genes, we inves-
tigated the interaction between Mi-HBL1 and the microRNA let-7, due to the known regulation of HBL-1 by let-7 in other 
nematode species [23]. Mi-let-7 (ugagguaguagguuguauaguu; [24]) has a predicted complementary site located 361 bp 
downstream of the Mi-HBL1 stop codon. A 3′-biotinylated Mi-let-7 mimic was used to pulldown the Mi-HBL1 transcript from 
nematode cell lysate. There was significantly greater Mi-HBL1 mRNA recovered in the let-7-bio pulldowns compared with 
pulldowns using a biotinylated random RNA control (Fig 4E; P < 0.001, two-sample t-test). Mi-GAPDH mRNA levels were 
similar between let-7-bio and control pulldowns, indicating a lack of non-specific RNA enrichment. Deletion of the let-7 
seed sequence (gagguag) in the biotinylated probe (let-7-del-bio) abolished significant Mi-HBL1 mRNA pulldown (Fig 4E; 
P = 0.062, two-sample t-test).

Discussion

Root-knot nematodes must utilise various resources to fuel their invasion of host roots, subsequent development and 
production of a second generation. This fuel is derived from innate lipid reserves and then subsequently bolstered by 
plant lipids and sugars acquired during feeding from host tissue. Our data show that root-knot nematodes have a suite 

Fig 3.  Yeast complementation assay to determine the substrates of Mi-SWEETs. A) IMX1812 yeast transformed with pRS410:Mi-SWEET2, 3, 4, 
5 or 7, and grown on minimal SD base agar supplemented with amino acids and either 2% maltose, galactose, glucose, fructose, mannose, sucrose 
or xylose. Yeast were grown for three days at 32°C. All images are taken from the same hexose-supplemented plate. Empty vector transformants 
were used as controls. B) The growth rate of each transformant was monitored over 48 hours on maltose (B), glucose (C) and sucrose (D) by OD600 
measurements. Yeast were grown on minimal SD base supplemented with amino acids and 2% maltose, glucose or sucrose. Letters denote statistical 
significance between the growth curves of different yeast strains using two-way repeated measures ANOVA with Tukeys post hoc analyses, P < 0.01.

https://doi.org/10.1371/journal.ppat.1014161.g003
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of SWEET genes that are important throughout nematode development due to their role in facilitating the transport of 
hexoses across the intestinal lumen. There are two classes of SWEET genes that are expressed either during the motile 
J2 stage, thereby potentially facilitating the utilisation of gluconeogenesis products derived from lipid granules, or during 
feeding, where they may facilitate the influx of host sugars. Here, we illustrate how members of this gene family are 
expressed within the same tissue yet can impact different stages of the parasite’s life cycle. Additionally, we outline a 
miRNA - transcription factor - target gene regulatory network of a feeding-related SWEET gene. Overall, determining how 
these pathogens utilise their energy stores represents a potential target to manipulate to aid their control, and sheds light 
on the inter-kingdom role of SWEETs.

SWEET genes have been identified in all kingdoms of life, with a conserved sugar transport activity [16]. Despite plant 
genomes containing numerous SWEET genes with described structure and functions, animals generally have a reduced 
complement that are relatively ill-defined [17]. Nematodes appear to contain additional SWEET genes compared to other 
animals with C. elegans containing seven [17] and the number in plant-parasitic nematodes ranging from two (Praty-
lenchus coffeae [19]) to ten (M. incognita; this study). The 10 genes identified in M. incognita share high similarity to C. 
elegans SWEETs and appear to have multiple homeologues, consistent with its large genome [28,29]. The majority of M. 
incognita SWEETS were expressed uniquely in either motile or feeding stages, with no genes expressed equally through-
out development.

Although there is differential temporal expression of M. incognita SWEETs, there appears to be conserved localisation 
within the intestine. A lack of detailed intestinal structural resolution prevents definitive exclusion of expression in overlap-
ping tissues, such as the female reproductive tract or the J2 subventral glands; however, the large amorphous gut in these 
stages strongly indicates intestinal expression, if not exclusively. This indicates a conserved spatial function, suggesting 

Fig 4.  The regulation network of Mi-SWEET3. A) The expression pattern of Mi-HBL1 homeologues throughout development. B & C) In situ hybridisa-
tion of Mi-HBL1 in parasitic stages using a homeologue conserved probe sequence. A sense strand probe was used as a control (C). Scale bars = 50 um. 
D) Yeast-one hybrid assays between Mi-HBL1 transcription factor protein and 1kb promoters of Mi-SWEET3a (Minc_v4_contig_94g0466131), 3b (Minc_
v4_contig_18g0172571) and 3c (Minc_v4_contig_97g0471951), and Mi-SWEET2 (Minc_v4_contig_1g0004421), 4 (Minc_v4_contig_132g0513751), 5 
(Minc_v4_contig_49g0343631) or 7 (Minc_v4_contig_10g0094401). FLO, a DNA-interacting protein, was used as a control. Yeast were grown on media 
lacking histidine and supplemented with 45mM 3-AT. E) 3’-biotinylated let-7 mimics were synthesised and used to pulldown nematode mRNA. let-7 or 
let-7-del (with a deleted seed sequence (gagguag)) were incubated with nematode lysate and purified by streptavidin-beads. Mi-HBL1 and Mi-GAPDH 
(as a control gene) were quantified by qRT-PCR. The C

t
 value of Mi-HBL1 or Mi-GAPDH in the let-7-bio or let-7-del-bio pull-downs were displayed as a 

relative ratio to the C
t
 value of the same gene in pulldowns using random 3’ biotinylated RNA (ctrl) [26]. Each qRT-PCR was performed three times on 

each sample, with four biological replicates. Asterisks denote significance between bars at P < 0.001, two-sample t-test.

https://doi.org/10.1371/journal.ppat.1014161.g004
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that they transport sugars out of the intestinal lumen, as proposed for Globodera pallida SWEET3 [19]. The J2s that 
exhibit high expression of Mi-SWEET4 and 2 do not feed from the plant, therefore their role is potentially to transport 
sugars derived from innate energy stores out of the intestine for use by muscles. Upon hatching, the J2 has a finite lipid 
reserve that it relies upon to migrate towards, and enter, the root. This energy store decreases after hatching and only 
replenishes if the nematode succeeds in feeding from the root [5]. Genome analysis confirms the presence of conserved 
energy metabolism pathways, such as gluconeogenesis [30]. Anabolised carbohydrates require transportation out of the 
intestine before they can be utilised by nematode tissues, presenting a potential role for motile-expressed SWEET genes. 
Temporal and spatial gene expression analyses of Mi-SWEET4 and 2 suggests that they may be active in transporting the 
hexose products of lipid metabolism pathways out of the intestine to fuel nematode mobility. Mi-SWEET3, 5 and 7 were 
expressed in the intestine of J3s/females, indicating a role in the transportation and utilisation of ingested sugars.

Knockdown of Mi-SWEET2 or 4 resulted in a reduction in root invasion, whereas knockdown of SWEET genes 3, 5 and 
7 (expressed highest in females) resulted in a strong reduction in nematode size. Knockdown of genes that are expressed 
during migratory stages is known to reduce root invasion [31], whereas knockdown of feeding-related genes has previ-
ously shown a reduction in nematode growth rates [19]. Similar to the potato cyst nematode G. pallida, Mi-HBL1 appears 
to interact with the promoter of Mi-SWEET3 homeologues. Mi-HBL1 did not, however, interact with other Mi-SWEET 
gene promoters, despite shared temporal and spatial expression patterns. This infers that there are multiple transcription 
factors that regulate intestine gene expression throughout development, contrary to the regulation of gene expression in 
the subventral [31] and dorsal [32] glands of cyst nematodes. This may suggest the presence of multiple compartments/
portions to the intestine that independently express unique sets of genes, rather than the uniform nature of the gland cells. 
The intestine of the model nematode C. elegans consists of a single epithelial tube composed of 20 cells [33]. The lumen 
contains of microvilli upon which several proteins localise to enable a variety of functions, with dietary import of high 
importance [34]. Several transcription factors, such as ELT-2, are known to interact to direct expression uniquely through-
out the 20 intestinal cells [35,36]. The in situ hybridisation imaging undertaken in this study, and others on plant-parasitic 
nematodes [12,13,37,38], potentially conflate multiple intestinal compartments as a single structure when in fact there 
are compartment-specific functions. It is possible that some elements of the structure and regulatory networks of the C. 
elegans intestine are conserved in plant-parasitic nematodes, however further work using single-cell RNAseq, laser micro-
dissection or use of cell-type specific markers if genetic transformation of these organisms can be achieved, would greatly 
advance our understanding of this crucial organ.

To elucidate the difference between motile- and feeding-expressed SWEET genes, we performed a yeast complemen-
tation assay using hexose-transporter deficient IMX1812 [25]. This strain was chosen due to the several chromosome 
rearrangements and instability of EBY.VW4000, which was previously the commonly-used strain for this assay [39]. Whilst 
all five Mi-SWEETs enabled growth of the yeast strain on glucose-supplemented media, Mi-SWEET2 and 4, which were 
expressed in J2s, enabled a greater rate of growth. This could be due to the rapid utilisation of gluconeogenesis products 
required by juveniles to locate and migrate towards the root, compared to the lengthy feeding processes of sedentary 
nematodes. Structurally, Mi-SWEET2 and 4 may be specialised transporters of glucose, enabling their quicker growth on 
glucose media, as they were unable to transport the other hexoses tested, however structural assays would be required 
to confirm this. Alternatively, progression of research into broader animal SWEETs would enable sequence-based predic-
tions of function, as is possible with plant SWEET research. Mi-SWEET3, 5 and 7 had a larger substrate range and were 
able to rescue IMX1812 grown on media supplemented with glucose, fructose, mannose, sucrose or xylose. Hexoses 
are enriched within both cyst and root-knot nematode feeding sites [40,41,42], as a result of the up-regulation of cell wall 
invertases (cleaving sucrose into glucose and fructose) and plant hexose transporters, such as SWEETs [43] within these 
tissues. The wide substrate range of these SWEETs may reflect the diverse hexoses that are ingested by the nematode 
from their feeding sites, compared to a potentially reduced hexose range available to mobile J2s. Mi-SWEET3 exhibited a 
greater rate of growth on sucrose supplemented media, compared to Mi-SWEET5 and 7. Sucrose, the main transported 
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form of photoassimilated carbon in plants [44], accumulates within root-knot nematode feeding sites through the upreg-
ulation of sucrose transporters [45,41] as well as symplastic sucrose flux through shifts in plasmodesmatal structure 
[46]. Similar to our study on Mi-SWEET3, certain plant SWEETs are known to transport both mono- and disaccharides, 
although this is relatively uncommon [47,48,49]. Lack of homology to plant SWEETs prevents our inference from known 
plant residues that dictate mono or di-saccharide binding [50]. Plant SWEET phylogeny can indicate substrate preference 
based upon these sequence variations and further work is required to perform similar predictions for animal SWEETs, not 
just for plant-parasitic nematodes.

The similar hexose transport activity and substrate-specificity of multiple SWEETs suggests potential redundancy, however 
knockdown of a single gene results in a detrimental nematode phenotype similar to knockdown of five genes. It is possible 
that RNAi is not a suitably powerful to tease apart the contributions of each SWEET and that knockout mutants are required, 
however this technology is currently unavailable for these pathogens [51]. Additionally, the transporters may be functioning at 
their maximum rate despite potential redundancy and any drop below this, by reducing the expression of individual SWEETs 
may have an effect. It is also possible that each SWEET gene is expressed in intestinal tissues that cannot be resolved by the 
current approach and that they each perform distinct functions that are currently unknown, as discussed earlier.

We investigated the potential role of microRNA as gene regulators in plant-parasitic nematodes, with specific relevance 
to SWEETs and HBL1. In C. elegans, let-7 regulates the transition from larva-to-adult and is known to reciprocally regulate 
the expression of hbl-1 through direct binding within its 3′ UTR [23]. We explored the potential for similar regulation in M. 
incognita using the orthologous let-7 sequence [24] and identified let-7–Mi-HBL1 3′ UTR interactions via pulldowns using 
biotinylated microRNA mimics. Let-7 functions as a highly conserved developmental regulator across metazoans, controlling 
cell fate transitions in organisms as diverse as Drosophila, vertebrates, and other nematodes [52], which strengthens the 
likelihood that an analogous regulatory mechanism is retained in plant-parasitic species. Conservation of its potential role 
in timing the transition to adulthood is supported by the initiation of feeding being a major developmental milestone for this 
plant-parasitic nematode, which is likely to be supported by developmental regulators. Let-7 may have been co-opted to 
regulate parasitism-related processes that are akin to other life-style related developmental milestones in other species. The 
biotinylated microRNA mimic approach establishes a further component of the SWEET regulatory system in plant-parasitic 
nematodes and provides a method for exploring the regulatory roles of wider microRNA in these damaging pathogens.

Methods

Sequence analysis

Meloidogyne incognita SWEET and HBL1 genes were identified by reciprocal BLAST using the unzipped M. incognita v4 
[29,53] and G. pallida Newton genome assemblies (PRJNA702104). Amino acid sequences were aligned via CLUSTAL 
[54] before construction of a maximum likelihood phylogenetic tree using IQ-TREE [55]. The life stage expression of M. 
incognita genes were obtained from life-stage RNA sequencing data [56] mapped to the v4 genome [29]. Life stage gene 
expression (transcripts per million) were displayed as standardised expression values using z-scores.

Nematode culture

Meloidogyne incognita (VW6) were maintained on tomato plants (‘Ailsa Craig’) growing in compost at 25 °C. Infective 
second-stage juveniles were extracted by washing the roots, cutting into 3–4 cm lengths and placing in a misting chamber. 
The humid environment promoted hatching of juveniles from eggs, which were then collected.

Life stage qRT-PCR

qRT-PCR was conducted on eggs, J2s, J3s and Females to validate RNA-seq analyses on the VW6 population. Eggs 
were collected by handpicking five egg masses from infected roots, confirming the presence of eggs under a microscope, 
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and then freezing in liquid nitrogen. J2s were collected by placing infected roots in a misting chamber, as described 
above, and freezing in liquid nitrogen upon collection. To collect J3s and females, the roots of infected tomato cultures 
were washed and briefly blended (approximately 5 seconds) in a small volume of tap water. The solution quickly was 
poured through a tower of sieves; 300, 150, 63 and 25 µm. The contents of the 150, 63 and 25 µm sieves were inspected 
and nematodes were immediately removed by pipette and frozen. Two hundred J3 and female nematodes were collected. 
This process was repeated five times to have five replicate nematode pools for RNA extraction.

Total RNA was prepared from all nematode samples using an E.Z.N.A Plant RNA Kit according to the manufactur-
er’s protocol including DNase treatment (Omega Biotek, UK). First-strand cDNA was synthesised from 1 µg RNA using 
iSCRIPT (BioRad, UK) following the manufacturer’s protocol. Analysis of gene expression was carried out using qRT-PCR 
with Brilliant III Ultra-Fast SYBR Green Master Mix (Agilent Technologies, CA, USA). Cycle conditions were 95 °C for 30 s 
and subsequently 40 cycles of 5 s at 95 °C and 10 s at 60 °C. Primer pairs (S3 Table) had amplification efficiencies of 90 
– 99%. The 2-ΔΔCt method was used to calculate relative expression of each of the five SWEET genes between eggs and 
other life stages with two technical replicates for each of the five pools of nematodes [57]. Elongation factor 2 was used as 
a reference gene [58].

In situ hybridisation

Single-strand digoxygenin-labelled anti-sense DNA probes for Mi-SWEET and Mi-HBL1 were amplified from cDNA 
fragments by primers provided in S3 Table with DIG DNA labelling mix (Roche, Germany). Primers were designed to 
target specific genes but homeologue conserved regions, using local and Primer BLAST (NCBI). Sense probe controls 
were constructed in separate reactions as negative controls. These probes were used for in situ hybridisation on J2 or 
parasitic-stage nematodes to determine spatial expression patterns, as previously described [59].

RNA interference

DsiRNAs were designed for Mi-SWEETs using the design tool supplied by Integrated DNA Technologies available at: 
https://eu.idtdna.com/pages/products/functional-genomics/dsirnas-andtrifecta-rnai-kits. Each sequence was checked via 
BLAST to ensure no off-target effects (defined as a sequence that shares >16 base identity to the first 19 bases of the 
siRNA). Three DsiRNA were designed per target gene.

Six pools of approximately 10 000 M. incognita second-stage juveniles were incubated at room temperature in 100 mM 
octopamine and either target gene DsiRNA (20 µg) or negative control DsiRNA (20 µg; scrambled sequence with no target 
in M. incognita). The three DsiRNA per gene were combined in a single treatment. Nematodes were incubated for 24 
hours and then washed five times in tap water. Approximately 1500 nematodes were removed from each incubation for 
infection assays whilst the remaining nematodes were split into six aliquots and frozen for RNA extraction.

Total RNA was prepared as described above. Primer pairs (S3 Table). The 2-ΔΔCt method was used to calculate relative 
expression between control and experimental samples with three technical replicates for each of the six biological repli-
cates [57].

One hundred of the treated nematodes were infected on to tomato plant roots in soil-free pouches, as previously 
described [60]. The nematodes were distributed between four root tips. Each DsiRNA treatment was infected on to 
12 plants. Plants were grown for two weeks. Nematodes were then stained with acid fuchsin for quantification. The 
cross-sectional area of a maximum 20 nematodes from each of the 12 replicates was quantified by ImageJ [61] The exact 
number of nematodes measured per treatment varied based on infection rate, with 20 being the maximum measured from 
a single root system.

This was repeated in its entirety for a second independent replicate containing an additional 12 plants. Data are pre-
sented on the same plots but distinguished by coloured datapoints.

https://eu.idtdna.com/pages/products/functional-genomics/dsirnas-andtrifecta-rnai-kits
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Yeast complementation assay

The hexose transporter-deficient yeast strain IMX1812 (Prof Pascale Daran-Lapujade, TU Delft) was complemented 
with Mi-SWEETs to determine their hexose specificity. Meloidogyne incognita SWEET coding sequences were codon-
optimised for expression in Saccharomyces cerevisiae and synthesised by Genewiz (UK), with additional EagI and SpeI 
restriction sites. Sequences were cloned into pRS410 (Addgene #11258) using the above restriction sites and T4 DNA 
ligase (New England Biolabs, USA). Plasmids were transformed into IMX1812 with the “Quick & Easy Yeast Transfor-
mation Mix” (Takara, US) on SD Agar Base plates (Takara, US) supplemented with 2% maltose and 500 μg/mL G-418 
antibiotic.

To screen for hexose transport activity, IMX1812 transformed with empty pRS410 were used as negative controls. 
Yeast colonies were picked from plates and grown in liquid medium to OD

600
 0.6 [62]. Cells were washed twice in water 

and diluted to OD
600

 0.1 before 5 μl were plated onto SD plates supplemented with 2% maltose (control), galactose, glu-
cose, fructose, mannose, sucrose or xylose. Plates were incubated at 32 °C for four days before imaging.

To quantify the growth rate of each transformant, the OD
600

 of liquid cultures starting at OD
600

 0.1 was monitored over 
three days when grown in different hexose media.

Yeast-one-hybrid

Yeast one-hybrid assays were conducted to test for transcription factor-promoter interactions by MATCHMAKER 
One-Hybrid System (Clontech, UK). Mi-SWEET 1kb promoter regions were synthesized (Genewiz, UK) and cloned 
into the bait construct, pHisi, and transformed into yeast (YM4271) with the “Quick & Easy Yeast Transformation Mix” 
(Takara, US). The Mi-HBL1 (Minc_v4_ contig_34g0272541) prey construct was prepared by cloning the Mi-HBL1 CDS 
in-frame with the GAL4 activation domain in the pGADT7-Rec2 plasmid. pGADT7-Rec2-FLO [27] was used as neg-
ative control prey. Prey constructs were transformed into the various Mi-SWEET bait yeast strains mentioned above. 
Yeast were grown on SD/-Leu/-Trp (as a positive growth control condition) and SD/-His/-Leu medium supplemented 
with 45 mM 3-amino-1,2,4-triazole (3-AT), for assessing interactions. For each test, yeast colonies were grown to an 
OD

600
 of 0.6 before 5 μl of each culture were spotted onto the appropriate SD plates and incubated at 30 ˚C for three 

days before imaging.

microRNA pulldown

To determine potential interactions between candidate HBL1 regulator let-7, a let-7 mimic was synthesized with a 3’ biotin 
tag (gagguaguagguuguauaguu-bio) and used according to previous methodology [26]. A random 22-nt biotinylated RNA 
sequence was also synthesized as a control, as well as let-7 lacking the predicted seed sequence (uagguuguauaguu-bio; 
let-7-del-bio (lacking gagguag). Approximately 100 000 J2s were homogenised by micropestle on ice in 25 mM Tris-HCl 
(pH 7.5), 70 mM KCl, 2.5 mM EDTA, 0.05% NP-40, 80 U/mL RNase Inhibitor (Applied Biosystems), and 1 x protease inhib-
itor cocktail (Roche) before centrifugation at 13 000 x g for 20 mins at 4 °C. The supernatant was transferred to a new 
tube and biotinylated RNA were added (5 nmoles). The solution was incubated at 4 °C with gentle shaking for 30 mins 
and then 30 °C with gentle shaking for 1 h. Ten μL Streptavidin magnetic beads (New England Biolabs) were pre-treated 
with 250 μg RNase-free BSA and 100 μg yeast tRNA in 500 μL of 25 mM Tris-HCl (pH 7.5), 70 mM KCl, 2.5 mM EDTA, 
and 0.05% NP-40 for 2 h, then washed twice more in the same buffer before adding the cell lysate and microRNA mimics 
to the beads. The Streptavidin/biotin–miRNA/mRNA complex was spun at 5,000 x g for 30 s and washed four times at 4 
°C for 5 min using 20 mM Tris-HCl (pH 7.4), 400 mM KCl, and 0.5% NP-40. The biotin–miRNA/mRNA complex was eluted 
with 100 μL of 20 mM Tris-HCl (pH 7.4), 400 mM KCl, 0.5% NP-40, 5 mM biotin, and 80 U/mL RNase inhibitor at 42 °C 
for 5 min. RNA was extracted from the eluant and cDNA transcribed (using total extracted RNA rather than a normalised 
amount), as described previously.
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Mi-HBL1 and Mi-GAPDH (as a control gene) were quantified from the cDNA by qRT-PCR, using reaction mixes as 
described previously alongside primers outlined in S4 Table. The C

t
 value of Mi-HBL1 or Mi-GAPDH in the let-7-bio or 

let-7-del-bio pull-downs were displayed as a relative ratio to the C
t
 value of the same gene in pulldowns using random 3’ 

biotinylated RNA (ctrl) [26]. Each qRT-PCR was performed three times on each sample and averaged for one biological 
replicate. The pulldown, RNA extraction, cDNA synthesis were performed on four different batches of nematodes to yield 
four biological replicates.

Statistics

All data were analysed using OriginPro. Two-sample t-tests were used for pairwise comparisons to assess knockdown of 
M. incognita genes. One-way ANOVA followed by Tukey’s post hoc tests were used to determine difference between indi-
vidual SWEET knockdown treatments on root invasion and the cross-sectional areas of infected nematodes. Two-sample 
t-tests were used to assess infection and cross-sectional area of nematodes treated with DsiRNA for all Mi-SWEETs com-
pared to control. Growth-rate data from yeast complementation assays were evaluated using two-way repeated-measures 
ANOVA with Tukey’s post hoc correction to compare strains across time points and carbon sources. For let-7 pulldown 
assays, enrichment of Mi-HBL1 mRNA relative to control pulldowns was analysed using two-sample t-tests. A significance 
threshold of P < 0.01 (or P < 0.001 where indicated) was applied throughout.
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