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Conventional agriculture still relies on the general use of agrochemicals (herbicides, fungicides and insecticides) to control various pests (weeds, fungal pathogens and insects), to ensure the yield of crop and to feed a constantly growing population. The generalized use of pesticides in agriculture leads to the contamination of soil and other connected environmental resources. The persistence of pesticide residues in soil is identified as a major threat for in-soil living organisms that are supporting an important number of ecosystem services. Although authorities released pesticides on the market only after their careful and thorough evaluation, the risk assessment for in-soil living organisms is unsatisfactory, particularly for microorganisms for which pesticide toxicity is solely considered by one global test measuring N mineralization. Recently, European Food Safety Authority (EFSA) underlined the lack of standardized methods to assess pesticide ecotoxicological effects on soil microorganisms. Within this context, there is an obvious need to develop innovative microbial markers sensitive to pesticide exposure. Biomarkers that reveal direct effects of pesticides on

Introduction:

Soil is known as a complex and dynamic biological system, hosting a wide diversity of living organisms, accomplishing various functions such as biogeochemical cycles 1 supporting numerous soil ecosystem services such as primary production and water purification 2 . A single gram of soil shelters several tens of thousands different species of microorganisms and billions of bacteria 3 . Microorganisms are not only numerous in soil, they are active where they develop keystone functions for the ecosystem such as N-cycling 4 .

Despite their tremendous importance not only for primary and livestock productions but also for regulatory services such as mitigation of greenhouse gas emission, arable soils are exposed to various anthropogenic pressures including the application of man-made chemicals on crops 5 . Among chemicals often found in arable soils, pesticides present the originality to be intentionally released in the agroecosystem to ensure the primary production yield and quality. Although pesticides are released on the market only if unacceptable ecotoxicological effects of the active substance on the environment are excluded 6 , the application of pesticides in conventional agriculture has been identified as a major threat for soil biodiversity and functions 7 . Since then, more and more studies report the ecotoxicological effects of pesticides on soil ecosystems showing inhibition of microbial functions, reduction of microbial group abundance, changes in the composition and diversity of soil microbial communities (for review see 8 ). Despite increasing evidences for pesticide toxicity towards soil microorganisms, the environmental risk assessment (ERA) of pesticides demanded by EFSA (European Food Safety Authority) to the firms to obtain the authorization of commercialization of new active substances, is only including the a priori assessment of pesticide ecotoxicity to soil microorganisms via the estimation of the effect of the active substance on N mineralization 9 . This global test is out-of-date and is not suitable to accurately estimate the ecotoxicity of pesticides on microbial abundance, diversity and activity 10,11 . Within this context, EFSA recently underlined the importance to define new specific protection goals with the aim to better protect soil ecosystem services 12 . During this process, soil microorganisms, classified as non-target organisms from the regulatory point of view, have been identified as key-driver to be protected at the level of a functional group.

More recently, EFSA has conducted a review addressing the state of the art of ecotoxicological assessment of pesticides on soil living organisms, including microorganisms. Among them, arbuscular mycorrhiza fungi (AMF), forming an obligate symbiosis with most of the higher plants and being a microbial guild involved in N-cycle, were proposed as potential indicator of pesticide toxicity towards soil microorganisms 13 . In a recent review making the inventory of existing standard methods for the assessment of structural and functional diversity of soil organisms, Römbke et al., (2018) suggested that, even if the consideration of AMF and N-related microbial guild in the framework of pesticide ERA can be viewed as an important step further to better protect soil microorganisms, it might not be sufficient enough to reach the specific protection goals on soil ecosystem services 14 . In particular, a specific question is raised on the process responsible of the ecotoxicological effects. Indeed, Karpouzas et al. (2014) showed that the AMF diversity was decreased in response to nicosulfuron exposure but they cannot conclude about the origin of the effect (direct (toxicity in AMF) or indirect (toxicity in the host plant) effect) [START_REF] Karpouzas | Effects of nicosulfuron on the abundance and diversity of arbuscular mycorrhizal fungi used as indicators of pesticide soil microbial toxicity[END_REF] . Similar remark can be done for the microbial guild involved in N-cycle which is complex in nature, being made of different microorganisms (bacteria, fungi and archaea) working in a functional network.

Within this context, the measurement of the direct effect on microorganisms could reflect their exposure to pesticide residues in soil. However, it must be kept in mind that extrinsic factors (types of soil and crops, soil pH, temperature, organic matter content as well as microbial activity) and/or intrinsic ones (water solubility, organic carbon-water partitioning coefficient Koc and octanol-water partitioning coefficient Kow) are known to influence the fate of herbicides in soils and that it could modulate their effects on microorganisms (for review see [START_REF] Dumas | Fate and ecotoxicological impact of new generation herbicides from the triketone family: an overview to assess the environmental risks[END_REF] ). Direct effect on soil microorganisms can only be monitored in those harboring the active ingredient targets which could constitute innovative exposure biomarkers suitable to detect and measure the effect of a given xenobiotic with its target within an organism [START_REF]Task group on biomarkers and risk assessment: concepts and principles et al. Biomarkers and risk assessment: concepts and principles[END_REF] .

Recently, Romdhane et al., (2019) suggested that 4-hydroxyphenylpyruvate dioxygenase (4-HPPD), the enzyme targeted by β-triketone herbicides and found in all living reigns, could be a good biomarker of exposure to these herbicides [START_REF] Romdhane | Assessment of the ecotoxicological impact of natural and synthetic β-triketone herbicides on the diversity and activity of the soil bacterial community using omic approaches[END_REF] .

Within this context, this review aims to scan herbicides applied to crops classified by considering their mode of action in the targeted weeds and their known effects on non-target soil microorganisms. To highlight the interest of developing such biomarkers, a specific focus is done on β-triketone herbicides which present the interest of being natural and/or synthetic origin and which target an enzyme found in all living organisms. The ultimate goal of this review is to identify classes of herbicides that can have an influence on soil microorganisms and supported soil ecosystem services and to propose new insights to estimate the effects of herbicides towards soil microorganisms by developing innovative microbial markers.

2) Herbicide Resistance Action Committee classification: mode of action of herbicides and their potential effects on microorganisms.

In the early 1990s the Herbicide Resistance Action Committee (HRAC) was created with the support of agrochemical companies in order to predict resistant weed apparition. The HRAC proposes an herbicide classification based on their modes of action (https://www.hracglobal.com/). Three main groups of herbicides emerge from this classification: the first one contains herbicides affecting cell metabolism, the second contains those affecting light processes and the last one gathers those affecting growth and cell division (supplementary data, table 1) and will not be presented in this review because of no known direct effects on microorganisms.

For most of these herbicides, their modes of action are well defined and the targeted enzyme in weeds is known. Biochemical characteristics of the targeted enzyme, which is characterized by its EC number (BRENDA website, http://brenda-enzymes.info/index.php), will be introduced. Interestingly, some of these targets are also present in a range of nontarget organisms (i.e. other organisms than weeds targeted by the herbicide), including soil microorganisms. In this case, relevant microbial pathways will be underlined and the potential impact of herbicides either on pure culture or on microbial communities will be reviewed, given rise to an ecotoxicological question: do herbicides have an ecotoxicological impact on soil microorganisms?

2.1) Herbicides affecting cell metabolism.

Among the seven groups of herbicides identified as cell metabolism inhibitors (table 1), only A, B, G and H groups, presented below, are known to inhibit bacterial and fungal enzymes.

2.1.1) Group A: herbicides inhibiting acetyl-CoA carboxylase (ACCase).

Acetyl-CoA carboxylase (ACCase ; EC 6.4.1.2) catalyzes the first step of fatty acid biosynthesis by carboxylation of acetyl-CoA to produce malonyl-CoA 19 (supplementary data, figure 1). ACCase is targeted by cyclohexanedione (DIMs), aryloxyphenoxypropionates (FOPs) and phenylpyrazoline (DENs) herbicides [START_REF] Rendina | Cyclohexanedione herbicides are selective and potent inhibitors of acetyl-CoA carboxylase from grasses[END_REF][START_REF] Secor | Inhibition of acetyl-CoA carboxylase activity by Haloxyfop and Tralkoxydim[END_REF][START_REF] Hofer | Pinoxaden -For broad spectrum grass weed management in cereal crops[END_REF] .

The enzyme is found in all living reigns. However, bacterial ACCase are different from eukaryote ACCase due to the addition of a zinc-binding domain [START_REF] Bilder | The structure of the carboxyltransferase component of acetyl-CoA carboxylase reveals a zinc-binding motif unique to the bacterial enzyme[END_REF] . Hence, DIMs, FOPs and DENs herbicides are only able to inhibit the eukaryote-type ACCase [START_REF] Kukorelli | ACCase inhibitor herbicides -selectivity, weed resistance and fitness cost: a review[END_REF] . Darine et al., (2015) have noticed an effect of the herbicide fluazifop-P-butyl applied at 1x the recommended field rate (FR) dose on soil microbial community richness, highlighting the fact that some potential pathogens were stimulated whereas some Plant Growth Promoting Bacteria were inhibited [START_REF] Darine | Fluazifop-P-butyl (herbicide) affects richness and structure of soil bacterial communities[END_REF] . Authors also noticed a decrease in the activity of phosphatase, urease and fluorescein-diacetate (FDA), three microbial key enzymes, consequently to the herbicide exposure.

It should be quoted that, these past few years, resistance phenomenon have largely been described and novel ACCase-inhibitors are now actively screened [START_REF] Ye | Herbicidal activity and molecular docking study of novel ACCase inhibitors[END_REF] .

2.1.2) Group B: herbicides inhibiting acetohydroxyacid synthase (AHAS).

Herbicides belonging to sulfonylureas (SNs) and to some others families are known to inhibit acetohydroxyacid synthase (AHAS ; EC 2.2.1.6.), also known as acetolactate synthase (ALS) [START_REF] Larossa | The sulfonylurea herbicide sulfometuron methyl is an extremely potent and selective inhibitor of acetolactate synthase in Salmonella typhimurium[END_REF] . This enzyme, which exists in plants, fungi, archaea, and bacteria, but not in animals, catalyzes the formation of 2-acetolactate and 2-aceto-2-hydroxybutyrate as the first step in the biosynthesis of the branched-chain amino acids valine, leucine and isoleucine 28

(supplementary data, figure 2). Microbial AHAS has received considerable attention in the last two decades [START_REF] Boldt | Different toxic effects of the sulfonylurea herbicides metsulfuron methyl, chlorsulfuron and thifensulfuron methyl on fluorescent pseudomonads isolated from an agricultural soil[END_REF][START_REF] Forlani | Differential sensitivity of plant-associated bacteria to sulfonylurea and imidazolinone herbicides[END_REF][START_REF] Liu | Acetohydroxyacid synthases: evolution, structure, and function[END_REF] . The X-ray crystal structure of AHAS enzymes has been resolved from Klebsiella pneumoniae and Saccharomyces cerevisiae in 2002 [START_REF] Pang | Crystallization of the FAD-independent acetolactate synthase of Klebsiella pneumoniae[END_REF][START_REF] Pang | Crystal structure of yeast acetohydroxyacid synthase: a target for herbicidal inhibitors[END_REF] . Crystal structure of S.

cerevisiae AHAS with SNs was also elucidated [START_REF] Pang | Molecular basis of sulfonylurea herbicide inhibition of acetohydroxyacid synthase[END_REF] . Microbial AHAS is composed of two subunits: the catalytic one (around 60 kDa) and the regulatory one (9-35 kDa), that were both crystallized as dimer [START_REF] Liu | Acetohydroxyacid synthases: evolution, structure, and function[END_REF] . Numbers of microbial ilv genes encoding AHAS have been cloned, recombinant enzyme activity have been characterized and inhibition by SN herbicides tested.

Among the three isozymes characterized in bacteria, type I, only found in Enterobacteriaceae, is known to be resistant to SN herbicides [START_REF] Mccourt | Acetohydroxyacid synthase and its role in the biosynthetic pathway for branched-chain amino acids[END_REF] , whereas the two others (type II and type III) exhibit sensitivity to SNs [START_REF] Nelson | The distribution of acetohydroxyacid synthase in soil bacteria[END_REF] .

This sensitivity was confirmed by in vitro experiments, done with pure culture of several pathogenic bacteria using minimum culture media lacking branched-chain amino acids with various concentrations of SN herbicides. Kreisberg et al., (2013) have shown that chlorimuron ethyl and metsulfuron methyl were the most effective SNs tested, inducing a bacteriostatic effect on Burkholderia pseudomallei and Pseudomonas aeruginosa strains, with MIC50 around 62.5 µM on a panel of clinical isolates [START_REF] Kreisberg | Growth inhibition of pathogenic bacteria by sulfonylurea herbicides[END_REF] . The growth of Acinetobacter baumannii was only reduced in presence of the same SNs at higher concentration (20 mM). A set of second-generation, newly synthesized SNs, have also been tested on Mycobacterium tuberculosis [START_REF] Wang | Discovery of novel acetohydroxyacid synthase inhibitors as active agents against Mycobacterium tuberculosis by virtual screening and bioassay[END_REF] and on the pathogenic fungus Candida albicans [START_REF] Lee | Sulfonylureas have antifungal activity and are potent inhibitors of Candida albicans acetohydroxyacid synthase[END_REF] , also showing inhibitory activity toward AHAS and microbial activity.

SN effects were also investigated on isolated soil microorganisms and revealed that type III AHAS is mainly represented in soil bacterial populations [START_REF] Boldt | Different toxic effects of the sulfonylurea herbicides metsulfuron methyl, chlorsulfuron and thifensulfuron methyl on fluorescent pseudomonads isolated from an agricultural soil[END_REF][START_REF] Nelson | The distribution of acetohydroxyacid synthase in soil bacteria[END_REF] . Some studies, based on cultural and biochemical approaches, have also investigated changes in soil microbial communities in contact with AHAS-inhibiting herbicides using either the active ingredient 40- 42 or the formulated product [START_REF] Arabet | Effects of a sulfonylurea herbicide on the soil bacterial community[END_REF][START_REF] Rachedi | Effect of sulfonylurea tribenuron methyl herbicide on soil Actinobacteria growth and characterization of resistant strains[END_REF] . Depending on the type of SNs and the doses of application that vary from 1x to 1000x the recommended FR dose, the microbial community composition was shown to be modified at different extents. Nevertheless, herbicide dissipation rate was not systematically determined in these studies which makes the interpretation of the results difficult since SN herbicides are known to be easily degraded [START_REF] Carles | Identification of sulfonylurea biodegradation pathways enabled by a novel nicosulfuron-transforming strain Pseudomonas fluorescens SG-1: toxicity assessment and effect of formulation[END_REF][START_REF] Carles | Biodegradation and toxicity of a maize herbicide mixture: mesotrione, nicosulfuron and S-metolachlor[END_REF] . A microcosm study was conducted to assess the influence of triasulfuron at three doses (2, 10 and 50 mg.kg -1 ) on a soil microbial community. Non-cultural methods, coupled to dissipation kinetics of triasulfuron, revealed that only the SN applied at the highest dose significantly decrease soil microbial biomass [START_REF] Pose-Juan | Influence of herbicide triasulfuron on soil microbial community in an unamended soil and a soil amended with organic residues[END_REF] ilv gene sequences [START_REF] Nelson | The distribution of acetohydroxyacid synthase in soil bacteria[END_REF] . These primers were also recently applied to screen for ilv sequences in SN-tolerant bacterial strains isolated from various soils exposed to nicosulfuron [START_REF] Petric | Nicosulfuron application in agricultural soils drives the selection towards NS-tolerant microorganisms harboring various levels of sensitivity to nicosulfuron[END_REF] . Based on 16S rRNA sequence analyses, these SN-tolerant strains were mainly affiliated to the phyla of Firmicutes and Actinobacteria. AHAS amplicons were obtained only for 43.5% of these strains, showing the limitation of the primer pair used which did not provide a complete coverage of ilv gene sequence diversity in the selected SN-tolerant strains. Nevertheless, the whole results indicate that repeated exposure to nicosulfuron led to an increase in abundance and diversity of SN-tolerant bacteria.

2.1.3) Group G: herbicides inhibiting 5-enopyruvylshikimate-3-phosphate synthase (EPSP Synthase).

EPSP Synthase (EC 2.5.1. 19) is a key enzyme in the shikimate pathway in plants (supplementary data, figure 3) as well as in fungi and bacteria. This enzyme catalyzes the transfer of an enolpyruvyl moiety from phosphoenolpyruvate (PEP) to the 5-hydroxy position of shikimate 3-phosphate (S3P) leading to the biosynthesis of chorismate and then of aromatic amino acids [START_REF] Wang | Characterization of a class II 5-enopyruvylshikimate-3-phosphate synthase with high tolerance to glyphosate from Sinorhizobium fredii[END_REF] .

Microbial EPSP Synthases, encoded by aroA genes, have been extensively studied these last three decades since they are potential target for glyphosate, a broad-spectrum herbicide providing a low cost weed control [START_REF] Amrhein | The site of the inhibition of the shikimate pathway by glyphosate: II. Interference of glyphosate with chorismate formation in vivo and in vitro[END_REF][START_REF] Marques | The inhibition of 5-enolpyruvylshikimate-3-phosphate synthase as a model for development of novel antimicrobials[END_REF] . EPSP Synthases from class II, which are present in many bacterial species, have a natural tolerance to glyphosate [START_REF] Wang | Characterization of a class II 5-enopyruvylshikimate-3-phosphate synthase with high tolerance to glyphosate from Sinorhizobium fredii[END_REF] . This mechanism has been largely described and used for the development of genetically modified crops [START_REF] Tian | Complementary screening, identification and application of a novel class II 5-enopyruvylshikimate-3-phosphate synthase from Bacillus cereus[END_REF] . On the contrary, EPSP Synthases from class I, which are found in plants and in some bacteria (e.g.

Salmonella typhimurium, Escherichia coli, Pseudomonas putida), are inhibited at low concentrations of herbicide, as shown for the EPSP Synthase from E. coli, which exhibits a high sensitivity to glyphosate (IC50 1.6 µM) [START_REF] Funke | Structural basis of glyphosate resistance resulting from the double mutation Thr97 → Ile and Pro101 → Ser in 5-enolpyruvylshikimate-3-phosphate synthase from Escherichia coli[END_REF] . This class I EPSP Synthase enzyme was characterized as a monomer of 46 kDa, whose 3D structure was obtained for the first time in E. coli by crystallographic techniques [START_REF] Stallings | Structure and topological symmetry of the glyphosate target 5enolpyruvylshikimate-3-phosphate synthase: a distinctive protein fold[END_REF] .

Due to the widespread and repeated use of glyphosate, many works, mostly performed on soil microcosms, have looked into its effects on microbial communities. Biochemical, microbiological and molecular analytical methods performed on soil treated with the active ingredient [START_REF] Sheng | Cropping practices modulate the impact of glyphosate on arbuscular mycorrhizal fungi and rhizosphere bacteria in agroecosystems of the semiarid prairie[END_REF][START_REF] Nivelle | Does nitrogen fertilization history affects short-term microbial responses and chemical properties of soils submitted to different glyphosate concentrations?[END_REF] or formulated products [START_REF] Ratcliff | Changes in microbial community structure following herbicide (glyphosate) additions to forest soils[END_REF][START_REF] Mijangos | Effects of glyphosate on rhizosphere soil microbial communities under two different plant compositions by cultivation-dependent and -independent methodologies[END_REF] or with both for a comparison study [START_REF] Allegrini | Ecotoxicological assessment of soil microbial community tolerance to glyphosate[END_REF] revealed that application at FR doses appears to have no or little effect on soil microorganisms while higher rates may stimulate soil microbial activity.

In order to increase the resolution of the changes in microbial community composition in response to glyphosate exposure, modern cultivation-independent methods such as next generation sequencing (NGS) techniques are nowadays used. Commercial formulations of glyphosate were employed in almost all these recent works and mostly sprayed on plants at once or twice the recommended FR dose. Since soil microbial communities include glyphosate-tolerant, glyphosate-sensitive and glyphosate-degrading guilds, the discrepancies observed between these studies are not surprising. Indeed, while some works have reported negative effects on soil microorganisms [START_REF] Newman | Changes in rhizosphere bacterial gene expression following glyphosate treatment[END_REF] such as a decrease in the abundance of the Acidobacteria phylum members [START_REF] Newman | Glyphosate effects on soil rhizosphere-associated bacterial communities[END_REF] or a perturbation of the bacterial association network [START_REF] Guijarro | Soil microbial communities and glyphosate decay in soils with different herbicide application history[END_REF] , some others have shown minimal or no effects in response to glyphosate exposure [START_REF] Lu | Impact of a glyphosate-tolerant soybean line on the rhizobacteria, revealed by Illumina MiSeq[END_REF][START_REF] Lu | Impact of glyphosate on the rhizosphere microbial communities of an EPSPS-transgenic soybean line ZUTS31 by metagenome sequencing[END_REF][START_REF] Schlatter | Impacts of repeated glyphosate use on wheat-associated bacteria are small and depend on glyphosate use History[END_REF][START_REF] Dennis | The effects of glyphosate, glufosinate, paraquat and paraquat-diquat on soil microbial activity and bacterial, archaeal and nematode diversity[END_REF] .

Unfortunately, dissipation of glyphosate was not systematically measured in these studies making difficult to interpret the various responses of the soil microflora to glyphosate exposure.

2.1.4) Group H: herbicides inhibiting glutamine synthetase (GS).

Glutamine synthetase (GS ; EC 6.3.1.2) converts glutamate and ammonia to glutamine within nitrogen metabolism (supplementary data, figure 4). There are three different classes of GS 66 : GS-I is specific to bacteria ; GS-II is found in eukaryotes and in bacteria belonging to the Rhizobiaceae, Frankiaceae and Streptomycetaceae families ; and GS-III is only present in a few bacteria.

Glufosinate-based herbicides inhibit GS due to their structural analogy with glutamate [START_REF] Hoerlein | Glufosinate (phosphinothricin), a natural amino acid with unexpected herbicidal properties[END_REF] .

These herbicides are derived from a natural tripeptide called L-phosphinothricin and produced by the bacterium Streptomyces hygroscopicus [START_REF] Thompson | Characterization of the herbicide-resistance gene bar from Streptomyces hygroscopicus[END_REF] .

At the recommended FR dose, glufosinate was shown to have no effects on the alpha diversity of soil microbial communities [START_REF] Dennis | The effects of glyphosate, glufosinate, paraquat and paraquat-diquat on soil microbial activity and bacterial, archaeal and nematode diversity[END_REF] . However, the herbicide was shown to inhibit GS in the yeast S. cerevisiae during wine fermentation process at a concentration of 10 mg.L -1 69 . In the toxin-producer cyanobacteria Mycrocystis aeruginosa, glufosinate high doses (5 to 10 mg.L -1 ) were shown to inhibit growth while low doses (0.5 to 1 mg.L -1 ) were promoting cyanobacterial growth and toxin production and thus, may have deleterious effects on water quality and human health [START_REF] Zhang | Effects of glufosinate on the growth of and microcystin production by Microcystis aeruginosa at environmentally relevant concentrations[END_REF] .

2.2) Herbicides inhibiting light processes.

We can find in the group "Light processes", herbicides inhibiting PS-II, PS-I or others pigment synthesis systems (table 1).

2.2.1) Group C: herbicides inhibiting photosystem II (PS-II).

The first protein complex involved in the photosynthetic light reactions is the photosystem II (PS-I ; EC 1.10.3.9). This system, located in the thylakoid membrane of plants, algae and also cyanobacteria, uses light energy to drive the transfer of electrons from water to plastoquinone (PQ) resulting in the production of oxygen and in the release of plastoquinol (PQH2) (supplementary data, figure 5).

Herbicides that target PS-II compete with plastoquinone for binding at the secondary quinone acceptor site (QB-site) in the protein D1 subunit (EC 3.4.21.102) leading to the inhibition of plastoquinone reduction and generation of reactive oxygen species [START_REF] Broser | Structural basis of cyanobacterial photosystem II Inhibition by the herbicide terbutryn[END_REF] .

Several authors have studied the effects of these herbicides on cyanobacteria, microorganisms that play a major role in nitrogen and carbon cycles and which are the only group of prokaryotes able to carry out oxygenic photosynthesis. As they share many of the same physiological features with plants, many studies have largely demonstrated that these non-target microorganisms were quite sensitive to these herbicides. For instance, Broser et al.

(2011) have demonstrated in Thermosynechococcus elongatus, an anoxygenic purple bacteria isolated from thermophilic environment, that terbutryn herbicide (1, 3, 5-Triazine-2, 4diamine) binds via, at least, two hydrogen bonds to the QB-site [START_REF] Broser | Structural basis of cyanobacterial photosystem II Inhibition by the herbicide terbutryn[END_REF] . More recently, Singh et al.,

(2018) have reviewed the distribution of cyanobacteria and their interactions with pesticides in paddy fields and revealed that some cyanobacterial forms were sensitive to different herbicides depending on the species studied and the concentration and nature of the herbicide used [START_REF] Singh | Distribution of cyanobacteria and their interactions with pesticides in paddy field: a comprehensive review[END_REF] . These authors have also reported differential responses in the photosynthetic activity due to pigment synthesizing enzymes or due to different modes of action of herbicides that result in an alteration in photochemical activity. In addition, as previously mentioned by Stratton (1987) [START_REF] Stratton | Toxic effects of organic solvents on the growth of blue-green algae[END_REF] , some studies revealed ecotoxicological differences between the active ingredient and its transformation products. (Fv/Fm ratio) [START_REF] Shen | Effects of monosulfuron on growth, photosynthesis, and nitrogenase activity of three nitrogen-fixing cyanobacteria[END_REF] . The same herbicide at 5 ppm was shown to inhibit oxygen production by 75% compared to the untreated control in a naturally occurring atrazine-resistant cyanobacterial isolate [START_REF] Sajjaphan | Novel psbA1 gene from a naturally occurring atrazine-resistant cyanobacterial isolate[END_REF] . A higher oxygen production inhibition of 80-87% was obtained compared to the control for A. variabilis treated with 0.5 ppm of diuron [START_REF] Sajjaphan | Novel psbA1 gene from a naturally occurring atrazine-resistant cyanobacterial isolate[END_REF][START_REF] Singh | Response of multiple herbicide resistant strain of diazotrophic cyanobacterium, Anabaena variabilis, exposed to atrazine and DCMU[END_REF] . Nevertheless, effects of PS-II-inhibitors on cyanobacteria seem to be clearly strain-dependent as observed by Deblois et al., (2008) after the exposure of Synechocystis sp. and M. aeruginosa to diuron and oxadiazon [START_REF] Deblois | Effect of herbicides (diuron and oxadiazon) on photosynthetic energy dissipation processes of different species of cyanobacteria and two green algae. Photosynthesis. Energy from the Sun[END_REF] . A decrease in the efficiency of PS-II photochemistry was induced by diuron for both strains, whereas only Synechocystis sp was impacted by oxadiazon.

2.2.2) Group D: Herbicides inhibiting photosystem I (PS-I).

Photosystem I (PS-I ; EC 1.97.1.12), the second photosystem in the light-dependent reactions of oxygenic photosynthesis of plants, algae and cyanobacteria, is a multisubunit protein located in the thylakoid membrane that catalyzes the light driven electron transfer from plastocyanin (PC) to ferredoxin (supplementary data, figure 5).

Bipyridyliums herbicides belonging to group D, such as hexazinone and diquat, are known to target PS-I by accepting electrons from plastocyanin and by forming a reduced herbicide radical that can then reduce molecular oxygen to form superoxide radicals and generates hydroxyl radicals [START_REF] Tahmasebi | Multiple resistance evolution in bipyridylium-resistant Epilobium ciliatum after recurrent selection[END_REF] .

Peterson et al., (1997) have studied the exposure of several classes of cyanobacterial isolates to diquat and hexazinone in continuous cultures in chemostats [START_REF] Peterson | Toxicity of hexazinone and diquat to green algae, diatoms, cyanobacteria and duckweed[END_REF] . Strains tested were M. aeruginosa PCC 7820 and M. aeruginosa UTEX 2063, two unicellular cyanobacteria, Oscillatoria sp. UTCC 129 and Pseudoanabaena sp. F63 belonging to filamentous cyanobacteria and two N-fixing filamentous strain: Aphanizomenon flos-aquae F107 and A.

inaequalis UTEX 381. Interestingly, tested organisms exhibited large differences in sensitivity to both herbicides and all the cyanobacteria tested were much more sensitive to diquat than to hexazinone. Toxicity studies of hexazinone and atrazine, a PS-II inhibitor, with two cyanobacterial strains isolated from freshwater have demonstrated that Selenastrum capricornutum was more susceptible to hexazinone than to atrazine while A. flos-aquae was more susceptible to atrazine [START_REF] Abou-Waly | Growth response of freshwater algae, Anabaena flos-aquae and Selenastrum capricornutum to atrazine and hexazinone herbicides[END_REF] . Again, cyanobacterial sensitivity to PS-I inhibitors appears to be strain-dependent.

2.2.3) Group E: herbicides inhibiting Protoporphyrinogen oxidase (Protox).

Protoporphyrinogen IX oxidase (Protox ; EC 1.3.3.4) catalyzes the formation of protoporphyrin IX, the last common intermediate for the biosynthesis of heme and chlorophyll (see figure 1 in 81 ). Three nonhomologous isofunctional Protox enzymes have been identified. Among them, the oxygen-dependent form named HemY, found in plant and also in prokaryotes has also been identified in many aerobic or facultative gram-positive bacteria such as Firmicutes and in a few gram-negative ones. The second isoform is the oxygen-independent enzyme HemG that was reported in about 20% of gram-negative bacteria, mainly represented by γ-proteobacteria, such as E. coli and Salmonella and in some cyanobacteria. The third isoform HemJ was identified in several cyanobacteria and many other αand β-proteobacteria [START_REF] Kobayashi | Molecular phylogeny and intricate evolutionary history of the three isofunctional enzymes involved in the oxidation of protoporphyrinogen IX[END_REF][START_REF] Dailey | Prokaryotic heme biosynthesis: multiple pathways to a common essential product[END_REF] . It is of interest to note that diphenyl-ether herbicides only act as competitive inhibitors of the HemY Protox, as illustrated by studies performed on Myxococcus xanthus and Aquifex aeolicus HemY activities that were both strongly inhibited by acifluorfen at 1 µM [START_REF] Dailey | Protoporphyrinogen oxidase of Myxococcus xanthus. Expression, purification, and characterization of the cloned enzyme[END_REF][START_REF] Wang | Expression and characterization of the terminal heme synthetic enzymes from the hyperthermophile Aquifex aeolicus[END_REF] .

A few ecological studies have been conducted with this class of herbicides. Zhang et al., (2014) have assessed the effects of fomesafen (from 0 to 500 μg.kg -1 ) on soil microbial populations by classical Pasteurian approaches relying on plate counting techniques, and also on soil bacterial community structure by DGGE experiments [START_REF] Zhang | Effects of fomesafen on soil enzyme activity, microbial population, and bacterial community composition[END_REF] . The authors concluded that fomesafen had no significant toxic effects on soil microbial community structure and activities. To our knowledge, no ecotoxicological study was carried out with Omics methodologies.

2.2.4) Group F1: herbicides inhibiting Phytoene dehydrogenase (PDS).

Phytoene dehydrogenase (PDS) also named phytoene desaturase (EC 1.3.5.5) is the target of herbicides belonging to the F1 family [START_REF] Sandmann | Phytoene desaturase, the essential target for bleaching herbicides[END_REF][START_REF] Sandmann | In vitro carotenogenesis and characterization of the phytoene desaturase reaction in Anacystis[END_REF] . This is the first enzyme involved in the carotenoid biosynthesis pathway which is the most widespread group of pigments produced in plants as well as in several bacteria and fungi. In plants, PDS is included in a complex multicomponent pathway that forms lycopene. PDS converts phytoene into carotene via the intermediate phytofluene, using FAD as co-factor for both steps. Cyanobacteria has the same PDS as plants, whereas a CRTI-type PDS able to catalyze the entire desaturation in a single enzymatic step is expressed in archaea, bacteria and fungi , also using FAD as co-factor (see [START_REF] Sandmann | Evolution of carotene desaturation: the complication of a simple pathway[END_REF] .

figure 1 in 89 )
The crystal structure of PDS from the plant Oryza sativa was obtained with the herbicide norflurazon, showing the binding between the keto group of the herbicide and the amino group of the conserved arginine residue in position 300 [START_REF] Koschmieder | Plant-type phytoene desaturase: functional evaluation of structural implications[END_REF] 

2.2.5) Group F4: herbicides inhibiting DXP synthase (DXS).

1-deoxy-D-xylulose 5-phosphate (DXP) synthase (EC 2.2.1.7), named DXS and previously known as DOXP synthase, is the starting enzyme of the non-mevalonate DOXP pathways (supplementary data, figure 6). This enzyme, characterized in plants and in eubacteria, forms DXP by the condensation of D-glyceraldehyde 3-phosphate and pyruvate.

In eubacteria, DXS lies just before the branch point for vitamin B1, B6 and isoprenoids synthesis [START_REF] Hahn | 1-Deoxy-D-xylulose 5-phosphate synthase, the gene product of open reading frame (ORF) 2816 and ORF 2895 in Rhodobacter capsulatus[END_REF] . Determination of DXS structure has been first resolved by crystallization from E.

coli and also from Deinococcus radiodurans [START_REF] Xiang | Crystal structure of 1-deoxy-D-xylulose 5-phosphate synthase, a crucial enzyme for isoprenoids biosynthesis[END_REF] .

In vitro studies consisting in exposing a DXS from spinach expressed in E. coli to the herbicide clomazone and its metabolite 5-keto clomazone, have demonstrated that only the metabolite inhibited the DXS enzyme activity (decrease of 47% at 20 µM of 5-keto clomazone) [START_REF] Ferhatoglu | Studies of clomazone mode of action[END_REF] . Similar results were obtained with the DXS from the bacteria Haemopilus influenzae also expressed in E. coli [START_REF] Matsue | The herbicide ketoclomazone inhibits 1-deoxy-D-xylulose 5-phosphate synthase in the 2-C-methyl-D-erythritol 4-phosphate pathway and shows antibacterial activity against Haemophilus influenzae[END_REF] . Nevertheless, a recent study investigated the long term effects of an exposure to clomazone at 1x, 10x and 100x the FR dose on soil microbial communities using NGS [START_REF] Du | Clomazone influence soil microbial community and soil nitrogen cycling[END_REF] . Microbial diversity and abundance were influenced only in 100x FR dose treated samples. Surprisingly, only the dissipation of clomazone was followed during the experimentation while it would have been useful to analyze metabolite formation, especially the one of 5-keto clomazone. for sulcotrione and 150 g.ha -1 for mesotrione as compared to 1 kg.ha -1 for atrazine (group C).

In Europe, farmers commonly use sulcotrione, mesotrione or tembotrione to control weeds on corn crops, rising them to the top five most used herbicides 104 .

In plants, 4-HPPD is a 50 kDa dimer non-heme iron enzyme which converts 4hydroxyphenylpyruvate (4-HPP) in homogentisate (HGA) due to oxidative decarboxylation, aromatic ring hydroxylation and carboxymethyl group rearrangement 105 . Once HGA is synthetized, tocochromanols and prenylquinones biosynthesis is permitted. The latter acts as an essential cofactor for phytoene desaturase 106 . Phytoene desaturase and prenylquinolone allows plant to produce carotenoids, helpful to protect it from light and free radicals 107 . Thus, a plant lacking a functional 4-HPPD will bleach, become necrotic and die. By acting as competitive inhibitors of 4-HPPD, β-triketone herbicides ensure a rapid death of undesirable weeds. Although maize harbors a functional 4-HPPD, the latter was shown to exhibit a special conformation that makes it inaccessible to β-triketone herbicides 108 . Moreover, corn presents a slower uptake and an enhanced metabolism of mesotrione making it resistant to β-triketones 100 .

In microorganisms, 4-HPPD is tetrameric and is part of the tyrosine degradation pathway, leading to fumarate and acetoacetate, two compounds of the central metabolism 109 (figure 1).

This pathway can also produce pyomelanin, a brown pigment resulting of the spontaneous The ecotoxicity of β-triketones was evaluated on soil microbial communities. A first microcosm approach has been made with an exposure to mesotrione or Callisto ® , the commercial formulation of the active ingredient. It has been demonstrated that, at high FR doses, both products significantly decrease cyanobacterial biomass 125 . Although being applied at a higher dose than the recommended one, Callisto ® appears to decrease cyanobacterial biomass more drastically than the active ingredient. It suggests that formulated pesticides, applied on crops, are more toxic than the active ingredient. This observation is supported by another study which showed that Callisto ® , applied at 10x the FR dose and mesotrione applied at 100x the FR dose in soil microcosms, induced short-term inhibition of nitrification and a lasting stimulation of denitrification 126 . In this study, an increase in soil ammonium content and a decrease in nitrate contents were observed, letting us think that nitrogen cycle in soils could possibly be impacted by the active ingredient as well as by the formulated compound. This negative effect of mesotrione at field rate was confirmed on amoA gene which encodes an enzyme implied in the nitrogen cycle 127 . In addition, this study demonstrated by T-RFLP analysis a negative effect of mesotrione on the Rhizobium genus as well as a potential effect on soil nitrogen fixing capacity. On the contrary, Acidobacteria were favored in presence of mesotrione because of its acidifying properties. Authors also noticed a modification of soil microbial abundance following mesotrione exposure but this effect was only transient and a phenomenon of resilience was finally observed at the end of the Pseudomonas putida 1OP 135 and Bradyrhizobium sp. SR1 136 . Both were able to efficiently degrade the active ingredient and to use it as a sole source of carbon and energy for their growth. However, this capacity of microorganisms to degrade herbicides is shown to highly depend on a range of abiotic parameters including physicochemical properties of both herbicide and soil, pedoclimatic conditions and biotic factors including microbial diversity and hotspots such as rhizosphere, as shown for glyphosate (group G) 137,138 .

In response to the Yin side of the interaction, microorganisms evolved by different means to resist to the toxic effects of herbicides. One of them is the transformation of the herbicide by the bacteria. This phenomenon has been described in a number of bacteria that harbor the enzyme targeted by the herbicide. For instance, Streptomyces hygroscopicus, to resist to herbicides relies on detoxification processes such as the activity of efflux pumps throwing the herbicide out of the cell as described for antibiotics resistance 141 or the mutation of the porine involved in the active transport of the herbicide, preventing its entry and its

which

toxicity (fig 2.D.).

If these resistance mechanisms seem, at first sight, to be environmental friendly helping bacterial community and supported functions to resist to the stress caused by herbicide exposure, they can also be viewed as major threat for human and animal health because of possible co-resistance to other compounds such as antibiotics resistance phenomenon. Indeed, Kurenbach et al., (2017) showed that, in response to herbicide exposure (glyphosate, 2,4-dichlorophenoxyacetic acid and dicamba), E. coli and S. typhimurium enhanced their resistance to chloramphenicol and kanamycin. In E. coli, this increase in antibiotic resistance was due to efflux pump activity 142 . Besides the fact that these two bacterial strains are known to develop Multi-Drug-Resistance phenotypes, this report underlines the existing risk for the selection of crossed-resistances to herbicide and antibiotics (For review, see 143,144 ). This remains an open question which has to be considered by the World Health Organization within the One Health initiative aiming to limit the dispersion of antibiotic microbial resistances 145 .

Within this context and having in mind the crucial importance of microorganisms for all living organisms via their respective microbiomes, it seems important to not only assess the impact of herbicides on microbial communities but also on microbiomes and the consequences on holobionts they formed with plants and animals. For instance, rats with deficient gut microbiota were shown to be more sensitive to s-triazines, highlighting the fact that gut microbiota can mitigate pesticide toxicity to rats 146 . This is in line with the study of Almeida et al. (2017) revealing that the gut microbiota of insecticide-resistant insects was a reservoir of various insecticide-degrading bacteria which, via their detoxification activity, may mitigate the effect of pesticides in insects 147 . On the contrary, when the gut microbiota is not adapted to pesticide biodegradation, herbicides such as glyphosate were shown to disturb gut microbiota of diverse species including honey bees, a major pollinator which plays an important role in biodiversity maintenance 148 . Similarly, Sessitisch and Mitter (2017) underlined that pesticide application may affect the plant microbiome composition and that there is a need to better assess the effect of pesticide treatments on desirable plant microbiome functions 149 .

5) Conclusion and further perspectives.

For the regulatory point of view, the effect of pesticides on soil microorganisms is solely estimated on the N mineralization activity [150][151][152] . An important number of academic studies have been carried out with various cultivation-dependent and cultivation-independent methods to assess the effect of herbicides on the abundance, the diversity and the activity of soil microorganisms 153 . Most of these studies are searching either for negative effects of pesticides on microbial abundance, diversity and activity, or for positive effects leading to the adaptation of microorganisms to herbicides biodegradation. For microorganisms with biodegradation capacities, biological systems involved in the herbicide response are often highly specific and characterized by enzymatic reactions that closely depend on the chemical structure of the molecule. For instance, various strains of Pseudomonas, such as Pseudomonas sp. ADP, have developed a de novo catabolic pathway for the specific biodegradation of atrazine 154 . Regarding β-triketone herbicides, Bradyrhizobium SR1, a sulcotrione-degrading strain, was also able to biodegrade mesotrione at a lower rate and with a different pathway than the one observed in Bacillus sp. 3B6 and Bacillus megaterium Mes11 mesotrione-degrading strains 136,155,156 . It is noteworthy that these catabolic gene systems are often regulated and located on plasmids, allowing their dispersion in the soil bacterial community by horizontal gene transfer under favourable selection pressure exerted by repeated exposure to herbicide 144 . In contrast, some microorganisms present non-specific responses to herbicides, often linked to the general adaptive response mechanisms. For instance, activity of efflux pumps allow to detoxify the microbial cell from herbicides but, as a non-substrate-specific system, this activity could also increase antibiotics resistance phenomenon 143 . Studies performed with SNs herbicides have shown that point mutation in the gene sequence coding for the targeted enzyme, i.e. AHAS for herbicides from group B, can explain the apparition of SN tolerant strains [START_REF] Petric | Nicosulfuron application in agricultural soils drives the selection towards NS-tolerant microorganisms harboring various levels of sensitivity to nicosulfuron[END_REF][START_REF] Rachedi | Effect of sulfonylurea tribenuron methyl herbicide on soil Actinobacteria growth and characterization of resistant strains[END_REF] . Altogether, these results demonstrate that monitoring the appearance of herbicide tolerant bacteria could be a valuable tool for assessing the soil microflora response to herbicides. Nevertheless, these studies were based on the selection of cultivable SN tolerant strains which are known to represent only 0.1 to 5% of the overall microbial community due to the limitation of classical Pasteurian approaches 158 .

We suggest that one can use the microbial enzyme specifically targeted by herbicides to develop molecular biomarkers to track their effects on soil microorganisms. This innovative approach differs from the classical one that consists in studying biomarkers in a well-defined vertebrate or invertebrate either aquatic or terrestrial organism, measuring for example acetylcholinesterase or glutathione S-transferase enzyme activities or expressions 159 .

Thereafter, we present a non-exhaustive list of the microbial enzymes, encountered in many species within the soil microbial community, that could be potentially used as biomarkers.

Hence, ily and aroA genes of soil microorganisms could be used as biomarkers of SN herbicides and glyphosate respectively (Group B and G in HRAC classification). hemY gene of diverse bacterial strains may be suitable biomarkers of diphenyl-ether herbicides, while the hppd gene can be used as a biomarker of β-triketone herbicides (Group F2 in HRAC classification), as suggested by Romdhane et al., (2019) [START_REF] Romdhane | Assessment of the ecotoxicological impact of natural and synthetic β-triketone herbicides on the diversity and activity of the soil bacterial community using omic approaches[END_REF] . This approach has already been suggested by Petric et al., (2016), who reported, by using cultivation-dependent methods, that AHAS, the target of SNs in plant and which is also found soil microorganisms, can be a valuable biomarker to assess the exposure of soil microflora to SNs [START_REF] Petric | Nicosulfuron application in agricultural soils drives the selection towards NS-tolerant microorganisms harboring various levels of sensitivity to nicosulfuron[END_REF] .

In the near future, cultivation-independent methods will allow us to select a set of responsive gene sequences which could be used for the development of specific exposure biomarkers (figure 3). Molecular approaches based on direct soil microbial community DNA or RNA extraction coupled with quantitative PCR (qPCR and RT-qPCR) and high throughput sequencing analyses will lead to the development of exposure biomarker showing an effect on the abundance and the diversity of this soil microbial community respectively. Another type of biomarker could be imagined by measuring the targeted enzyme activity or using metabolomics analyses. Whatever the type of biomarker chosen, its response needs to be proportional to the specific herbicide dose it reveals. One should keep in mind that the development of specific biomarkers to assess environmental exposure to a specific class of Repeated exposure to herbicides can lead to the selection and emergence of a bacterial guild able to degrade them (A). This was the case for the (i) 2,4-D that is degraded by Cupriavidus necator JMP134 harboring tfd degrading-genes 161 , (ii) atrazine degraded by a range of atrazine-degrading bacterial populations harboring various gene compositions (atzABCDEF, atzABC-trzD, trzN-atzABC) 135 and (iii) sulcotrione degraded by two bacterial isolates but for which degrading-genes remain unknown 136,137 . Bacteria harboring an enzyme targeted by an herbicide can resist to it in many ways. The bar gene of Streptomyces hygroscopicus allows the bacteria to detoxify glufosinate by N-acetylation, protecting its own glutamine synthetase [START_REF] Thompson | Characterization of the herbicide-resistance gene bar from Streptomyces hygroscopicus[END_REF] (B). Target modification following genetic mutation (C) can also explain resistance phenomenon as described in a Salmonella typhimurium which harbors a mutation on aroA gene making it resistant to glyphosate 141 . Other phenomena (D) such as efflux pumps throwing out the herbicide, a mutation in the transporter involved in the entry of the herbicide in the cell or a physical barrier can contribute to the resistance of the bacteria to the herbicide. Biomarkers can be identified at different biological levels. Abundance and diversity can be measured whether on the global microbial community or on a specific one. The activity of the enzyme targeted by the herbicide can also be monitored and used as a biomarker. Doseresponse curves analyses have to be performed to determine the sensitivity of each biomarker to the herbicide of interest.

Table 1 : Herbicides affecting cell metabolism and light processes.

Herbicide utilizations are described for the specific relevant commercialized herbicide mentioned. "Not-approved in EU" means that none of the active substance of the herbicide are authorized anymore.

Table 2: β-triketone herbicides: active ingredients and their relevant commercial formulations.

Supplementary datas

Table 1: Herbicides affecting growth and cell division.

Herbicide utilizations are described for the specific relevant commercialized herbicide mentioned. "Not-approved in EU" means that none of the active substance of the herbicide are authorized anymore. Acetohydroxyacid synthase (AHAS). The enzyme of interest is depicted in red bold. sites (QA and QB) initiates the electron transport chain (e -). The electron is then transferred to the plastoquinone (PQ) and go through the cytochrome (Cyt) to be taken in charge by the plastocyanin (PC) and the photosystem I (PS-I). 

Glutamine synthetase (GS). The enzyme of interest is depicted in red bold

Interpretation

Response

Herbicide doses Dose-response curves

Introduction:

Perinatal stroke is a common cause of lifelong neurologic morbidity in late preterm and term neonates, with an estimated overall incidence of 1 in 2200-2800 live births 1,2 . Recent data suggest that perinatal hemorrhagic stroke may be more common than previously thought, with reported incidences between 1 in 6000-9000 live births 2,3 . Although of comparable incidence to perinatal arterial ischemic stroke (1 in 2300-5000 live births), perinatal hemorrhagic stroke is understudied and comparatively little is understood about its risk factors, etiologies, and outcomes 4 . While IVH in premature neonates originates from a fragile germinal matrix, the mechanisms responsible for late preterm and term hemorrhagic strokes remain unclear. Over two thirds of cases are consistently described as idiopathic in cohort studies despite extensive evaluations 1,2 .

To date, studies have largely focused on elucidating clinical presentation and risk factors, which include fetal distress, post-maturity, congenital heart disease, and bleeding diatheses 1,5 .

Recently, one population-based nested case-control study further identified lower maternal age, primiparity, prior spontaneous abortion, difficult transition, and small for gestational age as risk factors for idiopathic perinatal hemorrhagic stroke, suggesting a multifactorial etiology 2 . Although a few larger population-based cohort studies have been published 1,2 , outcomes after perinatal hemorrhagic stroke have mostly been described in small retrospective cohorts [6][7][8] .

Additionally, the wide follow-up ranges within many studies (several months up to a couple decades for different individuals within the same cohort) makes interpretation of outcome data across development challenging. While some retrospective studies have reported poor outcomes in over 40%, one prospective study of perinatal hemorrhagic stroke noted that, despite the significant mortality rate (20%), only a minority of the cohort experienced moderate or severe deficits at a median of 1 year 9 .

Overall our understanding of perinatal hemorrhagic stroke outcomes and how All cases were confirmed by computed tomography (CT) or magnetic resonance imaging (MRI).

Exclusion criteria were known trauma, isolated subdural, epidural, or subarachnoid hemorrhage, and hemorrhagic transformation of arterial ischemic stroke, cerebral venous sinus thrombosis, or hypoxic ischemic encephalopathy. Identification of cases was aided by prior implementation of a stroke protocol at each institution and strong relationships between neurology, neonatology, and neurosurgery departments at all participating institutions. Families were approached for consent and enrollment during the initial hospitalization or at the infant's first follow-up. Institutional Review Board Approval was obtained at each site.

Clinical Data:

Data collected from the initial hospitalization included demographics, maternal and birth history, clinical presentation, laboratory studies, neuroimaging results, and interventions. Study pediatric neurologists reviewed original neuroimaging as well as reports to determine hemorrhage characteristics and etiology using all available clinical, neuroimaging, and surgical data, if applicable. Hemorrhage volume was estimated and reported as a percentage of total brain volume (TBV) as described previously 10 . Serial imaging and review at pediatric neurovascular conferences at each institution was performed at the discretion of the treating pediatric neurologist and used to refine final etiology classification. Given the observational nature of the study, diagnostic and treatment choices were made by the treatment team; however, a common approach for evaluation at initial presentation as well as during follow-up is described in the Supplement. De-identified data were compiled into a single data collection tool shared across institutions in Research Electronic Data Capture (REDCap) 11 .

Outcome Assessment:

Outcomes were assessed at pediatric stroke clinic visits at 2 months and 2 years using the Pediatric Stroke Outcome Measure (PSOM), a standardized composite score of neurologic function developed for pediatric ischemic stroke previously used in both prospective and retrospective studies of perinatal and pediatric hemorrhagic stroke 12,13 . Five domains (right and left sensorimotor, expressive and receptive language, and cognitive/behavioral) are each assigned a score between 0 and 2 representing increasingly severe functional impairment. Domain scores are then added for a total score (range 0 [no deficit] to 10 [maximum deficit)]) 14 . Outcome status was dichotomized as "good" if total PSOM score was <1.0, corresponding to either complete recovery or at most a mild deficit in a single domain not impacting function, or "poor" if total PSOM score was ≥1.0 or if the patient died. This dichotomization has been used by other groups studying perinatal hemorrhagic stroke [START_REF] Karpouzas | Effects of nicosulfuron on the abundance and diversity of arbuscular mycorrhizal fungi used as indicators of pesticide soil microbial toxicity[END_REF] . Outcomes were also categorized at a more granular level to describe the level of neurologic function: no or non-impairing deficits (PSOM<1.0), mild deficits (PSOM 1.0-2.0), moderate deficits (PSOM 2.5-4.5), and severe deficits (PSOM 5.0-10.0, including death). Sub-scores were tracked to examine domain-specific deficits and their relative trajectories over time. For the purpose of analysis, right and left sensorimotor sub-scores and expressive and receptive language sub-scores were combined, ultimately leading to three sub-score measures: sensorimotor combined, language combined, and cognitive/behavioral.

Outcomes were also assessed qualitatively via assessment of rehabilitative service use as well as a short parent survey regarding the child's functional recovery [START_REF] Karpouzas | Effects of nicosulfuron on the abundance and diversity of arbuscular mycorrhizal fungi used as indicators of pesticide soil microbial toxicity[END_REF] . Subgroup analyses were performed in children who died during the initial hospitalization and in a subset of children with longer follow-up (3.5-5.5 years post-hemorrhage).

Statistical Analyses:

Descriptive statistics including frequencies with percentages and median with interquartile ranges (IQR) were used for categorical and continuous variables, respectively. Wilcoxon signedrank tests were used to compare mean PSOM scores over time. Associations between possible predictors of poor outcome or of death were evaluated with exact logistic regression or Fisher (96%). Intraparenchymal hemorrhages were located in the thalamus (2), basal ganglia (5), cerebellum (1), and cerebral hemispheres (13; frontal lobe in 3, temporal lobe in 2, parietal lobe in 4, occipital in 4). Hemorrhage volume could be confidently calculated in 16 cases (89% of cases with intraparenchymal hemorrhage). Of these, hemorrhage volume was <2% of TBV in 11, 2-4% of TBV in 1, and ≥4% of TBV in 4. Six cases of IVH originated from the choroid plexus or germinal matrix. Vascular imaging was performed during the acute hospitalization in 21 cases (81%). Nine underwent both magnetic resonance angiography (MRA) and venography (MRV) (35%), 7 had MRA only (27%), 3 MRV only (12%), 1 had CT angiogram (4%), and 1 had conventional angiography (4%). No vascular lesions were identified via initial imaging; autopsy of one neonate revealed abnormal vessels in the territory of the parenchymal hemorrhage, possibly a diffuse telangiectasia or cavernoma, but definitive lesion characterization remained challenging. Follow-up vascular imaging was obtained in 8 survivors (36%) and was unrevealing in all except one who underwent conventional angiography due to persisting concern for a vascular lesion on MRI. Review in a multispecialty pediatric vascular conference confirmed no arterial vascular abnormalities and ultimately cavernoma was felt to be the cause of the hemorrhage. 

Neurologic Outcomes

Twenty-two of the 23 survivors (96%) were evaluated at pediatric stroke clinics at a median of 2.1 months (IQR 1.7-3.3). Sixteen of the 22 patients alive at 2 years (73%) were evaluated at a median of 1.9 years (IQR 1.3-2.0).

At 2-month follow-up, the median total PSOM was 0 (IQR 0.0-1.0) (Table 2). Neurologic outcome was poor (total PSOM ≥1.0) in 7 infants in addition to the 3 neonates who died during the initial hospitalization (10/25, 40%). Overall, 15 (60%) had no or non-impairing deficits (PSOM <1.0), 7 (28%) had mild deficits (PSOM 1.0-2.0), and no patient had moderate or severe deficits (PSOM 2.5-10). At 2-year follow-up, the median total PSOM among survivors was 0.25 (IQR 0.0-1.3). Neurologic outcome was poor (total PSOM ≥1.0) in 7 in addition to the 4 who died during hospitalization or in the follow-up period (11/20, 55%). Overall, 9 (45%) had no or non-impairing deficits (PSOM <1.0), 6 (30%) had mild deficits (PSOM 1.0-2.0), and 1 (5%) had moderate deficits (PSOM 2.5-4.5). Figure 1 PSOM scores were compared between the two time points in 16 patients. While median total PSOM score did not significantly increase over time (p=0.08), language combined sub-scores worsened in 44% (p=0.009). Sensorimotor combined and cognitive/behavioral sub-scores remained stable (69% and 88%, respectively). Over time, 31% of patients had more deficits compared to improvement in 6%. Direction of change for both the overall PSOM score as well as sub-scores is illustrated in Supplemental Figure 1. Supplemental Figure 2 further illustrates shift in PSOM scores over time.

Qualitative Outcomes

There were no recurrent hemorrhages at 2 months or 2 years. None of the 22 infants experienced seizures by the 2-month follow-up, but 50% remained on an antiseizure medication (phenobarbital monotherapy in 9/11, levetiracetam monotherapy in 2/11). Fifteen of the 22 infants (68%) were receiving rehabilitative services. At 2-year follow-up, one child had experienced a seizure with fever; all children had stopped daily antiseizure medications. A second child experienced two seizures, each with fever, after 2-year follow-up but remained off antiseizure medication. From a functional standpoint, 44% of parents reported impairment compared to peers. Eight of the 16 children seen at 2 years (50%) continued to receive rehabilitative services, and 2 used assistive devices (13%).

children with hemorrhagic stroke (ages 29 days-18 years) at these same institutions, where over a third of patients had significant neurologic deficits (PSOM >2) at 3-year follow-up, and over 10% developed symptomatic epilepsy by 2 years [START_REF] Harwood | Fatty acid metabolism[END_REF][START_REF] Rendina | Cyclohexanedione herbicides are selective and potent inhibitors of acetyl-CoA carboxylase from grasses[END_REF] . Overall, these data suggest favorable outcomes for survivors of perinatal hemorrhagic stroke, particularly when contrasted with those of perinatal arterial ischemic stroke and pediatric hemorrhagic stroke. Though seizures are a common presenting or early symptom, the consistent observation that incidence of epilepsy is low suggests that early weaning of antiseizure medications may be appropriate in most cases.

Although outcomes in survivors are encouraging, two caveats should be emphasized.

First, the high percentage of both functional difficulties impacting daily activities and use of rehabilitative services underscores the importance of consistent follow-up and access to services.

Second, language sub-scores significantly worsened in our cohort between 2-month and 2-year follow-up. Given challenges assessing early language skills, this finding may simply reflect limited assessment. Language sub-scores did not significantly change across time in the subset of patients with 4-5-year follow-up; however, our sample size at later time points was underpowered to demonstrate significant worsening in the language domain. Notably, in this group language sub-scores did worsen more frequently (43%) when compared to sensorimotor (29%) and cognitive sub-scores (14%), and in no cases did they improve. Language deficits may emerge over time or may be appreciated more easily as the cognitive demands children face at school-age increase. Data regarding long-term educational placement and outcomes in perinatal hemorrhagic stroke are scarce, although outcomes in pediatric hemorrhagic stroke suggest a similar pattern of either worsening or more appreciable deficits over time [START_REF] Harwood | Fatty acid metabolism[END_REF][START_REF] Secor | Inhibition of acetyl-CoA carboxylase activity by Haloxyfop and Tralkoxydim[END_REF] .

A hemorrhage etiology could not be identified in over 40% of cases, which is consistent with reports in the literature 1,2 . Follow-up imaging was generally unrevealing but did uncover one cavernoma in a highly suspect case. Among the cases with a clear etiology, bleeding diatheses accounted for the majority, followed by choroid plexus and germinal matrix hemorrhages. Vascular malformations were rare. Despite fetal distress being common (45% of cases), the vast majority of deliveries were vaginal with only one assisted delivery. This is consistent with recent reports 1,9 and is in contrast with other studies that suggest an association with assisted deliveries [START_REF] Hofer | Pinoxaden -For broad spectrum grass weed management in cereal crops[END_REF] . Maternal hypertension, prenatal infections, and substance exposures, all factors associated with fetal distress, were also common.

Our data underscore the limited understanding of the pathophysiology of primary perinatal hemorrhagic stroke. Some have suggested underlying unique vascular development and anatomy, which in combination with increased pressures occurring during the fetal transition and perinatal stressors lead to rare events that are difficult to predict 2 . The contribution of bleeding diatheses, however, is clearly significant. Although this study was not designed to quantify hemorrhage risk or provide specific screening and treatment recommendations, the fact that 10% of cases occurred in the context of vitamin K refusal is noteworthy. While intracranial bleeding is known to be the predominant manifestation of "late" vitamin K deficiency bleeding (VKDB)

occurring between 2 and 12 weeks of life, manifestations in the first 24 hours and week of life ("early" and "classical" VKDB, respectively) are thought to be mainly gastrointestinal and umbilical [START_REF] Bilder | The structure of the carboxyltransferase component of acetyl-CoA carboxylase reveals a zinc-binding motif unique to the bacterial enzyme[END_REF] . All cases of hemorrhagic stroke following refusal in our cohort occurred within the first 24 hours of life. While it is possible that additional unknown factors were present, this observation suggests a possible role of early VKDB and highlights the importance of parental counseling.

Limitations of our study include small sample size, which impacted our ability to identify predictors of poor outcome and track longer-term outcome trajectories at school-age. The subgroup for whom data was available 4-5 years post hemorrhage was particularly small (7/22 survivors). Data for these individuals could be biased towards worse outcomes, as children with more significant functional difficulties may be more likely to follow-up. Prolonged and consistent follow-up, however, may also reflect greater access to care. Although the PSOM has been validated for infants, capturing language and cognitive deficits at early ages is difficult 14 .

This limitation, which affects other studies in the field, further underscores that deficits may not be apparent during early follow-up. Finally, our ability to quantify rehabilitative services was limited. Despite these limitations, the prospective nature of this study is a significant strength, particularly given evidence that case identification for pediatric stroke via ICD-code based searches is poor [START_REF] Kukorelli | ACCase inhibitor herbicides -selectivity, weed resistance and fitness cost: a review[END_REF] . The ability to track outcomes at consistent time-points and evaluate trajectories over time is also notable
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  oxidation and polymerisation of HGA. The first HPPD from the fungus reign was characterized byWyckoff et al. (1995) in the frame of the tcrP gene study of the human fungal pathogen Coccidioides immitis 110 . This gene codes for a T-cell reactive protein which elicits a proliferative response of T-cells. Surprisingly, according to the gene and protein sequences, researchers found about 50% amino acid sequence identity and 70% similarity to mammalian 4-HPPD. After being cloned in E. coli, the trcP gene allowed the bacteria to produce a brown pigment, characteristic of pyomelanin production. In this fungus, 4-HPPD is historically named TRCP due to its role as a T-cell reactive protein. Similarly, Keon and Hargreaves (1998) took an interest in isolating the hppd gene of the fungal leaf pathogen Mycosphaerella graminicola and cloning it into E. coli. They also observed the brown pigment production, characteristic of a functional 4-HPPD 111 . Working on another fungus, Schmaler-Ripcke et al. (2009) have shown that, a 4-HPPD mutant in Aspergillus fumigatus ishighly more sensitive to Reactive Oxygen Species (ROS) than a wild-type strain, raising the fact that pyomelanin acts as a protective agent against peroxides and thiol-oxidizing agents112 . Therefore, according to the authors, production of pyomelanin allows the airborne fungal pathogen to settle up in patient lungs and to begin the infectious process without being affected by ROS. Nonetheless, a few years later, this theory was not confirmed in murine model: production of pyomelanin by A. fumigatus thanks to its 4-HPPD is dispensable for virulence. However, authors do not exclude a possible role of 4-HPPD in the virulence of A. fumigatus in other models such as human113 .Regarding bacteria, the most studied bacterial 4-HPPD is the one of Pseudomonas fluorescens. Crystallized bySerre et al., (1999) 114 , the way the substrate 4-HPP binds to it is solved but the present study does not reveal how 4-HPPD-inhibitors binds to the enzyme. In Streptomyces avermitilis, the binding mode of [2-nitro-4-(trifluoromethyl)benzoyl]-1,3cyclohexanedione (NTBC), a 4-HPPD-inhibitor, to the bacterial 4-HPPD, encoded by the melA gene, is described115 . Authors conclude that NTBC have a really high affinity with the bacterial enzyme, raising the fact that β-triketone herbicides are able to bind and inhibit bacterial 4-HPPD too. In Burkholderia cenocepacia C5424, a gram-negative opportunistic pathogen, pyomelanin was able to protect the bacteria from free radicals and to attenuate the host cell oxidative burst116 . Moreover, authors have also tested the growth of the bacterium in presence of paraquat, an herbicide from group K banned in EU since 2007, but no significant effect on bacterial growth was detected. We may hypothesize that a similar test in presence of 4-HPPD-inhibitors should have been more interesting. As demonstrated byYoon et al. (2007) in a P. aeruginosa strain harboring a mutation in its norCB gene encoding a nitric oxide reductase (NOR), 4-HPPD allows the bacterium to survive in anaerobic conditions by binding Nitric Oxide (NO) avidly 117 . It is to say that 4-HPPD is found in many bacteria, yeasts and fungi and its roles in these microorganisms are various and often important. Bacterial 4-HPPDs can be isolated from soil metagenome 118 , suggesting that numerous soil-borne bacteria harbor a 4-HPPD, making them potential targets for β-triketone herbicides. Knowing that, it appears surprising that only a few studies take an interest in the possible effects of 4-HPPD-inhibitors on soil microorganisms.It is known that β-triketone herbicides have antimicrobial effects in vitro. Twenty years ago, the measure of the minimal inhibitory concentration (MIC) of leptospermone, a natural β-triketone, has shown a deleterious effect on bacterial growth (especially on Gram-positive one) whereas no effect on fungi was demonstrated 119 . More recently, NTBC was shown to have a negative effect on the growth of the dimorphic fungus Paracoccidioides brasiliensis120 . Moreover, inhibition of its 4-HPPD by NTBC avoids the fungus to differentiate itself in a pathogenic yeast-like phase. Responses of dimorphic fungi to a NTBC exposition are variable. For instance, in C. immitis, it has been shown that NTBC inhibits mycelial growth but has no effect on spherule growth 121 . 4-HPPD inhibitors are able to inhibit fungi at different levels of their growth and so their effects on these latter are not predictable and could be deleterious. Regarding bacteria, sulcotrione was shown to inhibit pyomelanin production and, therefore, 4-HPPD activity, of Shewanella oneidensis MR-1 from 18 µM 122 .In A. baumanii this inhibition was shown to be effective from 2.5 µM of sulcotrione 123 . More recentlyJeong et al. (2018) proposed to use leptospermone as a natural food preservative due to its capacity to inhibit six different strains of foodborne bacteria from 88.6 µM 124 .

experiment 127 . 4 )

 1274 Romdhane et al. (2016) have used a sequencing 16S rRNA gene approach to assess the impact of leptospermone on bacterial communities of two arable soils exposed to 1x and 10x FR doses. The authors have concluded that soil bacterial diversity was modified and kept modified until the complete dissipation of leptospermone 128 . More recently, the effect of both leptospermone and sulcotrione on soil bacterial communities was assessed using 1x and 10x FR doses and led to the same conclusion: a transient modification of the bacterial diversity due to both herbicides was observed[START_REF] Romdhane | Assessment of the ecotoxicological impact of natural and synthetic β-triketone herbicides on the diversity and activity of the soil bacterial community using omic approaches[END_REF] . However,Du et al. (2018) underlined the fact that the ecotoxicological impact of β-triketone herbicides on soil bacterial communities highly depends on soil types and many factors need to be taken into account to conclude on it127 . How do microorganisms face stresses caused by herbicides at different levels of organization: from molecular to trophic interactions?Recently,Karpouzas et al. (2016) described the interactions between soil microorganisms and pesticides in light of the Yin Yang concept11 . On the Yin side, pesticides could be toxic for microorganisms while on the Yang side, they could be useful to them by being used as an energy source for their growth. On the Yang side, exposing repeatedly soil microorganisms to herbicides can lead to the selection and the emergence of bacterial populations able to degrade them in order to be more competitive among the microbial community they belong. A wide range of bacterial isolates are known to biodegrade herbicides sometimes leading to the decrease in herbicidal activity overtime (figure2.A).This phenomenon was first mentioned by Audus in 1949 for the hormone herbicide 2,4-D (group O)129 . The definite proof of the involvement of the microflora in the process of 2,4-D inactivation came two years later with the demonstration that soil sterilization led to the reactivation of 2,4-D activity and with the isolation of Bacterium globiforme able to degrade 2,4-D from a soil previously perfused with a solution of this herbicide 130 . Later on, at the end of the 70's, the genetic support of 2,4-D degradation was identified in Alcalignes paradoxus131 paving the way to the isolation and characterization of tfd genes coding for 2,4-D degrading enzymes (for review, see 132 ). Microbial degradation of herbicide is also well known for s-triazines (group C), such as atrazine (for review, see 133 ). By soil enrichment cultures from various soils regularly treated with recommended FR doses of atrazine, Devers et al, (2007) were able to isolate 17 atrazine-degrading isolates belonging to both Gramnegative and -positive bacteria. In total, not less than three different atrazine-degrading gene combinations were observed (trzN-atzBC, atzABC-trzD and atzABCDEF) on various plasmids and gene cassettes surrounded by IS (Insertion Sequences) suggesting that atrazine-degrading genes can be dispersed among the soil microflora by conjugation and transposition 134 . This highlights the tremendous genetic plasticity of atrazine-degraders driven by herbicide exposure. Regarding sulcotrione, one of the synthetic β-triketones (group F2), so far only two bacterial degraders have been isolated from soil microcosms exposed to this herbicide:
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Figure 1 :

 1 Figure 1 : Microbial fumarate, oxaloacetate and pyomelanin biosynthesis pathway. 4-hydroxylphenylpyruvate (4-HPP); 4-hydroxyphenylpyruvate dioxygenase (4-HPPD); homogentisate (HGA). The enzyme of interest is in red bold.

Figure 2 :

 2 Figure 2 : Facing the stress caused by herbicides (modified from a figure initially proposed by R4P Network 2016).

Figure 3 :

 3 Figure 3: Assessing herbicide exposure in soils via microbial biomarkers.

Figure 1 :

 1 Figure 1 : Fatty acid biosynthesis.Acetyl-CoA caboxylase (ACCase). The enzyme of interest is depicted in red bold.

Figure 2 :

 2 Figure 2 : Valine, leucine and isoleucine biosynthesis.

Figure 3 :

 3 Figure 3 : The shikimate pathway. Shikimate-3-Phosphate (S3P); 3-Phospho-5-Enoylpyruvylshikimate Synthase (EPSP Synthase); 3-Phospho-5-Enoylpyruvylshikimate (EPSP). The enzyme of interest is depicted in red bold.

Figure 4 :

 4 Figure 4 : Glutamine biosynthesis pathway.

Figure 5 :

 5 Figure 5 : Role of PS-I and PS-II in the electron transport chain.

Figure 6 :

 6 Figure 6 : Isoprenoids biosynthesis pathway. Glyceraldehyde-3-Phosphate (G3P); 1-deoxy-D-xylulose 5-phosphate synthase (DXS) previously named DOXP Synthase; 1-deoxy-D-xylulose 5-phosphate (DXP); Methylerythritol Phosphate (MEP). The enzyme of interest is depicted in red bold.
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  neurological function changes over time remain limited, posing challenges to the study of novel interventions in this population as well as to effective counseling of parents and caregivers. The aims of this prospective multicenter cohort study were to describe early outcome trajectories of spontaneous perinatal hemorrhagic stroke and to identify the distribution of deficits across neurologic domains over time. Neonates ≥36 weeks' gestation at birth with spontaneous hemorrhagic stroke (intraparenchymal or intraventricular hemorrhage), presenting at ≤28 days of life between March 2007 and May 2015 were enrolled prospectively at three pediatric tertiary care centers (Monroe Carell Jr. Hospital at Vanderbilt, Children's Hospital of Philadelphia, Johns Hopkins Children's Center).

  exact tests. Unpaired student t-tests were used to compare means between neonates who died during the initial hospitalization and those who did not. All statistical analyses were conducted in STATA 15.0 (StataCorp College Station, TX, USA).

  illustrates the distribution of PSOM scores at 2 months and 2 years. In univariable analyses, poor outcome was inversely associated with estimated gestational age (OR 0.4, 95% CI 0.1-1.0, p=0.04) as well as with birth weight (OR 0.06, 95% CI 0.002-0.9, p=0.04). No associations with demographic, maternal, obstetric, precipitating, clinical presentation, or treatment factors were present.

Figure 1 .

 1 Figure 1. Distribution of total PSOM scores at a) 2 months, b) 2 years (N=26 at both

  .Arabet et al., (2014) revealed that the application of a formulated mixture of SNs modified the balance between relative species abundances but did not significantly change the overall composition of the soil bacterial community[START_REF] Arabet | Effects of a sulfonylurea herbicide on the soil bacterial community[END_REF] . Similar

	observations were reported by Rachedi et al., (2018) who focused on Actinobacteria, well
	known for their aptitude to resist to a range of xenobiotics 44 . These authors hypothesized that
	resistant bacteria could either possess a modified AHAS, making the SN inactive on cellular
	division, or were able to degrade the herbicide. Nelson and Duxbury (2008) first performed
	the study of ilv gene diversity in soil bacterial, using degenerated primers designed from 15

  and explaining how mutations confer resistance to PDS enzymes, as observed for the cyanobacterial PDS from Synechocystis sp 92 . Interestingly, despite that the PDS from O. sativa has only 22% amino acid sequence similarity and 11% identity with the bacterial CRTl from Pantoea ananatis, both enzymes show structural similarities 89,93 . Linden et al., (1991) have expressed 3 PDS bacterial genes from Erwinia uredovora, Rhodobacter capsulatus, and Synechococcus PCC 7942, in E. coli and tested the effects of flurtamone upon the desaturation catalyzed by these different enzymes. Whatever the origin of the expressed enzyme, an inhibition was observed in the presence of flurtamone with an average value of about 4 µM 94 .

  is able to produce L-phosphinothricin, from which the herbicide glufosinate (group H) is derived, is also harboring the glutamine synthetase that is targeted by this herbicide. In order to avoid poisoning itself, this bacterium has developed a system to inactivate the

glufosinate it produces. This system relies on an enzyme encoded by the bar gene that catalyses the N-acetylation of glufosinate, causing its inactivation 68 (fig 2.B.). Another way for bacteria to resist to the toxicity of herbicides is the target mutation. Indeed, in a S. typhimurium mutant strain, a single mutation in the aroA gene which encodes EPSP Synthase (the glyphosate target, group G), was found to lead to the modification of the enzyme structure and confers glyphosate resistance to this bacterium 139,140 (fig 2.C.). Another option

Table 2 .

 2 Summary of hemorrhage characteristics, treatment, hospital course, outcomes, and univariable association with poor 2-year outcome (N=26), *p<0.05.

	Hemorrhage Characteristics	N (%)	OR 95% CI	p-value
	Hemorrhage pattern			
	Isolated IVH (1 IVH+SAH)	8 (31)		
	Isolated ICH	6 (23)		
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Abstract:

BACKGROUND & PURPOSE: Perinatal hemorrhagic stroke in late preterm and term neonates is understudied. We describe 2-month and 2-year neurological outcomes in a prospective cohort. METHODS: Neonates ≥36 weeks' gestation with spontaneous hemorrhagic stroke (parenchymal and intraventricular) presenting at ≤28 days of age were enrolled between 03/2007 and 05/2015 at three tertiary pediatric centers. Hemorrhagic transformation of arterial ischemic stroke or cerebral sinovenous thrombosis was excluded. The Pediatric Stroke Outcome Measure (PSOM) assessed outcomes. Wilcoxon signed-rank tests evaluated change over time.

FINDINGS:

Twenty-six neonates were included (median age: 1 day, IQR 0-16; median gestational age: 38.3 weeks, IQR 37.0-39.0). Hemorrhage was isolated intraventricular in 7 (27%), isolated intraparenchymal in 6 (23%), and a combination in 10 (39%). Three neonates (12%) died during hospitalization; one died later due to cardiac disease. Among 22 survivors, outcomes were assessed at a median of 2.1 months (IQR 1.7-3.3) in 96% and 1.9 years (IQR 1.3-2.0) in 73%.

Median PSOM scores were 0.0 (IQR 0.0-1.0) and 0.25 (IQR 0.0-1.3), respectively. At 2 years, 45% of patients had no or non-impairing deficits (PSOM <1.0), 30% had mild (PSOM 1.0-2.0), and 5% had moderate deficits (PSOM 2.5-4.5). Over time, 31% worsened and 6% improved.

Although total PSOM scores did not change significantly (p=0.08), language sub-scores worsened (p=0.009). No child developed epilepsy.

CONCLUSIONS:

Results

:

Cohort Characteristics & Clinical Presentation

Twenty-six neonates met inclusion criteria, with a median age at presentation of 1 day (IQR 0.0-3.6) and estimated gestational age of 39.1 (IQR 38.3-40.0) weeks. Clinical presentation and outcomes of 14 of these 26 were previously reported at a median of 1 year 9 . Table 1 summarizes demographic, obstetric, birth history, known precipitating factors, and clinical presentation data.

Seventeen neonates (65%) were male, and 23 (88%) were Caucasian. Obstetric history was available for only 18 cases due to hospital transfers or lack of prenatal care, with a notable proportion of pregnancies complicated by maternal hypertension (23%), tobacco use (27%), or recreational drug use (23%). Most deliveries were uncomplicated vaginal deliveries (18/26, 70%), with induction in half of these. Only a single case was an assisted delivery (1/26, 3.9%).

Median 1-and 5-minute Apgar scores were known for 20 neonates and were 8 (IQR 7-8) and 9 (IQR 9-9), respectively. Perinatal distress was observed in 10 of the 22 cases in which this information was available (45%). Seizure was the most common presenting sign (58%), followed by apnea (38%), abnormal level of consciousness (27%), and abnormal tone (27%). 

Sub-analyses: Patients Who Died and Patients with Later Follow-up

All neonates who died during initial hospitalization were small for gestational age, however, this association was not statistically significant (p=0.5). Risk of death was not associated with congenital heart disease or bleeding diathesis, but there was a trend towards association with sepsis (OR 30, 95% CI 1.0-2701, p=0.05). Hemorrhage was intraparenchymal plus intraventricular in two cases, with volumes of <2% TBV and ≥4% TBV. In the remaining case, hemorrhage did not have an intraparenchymal component.

Seven of the 22 (32%) survivors were also evaluated at a median of 4.5 years (IQR 3.5-4.8). At this later time, median total PSOM score was 1 (IQR 0.0-1.5). Neurologic outcome was poor (total PSOM ≥1.0) in 5/7 (71%). Overall, 2/7 had no or non-impairing deficits (29%) (PSOM <1.0), 5 had mild deficits (PSOM 1.0-2.0), and none had moderate or severe deficits. When compared to 2-year outcomes in these same 7 children, median total PSOM scores did not change significantly over time with the majority of total PSOM scores remaining stable (67%), and an equal proportion of scores improving or worsening (17%). While sample size limited analysis of sub-scores, a similar pattern of relative worsening of the language relative to the sensorimotor and cognitive sub-scores was observed. Language sub-scores worsened in 3/7 (43%) of cases compared to worsening in 2/7 (29%) and 1/7 (14%) in the sensorimotor and cognitive sub-scores respectively. Conversely, improvement was seen only in the sensorimotor sub-score (3/7, 43% of cases). No patients had recurrent hemorrhage, and none had restarted an antiseizure medication. From a functional standpoint, 71% of parents reported impairment compared to peers, with all noting increased need for help with day-to-day activities and one report of emotional and behavioral dysregulation (14%). Four children (57%) continued to receive rehabilitative services, with use of assistive devices in 1 (14%). For the 4 school-aged children, all were in age-appropriate classes with 2 receiving in-class services.

Discussion:

In this multicenter prospective cohort study we describe the clinical features and outcome trajectories of perinatal primary hemorrhagic stroke. In our cohort of 26 neonates, 12% died in the newborn period. Survivors, however, had a relatively favorable outcome at 2 years with moderate-severe deficits in only 5% and no or non-impairing deficits in over 40% of cases. Our cohort was largely seizure-free during follow-up, with no diagnoses of epilepsy.

Differences in inclusion criteria

Although lower than the 6% incidence of epilepsy reported by Cole et al 2 , this finding is overall consistent with reports in the literature [START_REF]Task group on biomarkers and risk assessment: concepts and principles et al. Biomarkers and risk assessment: concepts and principles[END_REF] . Epilepsy incidence after primary perinatal hemorrhagic stroke is clearly lower than the rate described in perinatal arterial ischemic stroke (38-46%) [START_REF] Romdhane | Assessment of the ecotoxicological impact of natural and synthetic β-triketone herbicides on the diversity and activity of the soil bacterial community using omic approaches[END_REF] .

Outcomes were also favorable when compared with those described in a parallel cohort of

Conclusions:

In this prospective cohort study of primary perinatal hemorrhagic stroke, over 40% of cases were considered idiopathic even after careful imaging review. Bleeding diatheses represented the most commonly identified etiology. Despite a significant mortality rate (20%), survivors had relatively favorable outcomes with moderate-severe deficits in only 5% at 2 years. At a median follow-up of 2 years, no child developed epilepsy, and all assessed children had successfully weaned off antiseizure medication. Total PSOM scores did not change significantly over time; however, language sub-scores worsened while sensorimotor and cognitive/behavioral sub-scores remained stable. Overall, these data suggest that deficits, particularly in the language domain, may emerge over time. Larger prospective cohort studies of neurocognitive outcomes in school-aged survivors of primary perinatal hemorrhagic stroke are needed to better delineate the vulnerability of this population over time and optimal approach to screening and intervention.
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