






























































Figure 3. Waterlogging tolerance of Zea nicaraguensis and ROL barrier formation in roots, as well as in a chromosome segment 

introgression line in maize. (A) Waterlogging tolerance in the field is higher in Z. nicaraguensis than in Zea mays ssp. mays (maize) 

(Photo courtesy of Drs. K. Kawaguchi, A. Oyanagi, F. Abe and Y. Mano). (B and C) Patterns of ROL along roots of maize, Z. 

nicaraguensis and a chromosome segment introgression line #468 (IL#468) which possesses the locus for ROL barrier formation of 

Z. nicaraguensis in the genetic background of maize, under stagnant conditions (O2-free rooting medium, shoot in air). (B) ROL from 

adventitious roots visualized by methylene blue staining in an O2-free medium. Blue color indicates O2 which has diffused outwards 

from roots. Bars = 10 mm. (C) The profiles of ROL, measured using a root-sleeving O2 electrode, along intact adventitious roots in 

an O2-free medium with the shoot in air. Values are means ± SD (n = 4). The ROL was low from basal zones of roots of Z. 

nicaraguensis and IL#468 due to the induction of a tight ROL barrier, which starts to form at 20 to 40 mm behind the tips. It is noted 

that the distances of the apical regions where ROL occurs from roots of Z. nicaraguensis and IL#468 are not completely matched 

between the methylene blue staining (B) and the measurements using root-sleeving O2 electrodes (C), as this can differ for different 

roots/batches of plants but in all cases the basal regions had low ROL. Maize, by contrast, does not form a tight ROL barrier in 

roots. Higher root porosity of Z. nicaraguensis than that of IL#468 is expected to contribute to higher ROL levels in the root tips of Z. 

nicaraguensis. Photographs in (B) and data in (C) are reproduced from Watanabe et al. (2017) with permission from John Wiley and 

Sons.
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ADVANCES 

• Signaling during root aerenchyma formation in 
rice involves respiratory burst oxidase homolog-
mediated reactive oxygen species production, 
activated by Ca2+-dependent protein kinases, as 
elucidated by laser microdissection of specific 
root tissues and transcript analyses. 

• Quantitative trait loci mapping of maize x Zea 
nicaraguensis progenies revealed loci associated 
with aerenchyma formation and tight radial O2 
loss (ROL) barrier induction in roots, as well as 
adventitious rooting. 

• Root ROL barrier induction is associated with 
increased expression of suberin-related genes in 
rice, and root barrier induction is responsive to 
phytotoxins (products of anaerobic 
microorganism metabolism) in waterlogged 
soils. 

• Aquatic adventitious roots contribute to 
tolerance of long-term partial shoot 
submergence of some wetland plants, and these 
roots can be capable of photosynthesis. 
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OUTSTANDING QUESTIONS 

• Only some root cortical cells undergo 
programmed cell death during aerenchyma 
formation. What signaling mechanism 
determines the different fates of cortical cells 
during aerenchyma formation in roots of the 
Poaceae (Gramineae)? 

• Constitutive aerenchyma formation in rice roots 
under aerobic conditions is regulated through 
ethylene-dependent and ethylene-independent 
pathways. Which signals control the ethylene-
independent pathway? 

• What is the signaling pathway for the inducible 
tight barrier to ROL in response to soil 
waterlogging in roots of rice and other wetland 
plants? 

• Which gene(s) within the quantitative trait loci 
regions identified for aerenchyma formation, 
tight ROL barrier induction, and adventitious 
rooting confers these root traits? 

• How widely occurring are photosynthetic aquatic 
adventitious roots and what are the 
contributions of these roots to shoot water, 
nutrient, and hormone status during flooding 
stress? How does the blue light signal induce 
phosphorylation of the penultimate threonine in 
PM H+-ATPase in guard cells? How do 
phototropin-BLUS1, BHP, PP1, and H+-ATPase 
connect in this signaling pathway? 
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BOX 1. Photosynthetic Aquatic Adventitious 

Roots 

In addition to nutrient and O2 uptake from the 
floodwater, aquatic adventitious roots may also 
produce O2 in underwater photosynthesis. 
Chloroplasts develop in adventitious roots of 
several species, but few studies have quantified 
the underwater photosynthesis by these roots. As 
examples, Tecticornia pergranulata (Rich et al., 
2008) and Meionectes brownii (Rich et al., 2011) 
form photosynthetic aquatic adventitious roots. In 
the case of T. pergranulata, the photosynthetic rate 
(surface area basis) of these roots was 2-fold higher 
than that of the submerged succulent shoots, 
whereas net underwater photosynthesis on area 
basis of roots of M. brownii was typically less than 
10% of that of the aquatic leaves. The aquatic 
adventitious roots of M. brownii, however, did not 
contribute to the O2 status in the main stem 
regardless of whether these roots were 
photosynthetic or not (Rich et al., 2011). 
Underwater photosynthesis has not been assessed 
for other species forming aquatic adventitious 
roots; thus, the contribution of such roots to plant 
carbohydrate and/or O2 status during 
submergence stress cannot yet be generalized. 
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